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It has been observed in the aqueous polymerizations of methyl methacrylate (MMA) initiated by
the redox system, ferrous ammonium sulphate (FAS)-potassium persulphate (KPS), that at 10°C or
below, the separating polymer phase is always a milky white precipitate remained suspended in the
aqueous phase, while above 20°C, the polymer phase is a stable colloid and is yellow in colour
(light or deep, depending on the concentration of the reactants, 10-; to 10-3 moVdm3). The colloid
stability of the latex solutions increases with the rise in temperature in the range 20 to 50°C. Bet­
ween 10 to 20°C, the separating polymer phase is partly colloidal and partly coarse precipitate. If
the polymerization is initiated by the Fenton's reagent (FeZ+-HzOz), under identical experimental
cenditions,. the polymer phase is always a precipitate in the temperature range 4 to 50°C. At or be­
low 10°C, the latex particles are milky white, but above 10°C the particles are yellowish. It is sug­
gested that the complex ions [Fe(HