
CHAPTER-3 

STUDIES ON REDOX POLYMERIZATION OF ACRYLAMIDE IN 

AQUEOUS AND AQUEOUS - MONTMORILLONITE MEDIA 
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3.1 REVIEW OF PREVIOUS WORK 

Acrylamide is readily polymerized in aqueous solution at elevated 

temperatures with free radical initiators. Polymerization of acrylamide (AM) in 

aque.ous solution with different free radical initiators have been reported by 

several workers11a-145. Gnansundaram and co-workers observed that for the 

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

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

with respect to catalyst120. Faster polymerization and high molecular weight 

poly~ers were obtained using 2,2' - azobis [2-(N,N1 -ethyl~namidino)] propane 

initiator than ~8208 - Mohr's salt initiating system121 . The rate of polymerization 

(Rp) of acrylamide by peroxydiphosphate in H2S04, was decreased when the 

temperature raised from 30° to 50°c but increased above that temperature, 

which was independent of pH122. 

' 
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 AM127. The propagation and termination 

reactions of the ~8208 - initiated polymerization of AM in water were not 

influenced by the anionic emulsifier Dowfax 2 AP28. The induction of 

polymerization was affected by manganous salts while the polymerization rate 

and polymer molecular weight were not affected to a detectable degree, as was 

observed by Xuanchi129. Using trigol and polyethylene glycol initiators, it was 

found that the yield and the molecular weight of the polymer decreased with 

increasing chain length of substituted AM131 . Cvetkovsha and co-workers 

explained the kinetic model by the formation of a monomer-initiato_r complex 

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

Mn(lll) acetylacetonate132• The polymerization rate of AM in H2S04 or AC~H by 

Co(lll) ·system showed similar mechanism as that of Pb(OAC)4 initiator in 

ACOH133. Vaskova and co-workers found that in mixtures of water and aliphatic 

alcohols,. in the presence and absence of inhibitor, the rate of polymerization 
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and molecular weightwere reduced depending upon the length and character of 

the afiphatic- .. chain134. Yinghai Liu · and co-workers observed that the 

polym~rization rate depended on the catalyst concentration,· and pH of the 

solution135• 137• Using (2,21 - bipyridine) cobalt (II) complex. initiator, Takahashi and 

co-workers found that the ·average molecular ~eight of polymer was (1-7-) ?< 104• 

(Ref. 139). · Bhanu and -co-workers observed . that co-ordinately unsaturated . 

Co(ll) complexes significantly inhibited the thermal polymerization of AM but 

they imparted a · significant induction . period during AIBN - initiated 
' < ' ' 

polym~rization .of~ AM1~2• Hfgh molecul~r . weight polyacrylamide could be 

obt~ined by using heptane. as· the organic phase, ~8208 as catalyst and . 

sorbit~l-s-20 system as the ~mulsifier144 . The author also reported that polymer 
. . . 

molecular weight can be i!lcreased with increased concentration of AM and 

emul~ifier and also by .decreasing catalyst concentration144• Redox· catalyst 

systems were· frequently employed for polymerization at comparatively lower 

temperatures. Bajpai, Mishra and Behari and co-workers investigated the . 

polymerization of AM initiated by KMn04 / various,amino acids and· unsaturated 

·acids redox couples1tl5-157. A value of. KMn04 .Catalyst exponent of unity in the 

rate equation confirmed a unimolecular chain termination process by the redox 
. . 

system145.146•151 . However, a qimolecular chain termination was observe·d by other 

redox systems148•150•153-155. The s~me result was observed in the case of KMn04 / 

glyceric acid in H20-DMF also157. The rate of polymerization was first order for 

th.e monomer in. ~II the above systems. Bajpai, Mishra and co-workers 
. . . 

suggested th~t · 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 effect of various additives (alcohols, 

neutral salts, complexing agents) on the polymerization rate were .also 

inverstigated. Polymerization was initiated by . radicals generated in the 

decompositton of the oxida.nt-reductant complex. A numbers of workers studied 

the mechanism and kinetics of aqueous polymerization of AM in acidic medium 
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initiated by Ce (IV) I reductant couples15a-174. The rate of polymerization was first 

order in monomer and half order with respe~t to ·Ce(IV} ion in cases where the 

initiator was either Ce(IV) I thioglycolic acid or Ce(IV) I L-cysteine162• 1.61 • 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• Presence of 
-

alkyl phenylcarbonate or alkyl-4-toly-carbonate increased the polymerization 

rate of AM initiated by Ce(IV) in H20-MeCN and H20-HCONH2 and decreased 

t_he activation energy of polymerization compared to the system where Ce(IV) 

was used alone172• The rate of _polymerization was derived as RP = k [AM]1·
5 

[Ce]0·39 [alkyl phenylcarbonate]. The overall rate of polymerization was faster 

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

compared to Mn(lll) I p-acetotoluidide system171 • 

The effects of various aliphatic diamines on vinyl polymerization using 

persulfate as initiator were studied by· different workers175-176. They suggested · 

that the promoting activities of diamines on vinyl polymerization were of the 

order:. 

t - diamine > s - diamine > p - diamine. 

In a rev~rsible redox initiating systems involving metals and porphyrin, 

the ·aqueous polymerization rate depended on the types of metal (Fe(lll), Cu(ll), 

Ce(IV}, Ti(IV), Mn(ll)) in the porphyrin complex, polymerization temperature and 

concentration of.AM177• 

The presence· of · carboxylic acids promoted and enhanced the 

polymerization rate of AM initiated by Mn(OAC)4 (Ref. 179). The kinetics and 

mechanism of aqueous polymerization of AM initiated by the ·. persulphate 

catalyst in the presence of different activators were studied by several 

workers18a-1~7• Kurenkov and co-workers observed that, higher molecular weight 

polymers could be obtained with higher conversio~s using ~8208 I Na2S20 3. 

· redox system during adiabatic polymerization of AM in comparison to the 
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~8208 I Na2S20 5 - CuS04 system180·182. 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 

x 105 at 25°C by a three component catalyst system comprising of ~8208, 

triethanolamine and amino-acetic acid184. The overall polymerization rate was 

increased in presence of Cu{ll) ions for the polymerization initiated by 

persulfate-( dimethylamino )ethylmethacrylate-Cu(ll) catalyst183. Voronova, 

shaglaeva and co-workers observed that the polymers having molecular weight 
J 

(20-5) x 1 06 could be obtained in the presence of ~8298 I urea as catalyst185. 

The polymerization kineticS, mechanism, polymer molecular weight and effect of 

additive were examined by several workers for various redox polymerization 

involving chelate complexes188-209. For a radical polymerization of AM initiated by 

Mn(lll) - acetylacetonate in aqueous solution of pH 2.0, Cvetkovska explained 

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

formation of a monomer-initiator .complex189. Smith obtained polymers having 

molecular weight as high as 40 x 1 06 by Fe( II) I hydroperoxide redox initiator at 

the temperature range between - 20°C and +40°C (Ref. 190). Wu and He 

obtained polyacrylamide having average molecular weight of 1 07 at room 

temperature by NaHS03-0-MnSO 4 catalyst191. They also pointed out that the 

presence of MnSO 4 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, Fe(III)-EDTA I N2H4-H20 2 and Fe(III)-EDTA I NH20H-

H202, in alkaline aqueous media (pH 9-11) showed that the former redox system 

was more effective than the later194. _Peng pointed out that in the case c;>f Mn(ll) I 

~8208 initiating system, the induction of polymer molecular weights were not 

affected at all196. Lenka, Nayak and co-workers observed that the polymer 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-thiosulphate redox system198. The kinetics were 
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examined for the thermal polymerization of AM in the presence of CC?I4 and a bis 

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

and' Natarajan200• The activation energy of polymerization reaction decreased 

from 18.7 to ·4.5 KCal I mole -on · addition of 1.0 ppm Fe during the 

polymerization by H20jNH2QH.HCL redox couple201 • From the observation, it 

· was concluded that the predom_inant reaction appeared to be Fe-catalysed 

decomposition of the peroxide in presence of small amount of NH2QH.HCL. Sur 

and Choi found tnat the reaction rate in presence of CoCI2 and N-N

dimethylaniline was proportional to [AM)1·08 and [Co(ll)]0·53 indicating bimolecular 

termination process to be involved206•209. The rate of. polymerization and the 

maximum yield decreased when the temperature ·was raised ·above 40°C. 

Chshmarityan and Beileryan observed that the polymerization of AM in aqueous 

solution initiated by ~8208 - Ag (aminoacetate) chelate system was first order in 

monomer and 0.5 order in initiator211 • 
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3.2 EXPERIMENTAL 

3.2.1 Materials and Purification 

Montmorillonite 

An aqueous suspension of 25 lit, was prepared by stirring continuously 

1 00 gms of the mineral (Bentonite, Evans Medical Co, England) in double 

_distilled water. The suspension was maintained at pH nearly to 8.0 by adding 

NaOH solution. After every 24 hours, 10 em. layer of the suspension (from the 

top) was siphoned out and each time the original volume was restored by 

adding water. This process gives sample having particle size less than 2 

micron48• The clay suspension was collected after acidification with HCI to pH 

nearly · 4 and allowing to settle at the bottom of the container or by 

centrifugation. This coagulated clay was washed repeatedly with double distilled 

water and centrifuged. The free oxide of iron has been . removed by the 

dithionite-citrate method212. The suspended mineral was washed throughly after 

each treatment. Organic matters have been freed by gently heating at 80°C with 

30% (VN) H20 2 (2ml per 3 lit. clay suspension) in a large beaker on a water 

bath for a long time with occasional stirring to ensure complete removal of H202• 

The montmorillonite suspension so obtained has been extensively dialyzed and 

stored. H+ - montmorillonite (HM) was prepared by shaking the stock of the 

mineral (3% w/v) in presence of 0.5 M HCI for about 6 hours followed by 

repeated centrifugation (20,000 r.p.m.) and washing with double distilled water. 

The cation exchange capacity (CEC) of montmorillonite was determined by 

potentiometric titrations with standard KOH solution under nitrogen atmosphere 

and was found to be 0.91 meq/g. The hydrogen montmorillonite (HM) 

suspension thus obtained, was stored at 5-1 0°C. Fe(lll) - montmorillonite (FeM) 

was prepared by shaking HM suspension (3% w/v) in presence of 0.5 M FeCI3 

(reagent grade) at pH 2.5 for 6 hrs. followed by purification by repeated 

centrifugation and washing with distilled water until the test of Fe(lll) ions in the 
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supernatant was negative. A separate experiment on the sorption of Fe(lll) on 

the montmorillonite shows that the maximum intake by Fe(lll) ions by HM 

samples slightly exceeds the CEC value viz., 0.98 meq/g. Ce(IV) 

montmorillonite (GeM) was prepared by shaking HM suspension (3% w/v) in 

presence of O.SM (NH4) 2 '[Ce(N03) 6] (reagent grade) at pH 2.5 for 5 hours 

followed by purification by. repeated centrifugation and washing with distilled 

water until the test of Ce(IV) ions i_n the supernatant was negative. The colloid 

content of clay minerals in each case was determined by evaporating a known 

volume to complete dryness. The FeM and GeM suspensions were stored at 5-

1 0°C temperature. 

Monomers 

Acrylamide (AM, reagent grade, Fluka) was purified by recrystallization 

from methanol (two times) and dried in vacuum oven at 45°C overnight. 

Solvents and ~eagents 

Rectified spirit (C.P) was treated with proportional amount of freshly burnt 

quicklime and kept overnight. Absolute ethanol was obtained on distillation and 

the middle fraction (78°C) was stored in a sealed brown bottle. N,N'

dimethylformamide (DMF, Merck) "Yas stored over P20 5 for nearly 10 hours ·and 

distilled. 1 ,4-Dioxan (Merck) was stored over P20 5 for nearly· 10 hours and 

distilled. Dimethyl sulphoxide (DMSO, Merck) was treated with proportional 

amount of freshly burnt quicklime and kept overnight. Absolute DMSO was 

obtained on distillation at reduced pressure and the middle fraction was stored .. 

Thiourea (TU, Merck) was used after recrystallization three times from distilled 

water (m.p. 180°C). Ferric chloride (reagent grade), Triton-x-100 (R) (sigma), 

Cetyl trimethyl ammonium ·bromide (CTAB, Aldrich) were used as received. 

Double distilled water has been used throughout. 
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Nitrogen 

The commercial grade nitrogen was passed through a series of bubblers 

containing Fiesser's solution213. The oxygen free nitrogen was dried by passing 

. through two bubblers containing cone. H2SO4• 

Polymerization 

· Measured quantity of AM was added to the TU solution of known. 

concentration under nitrogen atmosphere in a 1 00 ml stoppered pyrex bottle. In 

another bottle, known volume of aqueous suspension of Fe( Ill) - montmorillonite · 

(FeM) was degassed and finally added to the former bottle under nitrogen. The 

pH of the reaction mixture was then adjus~ed to desired value by adding dil 

HCI/NaOH solutions under nitrogen (pH measured ·by a Systronics, India pH 

meter equipped with a combined glass electrode). The mixture was well shaken 

and immediately placed in a thermostated waterbath in the dark to attain 

polymerization temperature. The reactions were carried out for desired time with 

intermittent shaking. Control runs were carried out side by side by FeCifTU 

initiating system instead of Fe(lll) montmorilloniteiTU. The bottles were 

withdrawn from the thermostat and the polymeriz;ation reactions were stopped 

by diluting the mixture with chilled water keeping th~ reaction vessels in ice 

bath. Similar procedure .was followed in polymerization of AM with Ce(IV)

niontmorillortite (CeM)/EDTA initiating system also. 

Polymer Separation 

. The reaction mixtures were centrifuged (20,000 r.p.m.) to remove mineral 

clay montmorillonite after the completion of the reaction. The polyacrylamide 

(PAM) was precipitated out by. adding excess of acetone to the supernatant, 

washed repeatedly with acetone and PAM was dried at 40°C for 48 hours under 

vacuum. The centrifuged clay mineral was also wa~hed and dried at 60°C for 48 
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hours under vacuum. The dried samples of polymer as well as clay mineral 
. - ' 

were weighed to determine the polymer yields and non-extractable polymers in 

the clay minerals respectively. 

Evaluation of Molecular Weight of Polymer by Solution Viscosity 

Method 

A seri~s of PAM solutions of different concentrations .in aqueous 0.1 M 

NaCI solution were prepared. The time of flow of the solutions and _of distilled 

water were recorded by Ubbelohde Viscometer placed in thermostatic water 

bath at 30°C (± 0.2°C). Specific viscosity (Ttsp) was calculated from the time of 

flow. The intrinsic viscosity ([TID value was obtained from the intercept of the plot 

of n
5
/C versus C following the relation. 

[ 11 ] = Tis/ C, Lim C ~ 0 . 

Where C stands for concentration_ of polymer solution. The molecular weights 

(Mv) of the prepared ·PAM were calculated using the Mark-Houwink 

relationship214-215• · 

[ 11 ] = 9.33 x 10-3 Mv0·75 cm3/g. 

Sorption of TU and AM onto montmorillonite 

10 ml portions of a 0.5% suspension of HM were placed in a number of 

pyrex. bottles and· different amounts of either thiourea or acrylamide were added 

followed by pH adjustment at 2.0 by dilute HCI solution. The total volume of the 

suspension was made upto 15 ml .in each case by adding the requisite amount 

of water and was shaken at 30° C for 4 hours to attain equilibrium. The 

suspernatent solutions were then centrifuged (201000 r.p.m.) and analysed for 

TU or AM by a Shimadzu (Japan) double beam- UV-VIS spectrophotometer 

(Model UV-240) at 235 nm a·nd 195 nm respeC?tively. 
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Potentiometric measurements 

The redox behaviour of Fe(lii)/TU and FeM/TU systems were examined 

by potentiometric titration of either FeCI3 solution or FeM suspension with TU. 

The electrochemical cells were simple, as. shown below : 

pt I Fe(lll) (or Fe(lll) M), Fe(ll) (or Fe(ll) M)// KCI, HgCI2, Hg/Pt 

A stoppered pyrex beaker fitted with· nitrogen gas inlet-outlet tubes, pt

electrode, salt bridge and mechanical stirring arrangements was placed in a 

thermostat at 50°C. 20 ml FeCI
3 

solution or FeM suspension was then titrated at 

pH 2.0 with standard thiourea solution under nitrogen atmosphere. 

XRD and Spectroscopic Measurements 

ESR spectra were recorded at room temperature with a Varian V4502 

spectrometer using .1 00 KHz magnetic field modulation. In Spin-trapping 

experiments, the ESR spectra recording was started from 5 minutes after mixing 

the solution with the spin trap, methyl nitrosopropane (MNP) (aldrich, U.K.). The 

microwave power level was maintained at 1 0 mW or lower to avoid saturation. A 

typical spectrometer setting was as follows : Modulation amplitude 0.2 mT, 

signal level 2.0 x 102, sweep time 5 min, response 1s, and microwave 

frequency 9.53 MHz (measured by cavity wavemeter). The magnetic field 

sweep was calibrated using a purposebuilt marginal oscillator to measure the 

corresponding 1H n.m.r frequency, read by digital frequency meter. 1H. and 13C 

n.m.r. spectra were recorded on a varian XL-300 Spectrometer in Dp. Chemical 

shifts were measured with reference to dioxane at o = 67.40 ppm. ·The X-ray 

powder diffraction patterns of solid mineral were recorded with a Philips PW 

1730 machine using Ni-filtered Cuk"' radiation. X-ray generator was operated at 

40 KV/20 rnA Other characteristics are as follows : slit assemble - 1° > 0.2° > 

1°, Range- 2E3. 
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3.3 AQUEOUS POLYMERIZATION OF ACRYLAMIDE BY FeCb- TU 

REDOX COUPLE 

3.3.1 Introduction 

Ability of clay minerals to intercalate various molecules and their catalytic 

properties are long known. The clay-polymer interaction has found. many and 

varied applications3
. Montmorillonite, a smectite clay has been shown to 

catalyse the polymerization of some unsaturated organic compounds such as 

styrene and hydroxyethylmethacrylate and yet to inhibit polymer formation from 

other structurally related monomers such as methyl methacrylate112
. This 

behaviour is believed to be oue to electron accepting or electron donating sites 

on the clay minerals. However, it has ·been shown recently that montmorillonite 

can be used in conjunction with organic substances, viz., alcohols, thioureas 

etc. to polymerize methyl methacrylate in aqueous medium112
•
110

. In this system, 

the lattice substituted Fe(lll) of the mineral is probably involved in forming 

initiating radicals in presence of TU216
. Over the last 20 · years, ·the use of 

thiourea and N-substituted thiourea as redox components for the initiation of 

aqueous vinyl polymerization has been examined217
. These experiments 

applied various oxidents, viz., metallic salts, organic and. inorganic peroxides, 

persulphate, permanganate, bromate to name a fe~. A number of articles have 

also appeared in the literature on graft polymerization of various monomers· 

using the above initiators217
•
218

. The special features of these systems are a 

very short induction period, a relatively low energy of activation and the low 

temperature required. However, no report on the polymerization of water 

soluble monomers viz., acrylamide, by Fe(III)/TU redox system is available. In 

view of increasing industrial applications of water soluble acrylamide polymers, 

clay minerals, and their combinations· in various fields including the use of 

polyacrylamide as water soluble viscofier in enhanced oil recovery as 

mentioned earlier, present. scheme of study is undertaken219
. High molecular 

weight polyacrylamide have such other applications as effective flocculants and 
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chemical grouts. Redox initiated polymerization of acrylamide .is one of the most 

common techniques applied for · aqueous . polymerization because of the 

simplicity of technique as well as high yield and reaction rates. Moreover, the 

above technique is -uniquely applied for in situ polymerization of. AM, where 
. ' 

aqueous solutions of the monomer together with -a redox catalyst are injected 

. into soil formation. However, one major difficulty of such a technique is the fast 

termination by oxidant of the redox couple. In an attempt to increase the chain 
. . 

length of polyacrylamide (PAM) formation initiated by Fe(lll)fTU redox couple 

via trapping the potential electron acceptor, viz., Fe(lll), into the interlayer space 

of montmorillonite_, polymerization experiments have bee'":' performed and the 

results are presented in section 3.4.3. In view of this, it may be argued that the 

effect of montmorillonite microenvironment should not be confined in controlling 

the termination process only, rather the overall polymerization mechanism and 

kinetics may also be modified to a great extent. A prior study on the detail 

polymerization mechanism and kinetics of solution phase reaction in absence of 

any mineral, applying the same redox fnitiator is, therefore, justified. Above 

reasons have· prompted us to undertake a detail study on the polymerization of 

acrylamide by Fe(III)JTU redox couple in a'queous solution. The result of such 

·study, which includes among others, kinetics and mechanism of the 

polymerization are presented in this section. 

3.3.2 Experimental 

-Experimental procedure has been discussed in section 3.2. 

. ' 

3.3.3 Results and Discussion 

Table 1-3 show data pertaining to the aqueous homogeneous · 

polymerization of acrylamide by FeCb/TU redox initiator. The molecular we.ights 

of the polymer were ranged betWeen (a.2 - 3.6) x 1 a5
. The initial rate of 

polymerization Rp's, were moderately high and ranged be~een (3 ·_ 17) x 1 a-s 
mol. L-1 s-1

• At a fixed TU and AM concentrations, all the parameters viz., Rp, XL 
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and Mv were decreased with the increase in Fe( II I) concentration of the initiating 

redox couple. The rate of polymerizati_on, Rp, as well as the polymer yield, XL, 

decreased from 17.17 x 10-5 to 4.1.6 x 10-5 moi.L-1.s-1 and 73% to 26% 

respectively with the increase in the Fe(lll) ion concentrations in the range of 

(1.5- 8.0) x 10-3 moi.L-1
. The percent conversion of polymerization has been 

plotted as a function of time interval at different AM, · TU and Fe( Ill) 

concentrations in Figures 6 -8. No induction period . is observed in any set of 

polymerization experiment. The initial_ rate, Rp, decreases significantly with the 

increase in FeCl3 c6ncentratiori. This clearly shows the involvement of the linear 

termination process in the present polymerization reaction via transfer to the 

metal ion. The value of metal . ion exponent, obtained from the slope of the 

double logarithmic plot of Rp versus metal concentration is. found to be 0.90 

(Figure 9). Thus, the rate is inversely proportional to nearly first power of metal 

concentration. On the other h?lnd, Rp increases with increased concentrations of 

thiourea. Thiourea alone is incapable of initiating polymerization. Increasing 

concentrations of the activator, thiourea, in the range (0.01 - 0.04) moi.L-1 

increases the concentrations of the initiating radical and consequently the 

number of propagating polymer chains and ·hence the rate of polymerization 

increases with increased TU concentration. However at still higher 

concentrations of TU, Rp as well as XL tend to decrease considerably due to 
,, 

increase in the rate of termination via dimerization of isothiocarbamido primary 

radicals (TU•} 114~ The value of TU exponent obtained from the slope of the 

double logarithmic plot of Rp versus TU concentration, is 1.8 (Figure 1 0). Thus, 

the rate of polymerization shows a nearly second order dependence on the TU 

concentration. The dependence of Rp on the monomer concentration is, · 
' . 

however, interesting. The initial rate and polymer yield increases with the . . . 
increase of monomer concentration as expected. The slope of logarithmic plot 

Rp versus concentration of AM is nearly ~.0 (Figure 11) in the range of AM 

concentration of (0.25 - 0.40) moi.L"1
, but tends to decrease (the value 

becomes1.0, experimental points shown in Figure 11) in the higher· 

concentration range of (0.4 - 0.6) moi.L-1
. The [YJ] as well as Mv are also 
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Table -1 

Polymerization of 0.4 AM (0.7108 g) in aqueous medium (25 mi.) in presence· of 

0.04 M TU at 50°C and varying FeCb concentrations (pH- 2.0). 

[FeCb] R8 x10 5 
p X~ [l]]c Mv x1o-5 

m.moi.L-1 
moi.L-1.s-1 % 

ml.g-1 

1.5 17.17 73 64 1.3 

3.0 9.37 56 73 1.5 

4.0 6.68 40 61 1.2 

8.0 4.16 26 45 0.8 

alnitial polymerization rate, byield after 4.5 hrs. and clntrinsic viscosity 

Table- 2 

Polymerization of AM in aqueous medium (25 mi.) in presence o(0.04 M TU 

and 0.0015 M FeCb at 50°C and varying AM concentrations (pH - 2.0). 

-------------------------------------------------------\ 
[AM] Rp x1 o5 

moi.L-1 
moi.L-1.s-1 

0.3 8.33 

0.4 17.17 

0.5 20.00 

0.6 22.91 

X· L 

% 

62 

73 

81 

77 

[11] 

ml.g-1 

14 

68 

96 

108 

0.2 

1.4 

2.2 

2.6 
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Table- 3 

Polymerization of 0.4 AM (0.7108 g) in aqueous medium (25 mi.) in presence of 

TU and 0.0015 M FeCb at 50°C and varying TU concentrations (pH- 2.0). 

[TU] Rpx105 
XL [11] Mv x1o-5 

moi.L-1 
moi.L-1.s-1 % 

ml.g-1 

0.01 2.90 40 14 0.2 

0.02 5.70 53 68 1.4 

0.03 11.94 68 73 1.6 

0.04 17.17 73 64 1.3 

Table- 4 

Polymerization of 0.4 AM (0.7108 g) in aqueous medium (25 mi.) in presence of 

0.04 M TU and 0.0015 M FeCb at different temperatures and varying FeCb 

concentrations (pH- 2.0). 

[FeCb] Temp. Rp x1o5 
XL [11] Mv x1o-5 

· m.moi.L-1 oc 
moi.L-1.s-1 % 

ml.g-1 

70 19.20 86 137 3.60 

60 27.80 65 74 1.60 

1.5 50 17.17 73 65 1.30 

45 12.60 75 75 1.22 

70 7.81 56 76 1.63 

60 7.56 57 59 1.17 

4 50 6.63 52 41.5 0.72 

45 6.41 50 23 0.33 
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· increased with increasing monomer and TU concentrations. 

Effect of Temperature . 

The study of the· effect of temperature on the polymerization of AM with 

. FeCI:ITU initiating system is important. Table 4 represents the data 

pertaining to· the Rp, XL, [TJ] and Mv of the polymer formed as functions of the 

concentration of FeCI~ in the temperatwe range from 45° to 70°C. The Rp as 

well as XL increase with increasing polymerization temperature (Figure 12). 

However, Rp decreases with decreasing polymerization temperature. The 

overall energy of activation as calculated from the Ar~henius plot (Figure 13) has 

been found to be 12.93 kcal.mor1 within the temperature range 45°- ·706C. 

1H and 13C- NMR Spectra .of PAM 

1 H and 1~C - NMR spectra of polyacrylamide samples obtained in the 

present study by FeCb/TU initiator in. solution at 50° and 70°C are shown in 

Figures 14 - 16. In the case of 1 H as well as 13C NMR, spectra obtained from 

polymers prepared at above two temperatures are· identical. The 1 H NMR 

spectra of PAM are not usually well resolved speCtra and no special feature is 

apparent in the pre;;ent spectr~ also 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 hydrogens fr~m the isothiocarbamido end groups of 

thiou~ea terfTiinated PAM. The 13C NMR of PAM obtained in solution phase 

reaction by FeCI:ITU initiator is important because the idea of polymer tacticity it 

provides may be compared with those obtained in the montmorillonite phase· 

reaction (discussed in section 3.4.3) in the light of the possibility. of 

stereoregular polym~r formation in the later case. The expanded 13C NMR 

spectra show methylene, methine and carbonyl carbons of head - to - tail 

polymer of AM. No monomeric acrylamide was· ·seen indicating purity of the 
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Fig. 15 

42 40 38 36 34 32 PPM i 

nc n. m. r. spectra of thiourea terminated polyacrylamide formed :in 
solution phase at 70°c. 



Fig. 16 uc n. m. r. spectra of thiourea terminated polyacrylamide formed in 
solution phase at 50°c. 
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polymeric sample. The carbonyl carbon splittings are generally small.and not as 

readily interpreted as backbone carbon absorptions (not shown in figure). The 

methine resonance (42.2 - 43.5 _ppm) is a triplet (triad sensitivity) which is 

further split, showing peritade sensitivity. The low field and high field triplet 

peaks are 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 ppm) fall into three fairly well separated 

groups ·with almost all the 20 lines required by hexad sensitivity resolved. The 

resemblance of the spectra to those obtained by Lancaster and O'connor 

suggests that Bernoulli statistics are followed, which are common in vinyl 

polymers220
. 

Kinetics and Mechanism 

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

free radical mechanism has already been assumed involving the 

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

as the primary radical113
. The kinetics of oxidation reaction of thiourea by Fe(lll) 

ions was studied by Pustelnik and Soloniewiez221
. It is believed that the reaction 

proceeds via t~e. intermediate complex [Fe(SC(NH2)2t3, the stability constant of 

.which is approximately 2.0. The decomposition of the complex involves a 

second order reaction, producing two isothiocarbamido radicals, which dimerize 

further in the presence of ferric ions. In order to rationalize the results of 

polymerization experiments following assumptions are made to predict the 

mechanism of aqueous homogeneous polymerization of acrylamide by' 

FeCbfTU system. The rationale behind. the approach adopted herein has been 

found to be equally applicable in explaining the kinetic behaviour of the 

seemingly complicated montmorillonite gel phase polymerization reaction 

initiated by either Fe(III)ITU or Ce(IV)/EDTA system (discussed in sections 3.4.3 

and 3.5.3 respectively). 
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(1) Jsothiocarbamido (TU•) primary radical~ are formed via an intermediate 

complex between Fe(JII) ions and TU. The decomposition of the complex is 
. ' ' 

.the ra~e determining step221
•
222

. 

K 
F e(lll) + TU . F e(lll) - TU . (1) 

complex 

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

(2) Since the reactive TU radicals are formed as pairs, assumption of 'cage 
' 

~ffect' seems to be conceptually appropriate223
•
224

. 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 diffusions of the 

radicals from the cage . and their ·secondary recombination are less 

significant. 

· lnitiati.on 

(TU•) +M 
k; 

Mj (3) 

Propagation 

k 
M•+M p 

M2 I . 

k 
M~-1 +M 

p M• ........... etc. . n (4) 

Termination · 

M~ +Fe(lll) kt 
M~ + Fe(ll) (5) 

(TU•) + Fe(lll) kt TU +Fe(ll) (6) 



" . kt TU-TU 

(caged species are enclosed in brackets) 

At the rate controlling step i.e., 

- ~ [Fe(lll)] = kd [C] [TU] 

([CJ denotes concentration of the complex) 

Conside~ing the above equilibri~m and material balance on the [Fe(lll)] i.e., 

[C] = K [Fe(lll)]r [TU] 

(suffix 'f stands for 'free') 

and [Fe(lll)] = [C] + [Fe(lll)]r 

.= K [Fe(ll!)]r [TU] + [Fe(lll)]r 

= [Fe(lll)]r (1 + K [TU]) 

[Fe(lll)] 
[Fe(lll)]f = 1+K[TU] 

[ C] = [Fe(lll)] [TU] 
1 +K[TU] 
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(7) 

(8) 

Assuming that the rate of formation of TU radicals is exactly equal to the . 

rate of disappearing Fe(lll) ions, we obtain, (considering the steady state of 

TU•) 

[ •] kd K[Fe(lll)J[TU]
2 

TU = ( kdM] + k~ [Fe(lll)] + k~') ( 1 + K [TUJ) 
(9) 
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Again, considering the steady state of M~ 

ki [ ru·] [M] = kt [ M~] [Fe(lll)] 

[ 
•] _ kt [M~] [Fe(lll)] 

TU - ki (M] (1 0) 

Equating RHS of the equations (9) and (1 0) 

kt(M~ ](Fe(lll)] _ kd K (Fe(III)}[TU] 2 

ki [M] - ( ki [M] + k~ [Fe(lll)] + k~') ( 1 + K [TUl) 

[ 
•] kikdK[M][TU]

2 

Mn = kt( kj[M] + k~ (Fe(lll)] + k~') ( 1 + K [TUl) 

Rp = kp [M~] [M] 

kp ki kd K[M] 2 [TU] 2 

Rp = kt ( ki [M] + k~ [Fe(lll)] + k~') ( 1 + K [TUJ) 
(11) 

Since the concentration of TU throughout the experiment is low and the 

value of the equilibrium constant, K, is only of the order of 2 L.mor1 (ref 221 ), the 

quantity (1 + K [TU]) in the denominator may approximately be equated to unity. 

Hence the equation (11) is reduced to 

kp ki kd K[M] 2 [TU] 2 

Rp == kt ( ki [M] + k~ [Fe(lll)] + k~·) (12) . 

Plot of [TU]2 [Mf I Rp versus [M] at constant Fe(lll) ion concentration is a 

straight line. Similar plot of [TUf [M]2 I Rp as a function of [Fe(lll)] at constant 

[M] is also a straight line (Figure 17). Moreover, the slopes and intercepts of the 

above two plots yield the same values of kt I kp ~ and k~lk; as 4. 70 and 

· 2.80x1 02 respectively. Reviewing the experimental results it seems apparent 

• 
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that k~· in the present homogeneous polymerization is not significant enough, 

specially in the presence of the monomer, in comparison to other terms in the 

denominator of equation (12). High value of k~/ki ratio ensures that ki [M] is also 

insignificant at low [M] in comparison to the second term in the bracket of the 

denominator. Thus, equation (12) cou!d satisfactorily take account the high 

monomer exponent as is observed in Figure 11. Deviation of the points from the 

straight line in the Figure 11 as the consequence of high monomer 

concentration is, however, the manifestation of the dominance of the first term 

of denominator over the other. 
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3.4 REDOX POLYMERIZATION OF ACRYLAMIDE ON AQUEOUS 

MONTMORILLONITE SURFACE 

3.4.1 Introduction 

In the present section of the thesis, the results of polymerization of 

acrylamide in the montmorillonite microenvironment has been. presented. The 

major objective of such a .study was two folds viz., to examine the catalytic 
' . 

activity of clay mineral in the present aqueous polymerization process of water 

soluble polymer (PAM) and to prepare polymers having high molecular weight 

With high rate of formation under ordinary condition. Howev~r. in the present 

study, attempts to polymerize water soluble acrylamide rryonomers by lattice 

Fe(III)/TU combination were unsuccessful at a wide range of tempertature 113
. 

This is probably due to efficient inhibition of radical polymerization of acrylamide 

by montmorillonite via electron transfer from initiating or propagating radicals to 

the Lewis acid sites. On the other hand, montmorillonite microenvironment 

seems to have a dramatic effect on the redox polymerization of acrylamide by 

Fe(III)/TU combination in aqueous medium. This results in the slow termination 

due to inability of a growing polymer chain to transfer to the .oxidant trapped 

inside the layered space. High molecul.ar weight polymers may be expected with 

high intrinsic viscosities. A detailed study concerning the kinetic and 

mechanistic aspects has been made for the aqueous polymerization of 

acrylamide with ferric montmorillonite (FeM) I thiourea (TU) initiating system. X

r~y diffraction, spectroscopy and_ oth~r ·analytical data have been taken into 

consideration to determine the pathways involved in the reaction. 

3.4.2 Experimental 

Experimental procedur:e has been discussed in section 3.2. 
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3.4.3 Results and Discussion 

The polymer yield (XL), 'rate of polymerization (Rp) as well as molecular 

weight (Mv). and non-extractable polymer conversion data at different AM, TU 

and Fe(lll) concentrations, keeping other reaction parameters fixed, at 50°C are 

given in Tables 5-7. 

Present technique increases th~ degree of polymerization and the 

intrinsic viscosity of the polymers dramatically by decreasing the rate of linear 

termination process. The method seems to be a promising technique for 

achieving high molecular weights and intrinsic viscosities of polymer for redox 

initiated reactions, where low molecular weight polymers are normally obtained. 

The corresponding experimental results in the absence of montmorillonite i.e., 

reaction in homogeneous solutions are presented in section 3.3.3. 

The Mv values as calculated from viscosity· data of present experiments 

are ranged from 0. 70 x 1 06 to 2.5 x 1 06
. The initial rate of polymerization, Rp's 

are ranged between (0.92 - 9.26) x 1 o-s moi.L-1.s-1
. The [11] values displayed by 

.polymers formed in the presence of montmorillonite are found to vary from 247 

to. 600 ml.g-1
. At a fixed TU and Fe(lll) concentrations (concentration of. Fe(lll) 

being moles of interlayer metal ions per 1000 mi. of the reaction mixture), all the 

parameters viz., Rp, XL, [11] and Mv are increased with the increase in AM 

concentration. The values of [11] and Rp varied from 363 to 480 ml.g-1 and 1.8 x 

1 o-s to 9.26 x 1 o-s mol. L-1.s-1 respectively for the variation of AM concentration 

from 0.3 to 0.6 moi.L-1 (Tabl~ 5). Amount of non-extractable PAM increases 

(0.09% to 0.4%) with increasing AM, TU and Fe(lll) concentrations. The percent 
' . 

conversions of the monomer have been plotted as a function of time of reaction . ' 

at different AM, TU and Fe(lll) concentrations in Figures 18 -·20. No induction 

period is observed in the present system also.' Although Rp and the XL 

decreased with decreasing TU concentrations, molecular weight of the polymer 
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Table- 5 

Polymerization of AM in aqueous medium (25 mi.)' in presence of 0.04 M TU 

and 0.50% (w/v) FeM at 50°C and varying monomer concentrations (pH- 2.01) 

[AM] Ra x10 5 xb [T\]c Mv x1o-5 Non-extractable 
p L 

moi.L-1 
moi.L-1.s-1 % 

ml.g-1 PAM (wt%) 

0.3 1.80 63 363 12.2 0.050 

0.4 5.51 76 369 12.5 .0.135 

0.5 6.00 48 397 14.9 0.133 

0.6 9.26 57 480 19.1 0.163 

alnitial polymerization rate, t>vield after 4.5 hrs., clntrinsic viscosity. 

Table- 6 

Polymerization of 0.4 M AM (0. 71 08 g) in aqueous medium (25 mi.) in presence 

of 0.04 M TU and 0.50% (w/v) FeM at 50°C and varying TU concentrations (pH 

-2.01) 

[TU] Rp x10 5 
XL [T\] Mv x1o-5 Non-extractable 

moi.L-1 

moi.L-1.s-1 % 
ml.g-1 PAM (wt%) 

0.005 0.92 20 270 8.9 0.138 

0.010 1.73 42 487 19.5 0.106 

0.015 1.90 45 300 10.3 0.126 

0.020 4.26 50 595 25.0 0.136 

.. 0.030 4.33 55 560 23.0 0.118 

0.040 5.51 76 369 12.5 0.135 

0.060 6.01 62 325 11.4 0.135 

0.080 7.22 74 230 7.2 0.178 
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Table -7 

Polymerization of 0.4 M AM (0.7108 g) in aqueous medium (25 mi.) in presence 

of 0.04 M TU at 50°C and varying amounts of FeM (pH - 2.01) 

[Fe(tll)]a [Mo]6 
Rp x10 5 

XL [r\] Mv x10-5 Non-extractable 

m.moi.L-1 L-1 ml.g-1 PAM (wt%) g. 
. mol. L-1.s-1 % 

0.60 2.0 4.76 61 340 12.0 0.09 

0.90 3.0 5.55 62 364 12.2 0.06 

1.20 4.0 5.56 66 325 11.4 0.14 

1.50 5.0 5.51 76 369 12.5 0.13 

2.07 7.0 6.61 77 284 9.5 0.21 

2.67 9.0 6.50 60 291 9.8 0.25 

3.93 13.3 6.43 48 230 7.2 0.39 

aconcentration of interlayer Fe(lll) in m.mol. per litre of the reaction mixture; 

corresponding concentrations in montmorillonite gel phase is 0.03 m.moi.L-1, 

bMontmorillonite content. 

Table -8 

Polymerization of 0.4 M AM (0.7108 g) in aqueous medium (25 mi.) in presence 

of 0.04 M TU and mixtures of 0.50% (w/v) montmorillonite (FeM and HM) at 

50°C and varying Fe(lll) concentration in gel phase (pH- 2:01) 

[Fe(lll)]a Rp x10 5 
XL [11] Mv x1o-5 Non-extractable 

m.moi.L-1 
mol. L -1.s-1 % 

ml.g-1 PAM (wt%)· 

0.38 (0.0081
) 2.05 36 290 9.8 0.102 

0. 75 (0.015f) 3.31 43 360 13.0 0.125 

1.13 (0.023f) 3.70 45 355 12.8 0.128 

.1.50 (0.030f) 3.70 76 369 12.5 0.135 

fMoles of interlayer Fe(lll) in 1000 mi. of montmorillonite gel phase. 
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was higher at lower TU concentrations. The Rp increases (0.~2 x1 o-S to 7.2 x o-S 
moi.L-1.s-1

) with increased TU concentration (5 x 1a-3 to 8 x 1a-2 moi.L-\ Hence 

on increasing the concentration of catalyst more thiourea is oxidized to generate 

relatively more isothiocarbamido radicals. Consequently, the number of 

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

concentrations lower than 5.a x 10-3 mol. L-1, the polymer yield was too 

insignificant to be detected. At such a low concentration of TU, formation of the 

initiating species is obviously too small to initiate the polymerization re'action. 

The Mv ~f polymer reached Its maxim~~ value viz.,·2.5 x 1a6 at 2.a x10-2 moi.L-1 

of TU and a lowest value of 7.2 x 10s at B.Ox 10-2 moi.L-1 concentration (Table 

6). Unlike solution phase reaction as shown in previous section, Rp increased 

from .4. 76 x 1 as to 6.61 x 1 as mol. L-1.s-1 as the Fe(lll) concentration increased 

from a.6a x 1 a-3 to 2.a7 x 1 a-3 moi.L-1.s-1 (Table 7). At more high concentration 

of Fe(lll), however, Rp tends to decrease. Conversion efficiencies were also 

increased regularly with increasing Fe(lll) concentration upto 2.a7 x 1 a-3 moi.L-1
. 

Although [11] and molecular weights increased significantly due to 

montmorillonite phase reaction, the value of [11] and Mv were found to increase 

only slightly (from 34a to 369 ml.g-1
) for the incr~ase in Fe(lll) concentration 

upto 1.5a x 1 a-3 moi.L-1 and at more higher concentrations of Fe(lll), however, 

[11] value tends to decrease (Table 7) again. 

Effect of Temperature 

Tables 9 -11 represent the data pertaining the Rp, XL, [11], Mv and non~ 

extractable polymer yield as functions of the concentration of Fe(lll), TU, AM in 

the temperature range from 45° to 70°C. The Rp as well as XL increase with 

increasing polymerization temperature (Figure 21). The effect of temperature on 

the polymer viscosity and molecular weight are interesting. Upto a certain 

temperature these are increased but above that temperature the value.s ([11] and 
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Table- 9 

Polymerization of 0.4 M AM (0. 7108 g) in aqueous medium (25 mi.) in presence 

of 0.04 M TU and varying amounts of FeM and different temperatures (pH -

2.01) 

[Fe(JJJ) ]a [Mo]b Temp. Rp x10 5 
XL [TJ] Mv x1o-5 Non-

m.moi.L-1 L-1 oc ml.g-1 extractable g. moi.L-1.s-1 .% 
PAM (wt%) 

0.60 2.0 8.23 62 362 13.20 0.105 

0.90 3.0 11.74 63 275 9.10 0.097 

1.20 4.0 11.11 70 210 6.35 0.126. 

1.50 5.0 70 10.51 93 260 8.45 0 .. 120 

2.07 7.0 13.90 86 160 4.40 0.210 

2.67 9.0 14.80 75 135 3.53 0.260 

3.93 13.3 8.55 49 100 2.40 0.387 

0.60 2.0 9.72 75 275 9.10 0.060 

0.90 3.0 11.94 80 235 7.40 0.105 

1.20 4.0 12.65 90 225 6,97 0.118 

1.50 5.0 60 6.20 85 425 16.20 0.143 

2.07 7.0 8.73 82 225 6.97 0.180 

2.67 9.0 9.25 69 220 6.76 0.248 

3.93 13.3 7.22 47 200 5.95 0.405 

1.50 5.0 1.70 66 208 6.30 0.08 

2.07 7.0 5.95 53 280 9.33 0.137 

2.67 9.0 45 3.75 48 198 5.90 0.228 

3.93 13.3 6.25 36 180 5.18 0.342 

aconcentration. of interlayer Fe(lll) in m.mol. per litre of the reaction mixture; 

corresponding concentrations in montmorillonite gel phase is 0.03 m.moi.L-1, 

bMontmorillonite content. 
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Table -10 

Polymerization of 0.4 M AM (0.71 08 g) in aqueous medium (25 mi.) in presence 

of 0.05% (w/v) .FeM and varyirg TU concentrations and different temperatures 

(pH- 2.01) 

[TU] Temp. Rp x1 05 XL [TJ] Mv x1o-5 Non-extractable 

moi.L-1 oc 
mol. L-1. s-1 % 

ml.g-1 PAM (wt%) 

0.005 1.83 46 150 4.06 0.13 

0.010 6.50 42 563 23.67 0.12 

0.015 6.94 57 265 8.70 0.14 

0.020 70 9.60 49 535 22.12 0.13 

0.030 10.41 46 400 15.01 0.09 

0.040 10.51 93 260 8.45 0.12 

0.060 13.67 78 265 8.66 0.21 

0.080 15.87 84 200 5.95 0.18 

0.005 1.64 36 115 2.85 0.18 

0.010 2.77 48 447 17.40 0.13 

0.015 3.81 61 235 7.40 0.19 

0.020 . 5.55 53 443 17.20 0.12 

0.030 60 6.01 59 575 24.34 0.17 

0.040 6.20 85 400 15.02 0.14 

0.060 8.02 71 260 8.45 0.21 

0.080 12.82 77 250 8.01 0.29 

0.01 1.88 41 500 20.20 0.13 

0.02 2.29 36 505 20.50 0.07 

0.03 45 3.00 48 580 24.62 0.15 

0.04 1.70 66 208 6.30 0.08 
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Table -11 

Polymerization of AM in aqueous medium (25 mL) in presence of 0.04 M TU 

and 0.05% (w/v) FeM and varying AM concentrations at different temperatures 

(pH- 2.01) 

[AM] .Temp. R x10 5 · XL . [11] Mvx1o-5 Non-extractable 
p 

moi.L-1 oc 
moi.L-1.s-1 % 

ml.g-1 PAM (wt%) 

0.3 6.10 64 342 12.17 0.03 

0.4 10.15 93 260 8.45 0.12 

0.5 . 70 15.84 65 355 12.86. 0..07 

. 0.6 28.18 72 370 13.52. 0.13 

0.3 3.60 60 317 11.03 0.030 

0.4 6.20 85 400 15.00 0.143 

0.5 eo 7.90 67 435 16;80 0.102 

0:6 17.09 73 425. 16.30 . 0.172 

0.3 0.38 15 110 2.70 0.070 

0.4 1.70 66 208 6.30 0.080. 

0.5 45 3.01 36'. 350 12.55 0.076 

0.6 5.20 57 343 .12.20 0.184 

Mv} decreased. However, the· optimum temperature. upto_ which chain growth is 

enhanced, strongly depended on the reaction conditions. Significant 'gel effect' 

is oeserved, which is more prominent at lower temperature (Figure 21). The 

variation of the molecular weight of the polymer as a function of AM, TU and 

. Fe(lll) concentrations at different .temperatures are shown in Figures 22 - 24. 

From the Figure 22 it is observed that the variation of molecular weight with AM 

concentration is significant upto 0.5 moi.L-1 of AM 'above which .the molecular 

weights are almost constant. Several sets of polymerization experiments with . 

four different monomer concentrations at four different temperatures were 
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carried out keeping the TU (0.04 moi.L-1
) and Fe(lll) (1.5 X 10-3 moi.L-1

) 

concentration fixed. Arrhenius plot of - log (Rp) versus 1/T (in the temperature 

range 45° -. 70°C) as shown in the Figure 26 leads to.an average value of 14.9 

kcal.mor1 for the activation energy, E~. of the overall polymerization reaction. 

The-activation energy was increased from 1q.2 to 14.9 kcal .. mor1 as the Fe(lll) 

. concentration increased from 0.9·0 x 10-3 to 1.50 x 10-3 moi.L-1 (Figure 27). At a 

hig_her concentration of Fe(lll) (3.93 x 10-3 moi.L-\ however, Ea decreased . 

significantly (4.57 kcal.mor\· 

1H and 13C NMR Spectra of PAM 
' 

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

polymerization on' the montmorillonite surface by FeM/TU initiator are shown in 
I . 

Figure 28. The 1H an~ as well as 13C NMR spectral patterns of PAM obtained in 

the montmorillonite phase reaction ar~ almost identical with those obtair:ed in 

solutio_n phase· reaction in ·absence of montmorillonite (discussed in section 

3.3.3). In Figure 28a, the overlapping of a sharp line with chemical shift of 2.12 . 
I ' . 

ppm, represents the· hydrogens from the isothiocarbamido end groups o( . 

. thiourea terminated PAM. The expanded 13C NMR spectrum (Figure 28b) 
' L 0 o • ' 

showed methylene, methine and carbonyl carbons of head -to - tail polymer of 

AM. The carbonyl carbon {at 180.2 ppm) splittings were small. Similar to the 

· spectrum of PAM obtained .from solution phas~ reaction (discussed in section 

3.3.3) the methine resonance (42.2 - 43.5 ppm) is -a triplet (tried sensitivity) 
. . 

which is further split, showing. pentade ~ensitivity. The low field and high field 

triplet peaks·may beassigned torr (syndiotactic) and mm (isotactic) sequences, 

respectively. The central peak corresponds to heterotactic sequences (mr + rm). 

The methylene carbon lines (34- 37.4 ppm) also fall into three well separated 

groups· with all_ 20 lines required by hexad· sensitivity resolved .. It seems 

apparent from the 13C ·spectrum that just like the spectrum of PAM obtained in

homogeneous solution, Bernoulli statistics are. followed and stereo~regularity 

has. not . been observed in the present case also. However, the PAM trapped 
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inside the interlayer spaces of montmorillonite, which could not be extracted. by 

washing with· water may have such possibility of showing stereo-regularity. 

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

study. 

Effect of pH 

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 of styrene but interfere with 

th~ free radical polymerization. Both Bronsted and Lewis acidity have been 

involved in the cationic polymerization initiated by dry clay minerals. The acidity 

of the clay mineral increases on drying225-227
. In the present study, the reaction 

' 
is carried out in aqueous medium and the surface acidity is less as compared to 

· the dry mineral. In the pH range from 1 ,52 to 2.1 0, the polymerization is carried 

out with FeM/TU initiating system. Above pH 2.1 0, no significant polymerization 

takes place. The XL, Rp and [11] as welf as Mv of the polymer are shown as a 

function. of pH in Table 12. The transition metal (Fe(lll)) in interlayer space of 

montmorillonite reacted with isothiourea, the · tautomeric form of thiourea, 
. . 
generating amidosulfenyl radical to initiate pplymerization2116

. 

(thiourea) (isothiourea) 

Fe(ll) Clay 

( amidosulfenyl radical) 
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Table -12 

Polymerization of 0.4 M AM (0.7108 g) in a_queous medium (25 mi.) in presence 

of 0.04 M ~U and 0._50% (w/v) FeM at 50°C and varying pH. 

pH 

1.52 

2.10 

2.528 

2.958 

Rp x10 5 

moi.L-1.s-1 

4.41 

5.51 

a = no polymer formed 

XL 

% 

63 

40 

Lr,J Mv x1o-s Non-extractable 

ml.g-1· PAM (wt%) 

300 10.0 0.080 

369 12.5 0.135 

-

At low pH the tautomeric equilibrium of TU in aqueous solution a shift~d 

towards isothiocarbamido form facilitating the formation of primary radical. 

Moreover, the profonated form of the amidosulfenyl radical at low pH is· more 

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

Javourable 114. 

Previous studies have ·also shown that the intensity_ of .E.S.R. signal of 

the spin trap-radical adduct. was maximum at low pH114. 

Effect of Organic Solvents 

It has been· found that 1 the use of ·.additives like different 
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solvents 149
•
162

•
164

•
230

, surfactants 150
, neutral salts2~·210 '157, complexing agents 154

, 

retarders228 and catalyst influenced the polymerization process and the 

properties of the resulting polymer~. Pifferent solvents· were added· to the 

polymerization medium and their effect on the polymer yield were studied. From 

the Table 13, it is found that some water miscible organic solvents viz., ethanol, 

DMSO and DMF depressed the polymer yield increasingly as the concentration 

of such solvents was' increased from 2 to 40% (v/v). But in case of dioxan, the 

polymer yield increased with increasing the concentration upto 20% (v/v) but 

decreased at higher concentrations. The decrease in polymer yield on addition 

of such solvents was due to decrease in the area of a shielding of a strong 

hydration layer in aqueous medium resulting in the termination of radical end of 

the growing chain. Similar observations were made on . addition of such · 

solvents, namely DMF and alcohols to the polymerization medium by Misra and 

Bhattacharya130
•
164

. Followi!lg factors131 may considered for the observed 

increase in the polymer yield upto 20% dioxan solvent. 

(i) Capability of the solverit to dissolve the monomer in the polymerization 

medium, 

(ii) Formation of the solvent radicals from the primary radical species ·of the 

initiating system, 

(iii) Contribution of the solvent radical in the activation of the monomer. 

At a particular composition (20% v/v) of organic aqueous mixtures, the 

efficiency of solvents in promoting the polymerization of AM follows the order; 

Dioxan > Ethanol >DMSO > DM.F 

The effect of concel'}tration of different solvents on molecular weight are . 

depicted in Table 13. The decrease in molecular weight with inc_reasing 

concentration of the organic solvents is probably due to premature termination 

of the growing polymer chains by transfer to solvents 164
· 
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Table -13 

Effect of organic solvents c:m .polymerization of 0.4 M A¥ (0. 7-1 08 g) in aqueous 

medium (25 mi.) in presence of 0.04 M TU and 0.50% (w/v) ·FeM at 50°C (pH -

2.01) . 

(.)· ........ Ethanol DMSO Dioxan . DMF Water > ·c: > ro ._ 
XL Mvx XL. Mvx XL Mvx XL · Mvx XL Mvx C) rJ) .... ..... 

0 c 
10-5 10-5 10-5 10-5 10-5 '+- (1) % % % % % 0 > 

~·0 0 rJ) 

0 76 12.5 

2 65.99 5.75 63.51 11.37 20.71, 6.23 71.04 3.10 
'. 

5 65.10 61.64 60.65- - 51.88 -

10 . 64.32 59.00 76.49 46.86 

20 61.16 0.05 44.56 3.18 ·. 94.36 0.90 24.86 0.48 -

49 31.-63 23.77 44.97 1.96 

Effect of Surfactants 

The effect of cationic (CTAB) and non ionic (Triton-x-1 00 (R)) surfactants 

on. the polymerization qf AM with FeM/TU initiating systems have been studied. 

The rate of polymerization as well as percent conversion are found to increase 
. . ' 

with cationic micelle concentration of CATS ("~able 14). However, the effect of 

non ionic micelles on the polymerization rate and yield is reverse. 

FeM/TU redox couple brings about 76% conversio_n in aqueous medium 

at 50°C but 98% conversion. is observed in presence of CTAB under identical 

conditions. The hydrophobic interaction and the electrostatic attract!on are 

possibly responsible for the spectacular rate enhancement or retardation 

.. 
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exhibited by the micelles of surfactants231 ·233
. The molecular weight of the 

resulting polymer are found to decrease for both CTAB and Triton-X-1 00 (R). 

Table -14 

Effect of surfactants. on polymerization of 0.4 ,M AM (0.7108 g) in aqueous 

medium (25 mi.) in presence of 0.04 M TU and 0.50% (w/v) FeM at 50°C (pH -

2.01) 

c Rp x10 5 
XL [11] Mv x1o-5 Non-extractable 

0 ~ 
~ ....- ml.g-1 PAM (wt%) ro 

>< moi.L-1.s-1 % L.. 

E 
..... .... c ' 

::J Q) ...J 
u --a c 0 

Q) 0 E 
2 (.) 

Water 5.51 76 369 12.50 0.13 

CATS 5 10.31 98 20 0.27 0.16 

Triton- 5 6.82 63 245 7.80 0.22 

X-100 

(R) 

Kinetics and Mechanism 

Polymerization mechanism and kinetics both are affected to a great 

extent due to the occurrence of the reaction in the mineral microenvironment 

resulting in the significant increase in the molecular weights and intrinsic 

viscosities of the polymers. The variation of the initial rate of polymerization as a 

function of monomer concentration in the presence of montmorillonite is shown 

(double logarithm plot) in Figure 29. Not all the points fell on a linear line. If it is 

assumed to be linear, the slope could be estimated as about 2.3. (The proposed 

mecha!Jism, however, predicts an exponent of 2.0, the error in the experimental 

data may be introduced from the inherent coarseness in following the kinetics of 
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a heterogeneous system.) The significant change in the monomer exponent due 

to occurrence of the reaction on the montmorillonite surface indicates that the 

polymerization mechanis_m is greatly affected by the mineral microenvironment. 

A rate dependence of second order and above on monomer concentration was 

also observed earlier in heterogeneous and precipitation polymerization of 

acrylamide and _various· interpretations, including 'cage effect' and 'complex 

theory' were proposed to account for the significant departure from first order 

kinetics223
•
224

. The 'cage effect' suggests that when an initiator decomposes into 

~<;> radicals, there is a- formation of a potential barrier by the surrounding 

solvent molecules which prevent their immediate diffusion arid favours their 

destruction by mutual recombination (already discussed). The 'complex theory' 

is based on the formation of a complex between the initiator and the monomer, _ 

the rate-of initiation then" being determined by the rate of decomposition of the 

complex. The 'cage effect' seems to be a good conceptual starting point in 

explaining the high monomer exponent which have been_ observed in the 

present system. To examine the dependence of rate on the montmorillonite 
' - . 

content- and Fe(lll) coricentrati~ns, the initial rate of polymerization is plotted as 

a· function of Fe(lll) ion concentration (Figure 30). Rp is increased with the 

montmorillonite and Fe(lll) contents of the reaction mixture but the slope of the 

logarithm plot varied from 0.25 to 0.40 as a result of raising the reaction 

temperature from 50° to 70°C. However, if the locus of _polymerization is 

assumed to be the interlayer space of montmorillonite, above slopes cannot be 

regarded as metal ion exponents because increasing addition of Fe(lll)

saturated mineral does not increase Fe(lll) ion. concentration in the mineral 

phase but, on the contrary, only adds to the total metal iori ahd adsorbent 

contents of the reaction mixture. This, in tem, increases monomer and TU 

contents Qf the intercalate_ position, which result in the high rates of polymer 

yield. In order to measure the actual metal exponent for the reaction in the 

mineral phase, Rp values ~ere plotted as a function of Fe(lll) ion concentration 

in the montmorillonite geL The concentrations of Fe(lll) in the montmorillOnite 

gel were varied by adding calculated quantities of HM in the reaction mixture 
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(Table 8). The slope of such logarithm plot (Figure 31) ha~ been estimated as 

0.50 ·at 50°C. (The concentration·· of Fe(lll) now being moles of interlayer Fe( Ill) 

ions per 1000 mi. montmorillonite gel; the water content of montmorillonite 

sample was measured following the method described by Marinsky and co

wo,rkers and found to be 10 ml.g-1)234
. Figure 32 shows the dependence. of Rp 

on TU concentrations. Since the isothiocarbamido primary radicals have strong 

tendency to dimerize above 0.05 moi.L-1, present study was confined below that 

concentration only1 14
. Again not all the points fell on the ·linear line (in the 

loQarithm plot) owing to . the heterogeneous reaction mixture. However, the 

slopes of the' average line drawn through the poi_nts at two different 

temperatures indicate that the reaction is first order with respect to TU · 

concentrations. To rationalize the experimental results and to predicts a 

possible mechanism for the seemingly complex polymerization reaction 

occurring in the mineral microenvironment, the following assumptions are 

made221 .222. 

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

spaces to form the reactive Tu• (isothiocarbamfdo radicals) via an 

intermediate com-plex. The decOmposition of the complex is the rate 

controlling step. 

(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 h.emisalts formation,· . where two amide 

· molecules share a: proton by means of symmetrical hydrogen bond or/and · 
~ ' I • 

through weak coordination to the exchanged cations2
. The protonated as 

well as the complexed . amide pairs are at first equilibrium with 

unprotonated and free amide molecules, respectively, which are defined by· 

a protonation constant or a -formation constant. In view of high monomer 

exponent, it is certain th_at it must have resulted in part from the involvment 

of monomer in the initiation step, where such. monomer pairs are entailed. 
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(3) Since the reactive TU radicals are formed as pairs, assumption of the 

'cage effect' seems to be conceptually appropriate. The initiation step 

involves collision of the 'amide pairs' 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 comparison to the rate of 

dimerization of caged radicals or their reaction with acrylamide. 

Initiation 

._ K.- . 
Fe(lll) + TU ~ Fe(lll) - TU (13) 

complex 

(14) 

(15) 

· Propagation 

Mj+M (16) 

M~-1 +M 
kp. 

M~· ............ etc. 

Termination 

(17) 

(18) 

II 

kt TU-TU (19) 

(caged species are enclosed in brackets) 
. . 

Utilising the equation (13) and (14), the consumption rate of Fe(lll) 

concentration as shown in previous section 3.3.3, is given below: 
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-~[·_ ] _ kd K[Fe(III)](Tuf ·. 
dt Fe(lll) - .1 + K [TU] ... (20) 

' ' ,· 

Now, assuming that the rate of formation of TU radicals is exactly equal to the 

rate of disappearing Fe(lll) i_ons we· obtain, (considering the steady state of 

ru·): 

kd K [Fe(lll)] [TU] 2 
_ · ... 1 [ •·

1 
· 2 · k~ [ ru•] [Fe(lll)] .. [ •] 

1 + K [TU] - k 1 K TU [M] + 1 + K [TU] + kt TU 

(K1 = [M2H+] I [M]2 is the· apparent protonation constant at a fixed pH (or a 

formation constant)) 

Ag~in, considering the ste~dy state of f\.11~· 
. 2 

kiK1 [ru•] [M] 2 
= kt[M~] 

[ 
. ] kt(M~] 2. 

. T u· - ____.,.=-----=--
- ki K1 [M] 2 

Equ~ting RHS of equation (21) a·nd (22) 

2 
kt [M~] _ kd.K[Fe(lll)] [TU]2 

· . kiK1 [Mf.- ki K1 [M] 2 + ki K1 K[M]~ [TU] + kaFe(lll)] +k~'( 1 + K[TUJ) 

· • 2 . kiK1Kkd·[Fe(III)](TUf[Mf. . · 

. [Mn] ~ k1(k; K1 [Mf +k; K1 K[M] 2 [TU] + k;[F9(111)]+k;·(1 +K[TU])) 

(21) 

(22) 

' . 
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[M"j ~ ( k; K 
1 
K kd) 

112 
[Fe(lll)r

12 
[TU] [M] 

n . k~ 12 (k; K1 [Mf + k; K1 K[Mf [TU] + k~[Fe(lll)] + k~· ( 1 + K[TU])) 
11 ~ 

kp ( k; K1 K k.d) 
112 

[Fe(lll)) 
112 

[TU] [M] 2 . 
R -----------~----~----------------------~ 

P - k~ 12 (k; K1 [M] 2 + k; K1 K [M] 2 [TU] + k~[Fe(lll)) + k~' ( 1 + K[TUJ) f'2 

(23) 

If the oxidative termination (step 18) is assumed to be insignificant in 

comparison with the dimerization rate of caged radicals, equation (23) reduces 

to: 

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 radicals at the cage wall. Although the concentrations of the monomer 

and TU in solution phase were fixed mostly at 0.40 moi.L-1 and 0.04 moi.L-1 

respectively, the concentration of intercalated species must be much lower, 

specially due to the presence of water molecules in the interlayer spaces. 

Thus, while the concentrations, [MJ and [TU], in the montmorillonite gel

phase should be 

(25) 

and 
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(26) 

(subscript's' denotes solution) 

(L~ and e are the total active sides in units rriass of montmorillonite and the 

fra'ction of totc:il sites occupied by such species respectively; K~ and K~ are the 

selectivity coefficients). 

The denominators_ of equations (25) and (26)· are nearly unity. By 

appropriate substitution of [ryJ] and [TU] in equation (24) and considering the 

dominance of the last term of the denominator over others, the equation 

becomes 

(27) 

(Values of K~ (or Kfu), L~ and K a.re of the order of 1 o-2
, 2 m.mol.g-1 and 2 

L.mor1
, respectively221

_. Small. values of above parameters includin~ that of K1
, 

\ . . 

· ensure that terms involving quadratic and above concentrations are very small 
' ' 

in the present conditions23q·236). 

·Further inspection of· equation (27) shows that the value-of KL~K~[TU]s 

in· the denominator varies from 1 0-5 to 1 o-a for the variation of aqueous TU 

concentration from 0.05 tc:> 0.005 moi.L~1 • This ,implies that th~ rate equation 

under the present condition is reduced to-

, (- 1/' '')1/2 a-( 8 )1/2( 8 )3[- _ ]1/2 2 Rp = kp kd ki KK __ kt kt Ktu Km L0 Fe(lll) [!U]5 [M] 5 

(28) 
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Reviewing the above result, it is found that equation (28) could 

satisfactorily account for the present behaviour of the Fe(III)-TU initialised 

acrylamide polymerization exhibited in the aqueous montmorillonite layered 

space. 
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3.5 AQUEOUS POLYMERIZATION OF ACRYLAMIDE BY Ce(IV) -

EDTA REDOX COUPLE ON MONTMORILLONITE SURFACE 

3.5.1 Introduction 

Redox initiators have been ~sed extensively in homo and 

copolymerization reactions. Consideraple amount of works are available in the 

literature on redox polymerization where metal ions viz., cerium (IV), vanadium 

(V), chromium (VI), cobalt (Ill) and iron (Ill) were used as oxidants222
•
237

. The 

reducing agents in the above redox systems were alcohols, aldehydes, aCids, 

thiols. and amines. Although most of them showed low conversions and rates, 

some of them exhibited more promising_ results than others. However, a 

common feature of these systems is that almost all of them yield only low 

molecular weight polymers due to fast termination of polymer chain via transfer 

to the metal oxidant of the initiator couple. In the previous section of the present 

chapter a novel technique by which chain growth was enhanced by trapping the 

metal oxidants in the · interlayer space of montmorillonite has been 

demonstrated. While the redox characteristics of the metal and its efficiency in 

activating redox polymerization of aq·ueous acrylamide molecules remain almost 

unaltered in the montmorillonite layered space, linear termination of growing 

polymer chain was sufficiently controlleq. This is possible because polar organic 

activator (thiourea) as well as the monomer could intercalate between the layers . 

. of the mineral where the metal oxidants are already trapped. In this section, 

att~mpts have been made to extend the scope of the technique as described in 

section 3.4 by studying the effect of mineral microenvironment on Ce(IV)-EDTA 

initiated aqueous · acr)tlamide · polymerization with a view to generalise the 

adopted method for enhancing chain growth. 

3.5.2 Experimental 

Experimental procedure has been discussed in section 3.2. 
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3.5.3' Results and Discussion 

Tables 15 - 17 represent the data pertaining to the initial rates (Rp), 

polymer yield (XL), intrinsic viscosity [11] as well as molecular weight (Mv) and 

non-extractable polymer formed as functions of the concentration of Ce(IV), 

EDTA, AM and temperature. 

The molecular weights of the polymer are moderately high and ranged 

from 3.9 x 105 to 2.9 x 106
. The initial rate of polymerization, Rp's obtained are 

ranged between (2.1 - 10.6) x 10-5 moi.L-1.s-1 depending on various reaction 

parameters. Upto 95% of the polymers are formed at 50°C in the presence of 

1.5 x 10-3 moi.L-1 c:>f Ce(IV) ions (EDTA = 0.01 moi.L-1 and AM= 0.4 moi.L-\ At 

a fixed EDTA and Ce(IV) concentrations, all the parameters, viz., Rp, XL and Mv 

are increased with the increase in AM concentrations. The Rp and XL also 

increase from 3.0 x 10-5 to 8.9 x 10-5 mol. L-1.s-1 and 16% to 50% respectively. 

with the increase of AM concentrations in the range of (0.36-0.60) x 10-3 moi.L-1
. 

The value of [11] as well as Mv are also varied from 145 to 650 ml.g-1 and 3.9 x 

105 to 2.87 x 106 respectively. On the other hand, Rp increases/ with increased 

concentration of EDT A Higher concentration of the activator, EDT A, increases 

the concentration of initiating radicals and consequently the number of 

propagating polymer chain and the rate of polymerization increases. Higher the 

concentration of EDTA, higher is the polymer yield but lower is the molecular 

weights of the polymer. The value of [11] is also varied from 430 to 240 ml.g-1 

with the variation of EDTA concentration between (2.5·to 10.0) x 10-3 moi.L-1
: At 

a fixed AM and EDTA concentrations, the Rp also increases with the increased 

concentr~tion of Ce(IV) ion. The concentration of Ce(IV) in the montmorillonite 

gel phase was varied by adding calculated quantities of HM in the reaction 

mixture. Molecular weight of polymer and polymer yield as well as intrinsic 

viscosity decreased with increased Ce(IV) concentration in the gel phase. 
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Table -15 . 
Polymerization of AM in aqueous medium (25 mi.) in presence of 0.0025 M 

EDTA and 0.50% (w/v) CeM at 50°C and varying monomer concentrations (pH 

- 2.01 ). [Concentration of interlayer Ce(IV) is 1.5 m.mol. per litre of the reaction 

mixture. Corresponding concentration in montmorillonite gel phase is 0.03 

m.moi.L-1] 

[AM] Rb x1o5 xc [ll]d Mv x1o-s Non-extractable 
p L 

moi.L-1 
moi.L-1.s-1 % ml.g-1 PAM (wt%) 

0.36 3.0 16 145 3.9 0.01 

0.40 4.5 44 430 16.5 0.06 

0.50 7.9 40 620 26.9 0.23 

0.60 8.9 50 650 28.7 0.70 

blnitial polymerization rate, CVield after 4.5 hrs., dlntrinsic viscosity. 

Table -16 

Pqlymerization of 0.4 M AM (0.7108 g) in aqueous medium (25 mi.) in presence 

of EDTA and 0.50% (w/v) CeM at 50°C and varying EDTA concentrations (pH-

2.01). 

[EDTA] Rb x105 XE [ll]d Mv x1o-s Non-extractable 
p 

moi.L-1 
moi.L-1.s-1 % 

ml.g-1 PAM (wt%) 

0.0025 4.5 44 430 16.5 0.06 

0.0050 7.0 86 300 10.2 0.20 

0.0075 9.7 89 210 6.4 0.27 

0.0100 10.6 95 240 7.6 0.30 
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Table -17 · 

P~lymerization of 0.4 M AM (0.7.108 g) in aqueous medium (25 mi.) in presence 

of 0.0025 M EDTA and 0.50% (w/v) montmorillonite (GeM + HM) at 50°C and 

varying Ce(IV) concentrations in gel phase (pH- 2.01). 

[Ce(IV)]a Rp x105 
XL [rl] Mv x1o-s Non-extractable 
J . 

ml.g-1 PAM (wt%) m.moi.L-1 
moi.L-1.s-1 % 

0.0125 2.1 68 600 25.7 0.25 

0.0150 2.2 '63 620 26.9 0.19 

0.0188 2.6 61 325 '11.3 0.04 
.c . 

0.0225 3.1 35 450 17.6 0.13 

aconcentration of interlayer Ce(IV) in m.mol. per litre in montmorillonite gel. 

Table -18 

Polymerii~tion of 0.4 M AM (0.7108 g) in aqueous medium (25 mi.) in presence 

of0.0025 M EDTA and 0.50% (w/v) CeM at different temperatures (pH- 2.01). . . 

[Ce(IV)]a Temp. Rp x105 
XL [rt] ' 5 

Mvx1o- Non-extractable 

m.moi.L-1 oc 
moi.L-1.s-1 % 

ml.g-1 PAM (wt%) 

70 22.2 85 315 10.9 0.11 

60 1'0.2 75 270 8.9 0.09 

1.5 50 4.5 44 430 16.5 0.06 

45 2.0 40 500 20.0 0.17 

a concentration of interlayer Ce(IV) in m. mol per litre of the reaction mixture. 



69 

' ' 

The percent conversion of polymerization has been plotted as a function 

of reaction time at different AM, EDT A and Ce(IV) concentrations in Figures 33 

- 35. No induction period is observed ln any set of the polymerization 

experiment. The increasing amount . of non-extractable polymer· has· . been 

observed with increasing concentration of AM, EDTA but the same is decreased 

with increase in concentration of Ce(IV) in gel phase. 

Effect of Temperature 

The effect of temperature on the polymerization rate of acrylamide was 

investigated -over the range of 45° - 70°C (Table 18). The higher the 

temperature faster is the· polymerization· rate .. and 'higher the polymer yield 

(Figure 36). On the other hand, higher the temperature, lower is the molecular 

weight of the polyacrylamide formed. As shown-. in Figure 31 the temperature 

dependence of th~ polymerization rate almost f()llowed the Arrhenius relations. 

The pseudo-overall activation energy might be estimated from the slope of the 

plot: it ~s 19.3 kcal.mor1
, which is close to that usually observed. for 

.polymerization·by redox systems169
•
238

. 

Kinetics and Mechanism 

Ce(IV)-EDTA pair is an effective initiator for the aqueous polymerization . . 
of acrylamide. _The polymers formed by the above system should carry. with 

EDTA at the terminal. In other words, the .EDTA supported chelating polymers 

m~y be obtained, and they would be potentially used as catalyst for chemical 

reactions, chelating agents for metallic ions· and functional polymers .. Figure 38 

shows the logarithm plot of Rp as a function of monomer concentration. The plot 
. . 

is linear with a slope of approximately unity. This indicates that the initial rate is 

approximately first order with respect to the monomer concentration. Small 

value of Rp below an acrylamide concentration of 0.4 mol.~ -1, which results in 

the marked deviation of the point from the straight line of Figure 38 ·is probably 
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an indication of low level of intercalated monomer in the interlayer space .. The 

significant departure of monomer exponent from 2.0 . (in absence of 

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

polymerization mechanism be reconsidered for the present conditi.on222
, To 

. examine the dependence of the rate of reaction on Ce(IV) ion concentrations, 

the initial rate of polymerization is plotted as a function of Ce(IV). concentrations 

· in ~ontmorillonite gel phase (Water content of montmorillonite gel was 10 ml.g-1 
. . 

as already mentioned in section 3.4.3). The slope of such _a logarithmic plot 

(Figure 39) has been estimated as 0.64 '(proposed mechanism, however, 
' predicts an exponent of 0.50, the error -in the experimental data may be 

introduced from the inherent coarseness in following kinetics of a 

heterogeneous system). Figure 40 shows_ the dependence of Rp on EDTA 

concentration. Not all points fell on a linear line (in the logarithm plot) owing to 

the heterogeneous reaction mixture.· Ho"Yever, the slope of the average .line 

drawn through the points is found to be approximately 0.50. To. rationalize the 

above experimental results and to predict a possibl~ mechanism for the Ce(IV)

EDTA initiated polymerization in presence of montmorillonite, following 

assumptions are made. 

(1) Intercalated EDTA molecules 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. The 

· decomposition of the complex is the rate controlling step: 

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

fraction of the intercalated acrylamide molecules is present near reacting 
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sites as pairs either through hemisalts formation, where two amide 

molecules share a proton by means of symmetrical hydrogen bond or/and 

through weak coordination to the exchanged cations. The protonated as 

well as the complexed amide pairs are at first equilibrium with unprotonated 

and free amide molecules, respectively, which are defined by a protonation 

constant or a formation constant. The initiation step involve the collisions of 

acrylamide with EDTA radicals, where such monomer pairs are entailed. 

Initiation 

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

complex 

Ce(IV)- R _k~d ---+> R• + -Ce(JII) + H+ 

Propagation 

Mj+M M2 
kp 

M~-1 + M ----'----7 M~ ............ etc. 

Termination 

Mn -Mn 

kt Oxidative product + Ce(JJI) + H+ 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

Using the above scheme and the pseudo steady state assumption we derive 

the rate expression as follows: 
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-~[-. ) _ kd K[R] (Ce(IV)) 
dt Ce(IV) - 1 + K [R] (35) 

Now, assuming that the rate of formation of EDT A radicals is exactly 

equal to the rate of disappearing of Ce(IV) ions, we obtain, (considering the 

steady state of EDT A •). 

kd K [R] [ Ce(IV)] _ . 1 [ •] 2 kd R• ][ Ce(IV)) 
1+K[R] - k 1 K R [M] + 1+K[R] 

(K1 (= [M2H+] I [M]2
) is. the apparent proto nation constant at a fixed pH (or a 

formation constant)) 

[R•] = kdK~R~(IV)] 
( 

1 2 
. kt( Ce(IV)) l 

lkiK [M] + 1+K[R] j(1+K[R1) 

[R•] = kd K[Rl[Ce(IV)] 

ki K1 [Mf +Kki K1 [Mf [R] + k~ [Ce(IV)) 

Again, considering the steady state of M~ 

ki K1 [R•][M]
2 

= kt [M~] 2 

R• _ kt [M~]
2 

[ ] - ki K1 [M] 2 

Equating RHS of equation (36) and (37) 

(36) 

(37) 

I~ ; 
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• 2 ki K 1 K kd [M] 2 [Rl[ Ce(IV)] · · 

[Mn] = kt(k; K1 [M] 2 +k; K1 K[M] 2 [Rj +k; (Ce{NJ]) 

kp ( ki K 1 K kd) 
112 

[R] 112 [M] 2 [ Ce(IV)] 
112 

Rp .== 112 
kf2(ki K1 [M] 2 + ki K1 K[M]~ [R] + ka Ce(IV)]) 

(38) 

C~reful analysis of · the experimental result suggests that the rate of 

oxidative termination (step 34) is very slow in the restricted space of the mineral 

and the last term in the bracket of the denominator may be neglected. Above 

equation may thus be reduced to 

R - (k~/2 K1/2 kpjk~'2) [Ce(IV))1/2 [R]1/2 [M] 

P- (1+K[R]) 112 (39) 

The concentrations, [M] and [R], in the montmorillonite gel-phase may be 

. given by equations (40) and (41) 

L8 K 8 [M] 
[M] == L~ em == o m s 

1 + K~ [R] 8 + K~[M] 8 
(40) 

and 

(41) 

(subscript,'s' denotes ~olution) 
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(L~ and e are the·total active sites in units mass of montmorillonite gel and the 

fraction of the total sites occupied by each species respectively; K~ and K~ are 

the selectivity coefficients). 

Although the concentrations of the,monomer and EDTA in solution phase 

were fixed mostly at 0.40 moi.L-1 and 2.5 x 10-3 moi.L-1 respectively, 

concentration of intercalated species must be low, due to the presence of water 

molecules in the interlayer spaces. Substituting [M] and [R] in equation (39) in 

terms of those of equations (40) and (41) (assuming the denominators to be 

approximately unity under present condition), Rp becomes, 

(42) 

The concentrations of .EDTA used in the· present study were low and 

ranged between 2.5 x 10-3 to 0.01 moi.L-1
. In view of the assumption that the 

complex formation constant, K; in the present condition is also small, the value 

of (K L~ K: [R]s) may be considered insignificant in comparison to unity. 

Equation ( 42) thus be reduced to 

· a ( a )3/2 ( a A )1/2 [- ]1/2 1/2 Rp = kp Km L0 kd KKRtkt Ce(IV) [R] 5 [M] 5 (43) 

Reviewing the above result, we find that equation ( 43) could satisfactorily 

a.ccount for the present behaviour of the Ce(IV)-EDTA initialized acrylamide 

polymerization exhibited in the aqueous montmorillonite layered space. 
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3.6 GENERAL DISCUSSION 

Montmorillonite especially, and other clay minerals in general, give 

powder ESR spectra containing a multiplicity of lines which essentially fall into 

three zones. Figure ·41 a shows ESR spectra of the present montmorillonite 

sample containing 0.03% and 2.14% (w/w with respect to mineral wt.) iron in 

exchangeable and lattice position respectively. Signal near g = 4.3 due to 

paramagnetic Fe(lll) cations may be attributed to cis and trans octahydral sites, 

having axial and rhombic symmetry: A very broad· signal near g = 2.2 arises 

from exchange interactions between clu$ters of. Fe(lll) ions which may be 

present on the surfaces of the smectite as well as due to hydrated Fe(lll) in the 

exchangeable sites239
. A very small but sharp signal at g = 2.00 has been 

ass~gned to structural defects. Figure 41 b shows the ESR spectrum that arises 

from the same montmorillonite sample but pretreated with excess TU at 50°C 

for 30 min. under nitrogen. Significant decrease of the intensity at g = 4.3 signal 

indicates that TU reacts with lattiCe Fe(lll) and forms non-Kramers species 

which are ESR silent. Bhattacharya and co-workers put forward chemical and . . 

electrochemical evidences to show that isothiocarbamido radicals (I) in above 

reaction can activate radical polymerization of methyl methacrylate in aqueous 

medium 113
. However, in the present study attempts to polymerize water soluble 

acrylamide monomers by lattice Fe(III)/TU combination were unsuccessful at a 

wide range oftemperature as already mentioned in section 3.4.1. On the other 

hand, polymerization initiated by the same redox couple but by loading Fe(lll) 

ions in the interlayer spaces of montmorillonite influences the kinetics as well as 

the mechanism to a great extent than those of solution phase reraction. 

Previous studies showed that polymerization of various water insoluble 

vinyl monomers by redox couples involving TU as the reductant, involved 

isothiocarbamido primary free radicals (I) in aqueous acid solution113
. Owing to 

high 'g' anisotropy and a very short relaxation time, detection of this radical by 

ESR spectroscopy was not possible L:Jntil recently, when . ESR study of spin 

. adducts of the radical was reported114
. In the present system also it is beli.eved 
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E. s. r.. spectra of air dried powder montmorillonite sample at 20°c : 
(a) H+ exchanged; (b) pretreated ~ith thiourea at 50°c under N2 
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the same primary radicals (I) is formed and the propagating radicals from 

acrylamide are trapped by methyl nitrosopropane. (MNP) spin trap. Figure 42 

show the ESR spectrum of the MNP spin adduct of the radical (II). 

·(I) 

H 
I ~Bu 

l""ttJ c~-c- N 

I "d 
CON~ 

(II) 

The · spectrum depicts a 1 : 1 : 1 triplet of doublets. The triplet is 

undoubtedly priginated from the nitroxide radical (aN= 1.45 mT) of MNP and the 

doublets are generated from H~ splitting (aH = 0.31 mT). The isothiocarbamido 

radicals (I) are, however, not trapped by MNP under present condition. 

X-ray diffractograms of unoriented powder samples of H+

montmorillonite, TU treated Fe(lll)-montmorillonite and Fe(lll) -montmorillonite

polyacrylamide adduct before and after glycerol freatment are shown in Figures 

43 - 45. The XRD pattern of the montmorillonite samples are consistent with 

published results239
. After the polymerization reaction is carried out , the 

intensity of peak for montmorillonite sample at 28 = 6.25° became much lower 

because of the presence of templates of polymer materials in the interlayer 

space. On the other hand, intensity of the peak at 2S. = 9.5 - 9.8 is increased 

due to polymerization as well as glycerol treatment. Basal spacing of the H+ and 

·Fe(lll) exchanged minera!s are increased from 14 to 17A due to glycerol 

treatment for both untreated and TU treated samples respectively. 

Polymerization increases basal spacing from 14 to 15 A. Glycerol does nor 

affect basal· spacing at this stage. This indicates the presence of intercalated 

PAM in the interlayer space. Forgoing result indicates that Fe(lll) ions and Tu 
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Fig. 42 E. s. r. spectra ofMNP-PAM spin adduct 
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molecules are intercalated between the layers of the mineral without expanding 

the same but, as the polymers are formed in the interlayer space the basal 

spacing is increased. It further shows that the locus of the polymerization 

reaction is most probably the i_nterlayer space of the mineral. 

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

unaltered even when Fe(lll) ·ions are absorbed by the mineral clay 

montmorillonite. This is evident from the potentiometric titration data of Fe(lll) 

and FeM by TU solution (Figure 46). It is thus believed that the same initiating 
. . 

radicals are also involved when Fe(lll) ions are trapped between layer spaces of 

the mineraL 

The adsorption isotherm for Fe(lll) ion interaction with montmorillonite 

exhibit L-type nature, which suggests strong sorbate-sorbent interaction. The 

maximum saturation corresponds to 0.9e meg/g of the mineral. Figure 49 shows 

that the acrylamide molecules readily intercalate from the aqueous solution into 
. ' 

·the interlayer space of both forms of the mineral, viz., H+ as weil as Fe(tit) 

forms. Both the isotherms are charact~rized by .two plateau regions indicating 

two-stage intercalation of amid~ molecules. The first saturation value is nearly 

1.25' m.mol.g-1 whereas the second one ls just nearly double. The. bilayer of 

acrylamide in the internal surface of the mineral seems to play pivotal role in 

affecting the initiation of polymerization and its mechanism in the layered space 

as compared to the homogeneous polymerization. In acidi.c medium, amides 

. may apriori accept a proton on either ~he oxygen or the nitrogen atom. 

However, spectroscopic as well as solution studies support the possibility of 

coming about of the former alternative2
. ·Using infrared spectroscopy, Tahaun . 

and Morland have confirmed that amides predominantly protonate on the 

oxygen atom in acidic montmorillonite system71
. in acidic montmorillonite 

system, hemisalt formation is observed when excess amide is present, that is 
' . . 

two amide molecules share a proton through a symmetrical hydrogen bond. On 

the other hand, thiourea is absorbed in the mineral layer from the aqueous 

solution giving rise to the isotherm as shown _in Figu.re 50. The process of 

. I 



600 

550 

500 

400 

-:> 300 
E --
E 

200 
(l) 

100 

Fig. 46 

b 

0·4 o·s 2·0 2·8 

Potentiometric titrations of (a) FeM ( 1.3 x IQ·l M in terms of ex
changed Fe (III) per 1000 ml of suspension) versus TU; (b) FeClJ( 1.2 
x 1 0·3 M) versus TU. ' 



z.or---------------------------------------

,., .. \ 
I \ 
I \ 
I \ 
I \ 

\ ! /&\ \ 
I ' \ 
I ' \ 
I ... ' \ 

. f /5\ \ \ 
c J.oo 1 \' ' 
o I ... ' ' '4' ,,, 

I \ '' d \\' \ 
II \ \ \ 
/3\ \ ,, \ 

I \ \ \' \ " \ \ \\ 
.\ ,,, \ 

,. ... z', ' ''\' v· ' \ \\\ \ 
\\','\ 

-.... ' \\ \\ ' ~ .. 1 ', ' \\ \ \ 
\ \ ,,,,,' 
',' ''""''' ' ' ',,,, 

........ -.:::.;;. s .... ', ':::-~~~~~ 
----~ o L.....i•L-.....---_:_:~~======d 

190.0 2.()() 2SQ.Q 300·0 
Wavelength ( 11m) 

Fig. 4 7 Visible adsorption spectra of AM . at different 

concentrations. [AMJ = 1.48 x 10-5 M(1); 2.29 x 10-
5

_M 

(2); 4.44 X 10-5 M (3); 5.92 X 10-5 M(4); 7.40 X 10-5 

M(S); 8.80 x 1 o-5 M(6); 11.10 x 1 o-5 M(7). 



.... 

2·0 ,... 
~ /8\ 

I \ I \ 
I \ I \ 

'r ' I ,. ' I \ \ I 17\ \ 

1
1
,' \ 1 II \ 

,, " '' I: \' 
ll i ' \' I' " '\ it \ \\ I '6 \ \ 
II " · \ \, It/ \ \\ 
I I,,,,, 'I• "\ 

,, i ,... '' ; ''" ,,,,,5'\''' \lq I \\ 
I"\\\\\ 1111 II\ 
I I \ \1 \\ II, 1 I 1l\ 
I \\I \I till '4''\ \ ''\ 

. I \\ I'll ,\U 
I \\\ \ I 1 I \\U\ 
," \ '\ \\ ,,,,, . ''"' 

1. ooo ~~ \\" \\ Iff" ,-3, ,,u', 
I \\\\\ 111/11 \\\\\ 

. '"" \ \ \ \ ' ... _ I I I I I ' '\ ,, 
Cl I \ \ \ \ ' \ I I I I I \ \ \ ., 

. I \ \ ' \ \ ,.,. /I I I ,.-.., \ \\1\ 
0 \ \ \ \ ', 1 I I I 1 2 \ h\tl 

\ \ \ \ - I I I I \ \ \\"\ ,,,, ,,1, d" 
\ \ ' '" I I I ' \\\~\ 

/,., \ \\ I I I \ \\\~J 
\ ' \ ""J' I I \ \\n,\ 
\ \ ', / I /,-, \''''1 
\ ', , / 1 I \ ,\,:l\ 

\ ........ \ ,, ~, 
' I ' \ ~ ' I \ ,~, ~ ,, "' \ ,,~~~\ -- \ ,~·,, 

,,~~~ . 

\~~~ 
0 I 

190·0 zoo.o 
'~ 

J ......... ·-

250.0 
Wavelength (n m) 

- ·-
300'0 

Fig. 48 Visible adsorption spectra of TU at different 

concentrations. [TU] ~ 3.80 x 1 o-s M(1 ); 6.07 x 1 o-s M 

(2); 7.60 X 10-5 M (3); 9.11 X 10-5 M(4); 10.63 X 10-5 

M(5); 12.15 x 10-s M(6); 13.67 X 10-5 M(7); 15.19 x 

10-5 M(8). 

I 
i 
i 

I. 
I 

' 



0 FeM 

E ~-o 
A HM 

0" 

L.. 
~ 
c. , 
Q) 

.Q ._ 
0 2.·0 fiJ 
~ , 
<I) 
Q) 

0 
e 
E 

1"0 

4 6 8 10 

[AM)X10
2 (mol. L -•) 

fig. 49 Adsorption iso~erms of acrylamide on Fe- and H- montmorillonite. 



E 
0) 

'- 1'0 
C1) 

~ 

-o 
4) 

..0 ... 
0 ., 
aJ 
II) 

" 0 o·s 
E 
E' 

4 5 6 7 8 

[ TU ] X 10 
2 (mol.L .. ') 

Fig. 50. Adsorption isotherms of thiourea on Fe- a~d H- montmorillonite. 



78 

removal of water mo-lecules either from the H+~clay or Fe(lll)-clay to intercalate . . . .:• ' 

TU seems almost identical. Unlike acrylamide, the thiourea leads to the 

monolayer formation only and maximum capacity is found to be· 1.37 m.m-ol.g-1
, 

which .is consistent with thar of monolayer of acrylamide. Tables (19 and 20) 
. - . .. . 

giv~ an idea of the strength of intercalation of AM and TU molecules in both HM 

and FeM interlayer spaces. The distribution coefficient (Ko) values are low and 

of the order . of 1 o-2 in the concentration range pf AM and TU used for 

polymerization experiments. The distribution coefficients have been calculated 

according to the relation; 

m· 
K 

__ I 
o-_mi 

where m i and m i are the concentrations of the species in the solid and liquid 
' ' 

phase respectively. As is expected. from· their very nature, the adsorption 
' . ' . ' 

isotherms (Figure 40 and 41) do not obey the U;mgmuir relation: 

where, · C _ = equilibrfum concentration of the adsorbate 

xlm = 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 (Figure 51). However, from the slopes and intercepts of the 

average line drawri through the points over a short range of concentration of the 

adsorbates [(4.0- 6.0) x 10-~ moi.L-1 for TU and (6.0- 9.0) x 10-2 moi.L-1 for·AM] 
,• -

give a rough idea of the KL value in the above concentration range. The values 

are.lqw; they-are 12.0 and 9.2 for TU and AM respective_ly.in the case of FeM. 

In general, the Rp's are somewhat lower in presence of montmorillonite 

than those obtained in homogeneous polymerization maintaining the polymer 
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yield (XL) almost same. In the absence of clay minerals, as the concentration of 

FeCb is decreased, XL as well as Rp are increased significantly (already shown 

in sectio'n 3.3.3}, which indicates that Fe(lll) ions are involved in the termination 

Table -19 

Intercalation of acrylamide (AM) molecules in Hydrogen-montmorillonite (MM) 

and Ferric-montmorillonite (FeM) interlayer spaces. 

Mineral Cone. of Cone. of Cone. of free Distribution 

% added AM adsorbed AM AM coefficient 

(moi.L-1) x 102 (moi.L-1) x 103 (moi.L-1) x 102 Ko 

1.00 1.52 0.85 0.18 

1.50 2.83 1.22 0.23 

2.00 3.91 1.61 0.24 

FeM 5.50 5.33 4.97 0.11 

(0.33) 6.50 6.41 5.86 0.11 

7.80 7.39 7.06 0.10 

9.70 8.26 8.87 0.09 

11.00 .8.37 10.16· 0.08 

1.00 0.49 0.95 0.05 

2.00 0.82 1.92 0.04 

3.00 1.63 2.84 0.06 

HM 4.00 4.46 3.55 0.13 

(0.33) 5.00 5.11 4.49 0.11 

6.00 5.98 5.40 . 0.11 

7.00 8.70 6.13 0.14 

8.00 8.91 7.11 0.12 

9.00 9.02 8.09 0.11 
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Table .. 20 

Intercalation· of thiourea (TU) molecules in Hydrogen-montmorillonite (HM) and 

Ferric-montmorillonite (FeM) interlayer spaces. 

-Mineral Cone. of · Cone. of Cone. of free Distribution 

% added TU adsorbed TU 'TU coefficient 

(moi.L-1
) x 102 (moi.L-1

) x 103 (moi.L-1
) x 102 Ko 

2.60 0.83 2.52 0.03 

3.25 2.08 3.04 0.07 

3.90 3.13 3.59 0.09 

FeM 4.60 3.88 4.21 0.09 

(0.33) 5.10 4.25 4.68 0.09 

6.10 4.63 5.64 0.08 

6.70 4.63 6.24 0.07 

3.25 2.50 3.00 0.08-

3.90 3.54 .3.55 0.10 

4.60 4.17 4.18 0.10 

HM 5.10 4.47 4.65 0.09 

(0.33) 6.10 4.63 5.64 0.08 

6.70 4.63 6.23 0.07 

7.20 4.63 6.74 0.02 

process of the· reaction. However, linear. termination of aqueous acrylamide 

polymerization by Fe(lll) ions was observed ·long back in 1957 when aqueous 

Fe(lll) perchlorate caused fast termination of x- and. y- ray initiated 

polymerization of acrylamide with a rate constant of (1.1 ± 0.6) x 104 L.mor1 :s-1 

(ref. 240). _ Similar role of other metal oxidants were also observed 

subsequently. On the other hand, in the presence of mineral mixroenvironment, 

as the concentration of Fe(lll) is increased, Rp as well.as XL tend to decrease 
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Table- 21 

lniting system [Tt] Mv x10-5 

ml.g-1 

Ce(IV)- thi9urea (Ref. 164) 0.9 

Mn(lll) - ethoxyacetic acid (Ref. 192) 0.5 0.2 

Ce(IV) - ethylenediamine tetraacetic acid (Ref. 241) 133 1.8 

Ce(IV)- nitrilotriacetic acid (Ref. 237) 90 1.1 

Ce(fV)- nitrilotripropionic acid (Ref. 222) 68 0.8 

Ce(IV) - .iminodiacetic acid (Ref. 222) 73 0.9 

due to transfer to ferric ions. Although Rp and the yield decreased with 

decreasing TU concentrations, m_olecular weight of the polymer was higher at 

lower TU concentrations. In view of the fact that redox initiated polymerization of 

acrylamide in aqueous ·medium often yield polymers having not so high 

molecular weights and intrinsic viscosities because of the fast termination, some 

Mv and [Tt] data from recent references are recorded in Table 21. (Table 21 

records highest value of [Ttl and Mv from each of the Ref. 164, 192, 222, 237, 

241 ). The most significant observation of loading Fe(lll) ions of the initiating 

redox couple in the interlayer spaces of montmorillonite lie in achieving 

polymers with much higher intrinsic viscosity and molecular weight. The [Tt] 

value of the polymer formed in homogeneous solution and in the absence of 

the mineral varied from 14 to 90 ml.g-1 under the present experimental 

condition. In contrast, the [Tt] displayed by polymers formed in the mineral phase 
- . 

is found to vary from 247 to 600 ml.g-1 under identical conditions. The Mv values 

as calculated from viscosity data of present experiments ranged from 0.62 x 

106 to 2.5 x 106 
. However, comparison of Mv with literature values should be 

done carefully because previous workers applied a different Mark-Houwnik 

equation. The TU exponent changes from 2 to 1 due to occurren~ of the 

reaction in montmorillonite interlayer space (Figure 10 and 28~. In order to 

measure the metal expo_nent for the reaction in the mineral phase, Rp's were 
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plotted as a function of Fe(lll) ion concentration in montmorillonite gel phase. 

The slope of the double logarithmic plot was found to be 0.50 at 50°C (Figure 

27). Significant departure from that of. homogeneous reaction was also 

observed in the nature of the above plot. While the linear termination by Fe(lll) 

is prominent in solution phase reaction as is evident from the observed nature 

of variation of Rp with Fe(lll) ion concentration, transfer to Fe(lll). ion is ·almost 

controlled in the case of reaction in the layered space. Thus, it is evident that 

the modification achieved with respect ·to the kinetics and mechanism of the 

acrylamide polymerization in the montmorillonite pHase stems from a nur:nber 

·of factors viz.,. (I) instead of collision ·between a monomer molecule and an 

initiating radical, a monomer pair is invo}ved in ·~he initiation step (ii) 'cage 

effect' is prominent in montmorillonite phase reaction where a pair of TU 

radicals form a potential barrier to .hinder diffusion of the radicals and favours 

their recombination (iii) rate of linear termination process decreases 

significantly because transfer to Fe(lll) ion-s is highly restricted for the latter's 

location in the layered spaces of the .mineral and diffusion of the living radical 

through montmorillonite gel is rather slow. In general, loading· of the oxidant, i.e. 
. . 

metal ions, of the redox couple in the inferlayer space of clay minerals, i.e. 

montmorillonite, offers a potential method of achieving very high degree of 

polymerization for a redox initiated reactions. 

Recently EDTA terminated polyacrylamide was obtained. by using 

Ce(iV)/EDTA redox initiator in aqueous acrylamide _ polymerization222
. The 

consumption rate of Ge(IV) depends on a first order reaction on the eerie ion 

concentration .. The compex formation constant (K) and disproportionation 

constant (kci) of Ce(IV) -·EDTA chelated complex were found to be 1.07 x 104 

and 3.77 x 103
; respecrtively.222 The rate dependence of polymerization on 

monomer and EDTA concentratioins both followeo second order reactions in 

the run of monomer concentrations at 0.2 mol. L~1 . The complex formation 

constant (K) as well as the disproportionation ~ constant (~) also varied 

significantly with the kind of reducing agents used. The reducing agent even 
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influenced and the behaviours of polymerization at the later stages. Further, 
. . 

comparatively low molecular weight polymers were formed because the 

polymerization mechanism involves fast termination process via transfer to the 

Ce(V) ions. Present investigation,. however, shows that the polymerization 

mechanism is affected to a great extent if the reaction occurs in the interlayer. 
. . ' . . 

space of the mineral. Both EDTA and acrylamide molecules, intercalate into the 

layered space of montmorillonite where -Ce(IV) ions react _with EDTA to form 

the initiating primary radicals. The most striking feature is that while the number 

average molecular weight, Mn, (Mv values are not available}, were ranged 

between 9. 7 x 104 to 3.1 x 105 in case of solution . polymerization, 

montmorillonite mediated polymerization yield polymers having Mv as high as 

3.9 x 105 to 2.9 x 106
. The effect of Ce(IV) ion concentration on the Rp is 

nevertheless interesting. While the previous study on homogeneous 

polymerization by Ce(IV)/EDT A syst~m showed a steady decrease in , Rp with 

Ce(IV) concentration, present study· gives a reverse trend '(Table 17) .. This 
' 

indicates that the linear termination by Ce(IV) ions is no longer important in the 

polymerization mechanism of the present system. The adopted technique of 

trapping the metal oxidant inside the layered space of montmorillonite seems 

to work well in enhancing chain growth for the Ce(IV) I EDTA system also. The 

mechanisms of ,_the reactions in the montmorillonite gel have been suggested 

and rate equations are proposed, Which account. for the observed experimental 

results (Section 3.4 & 3.5). _ 




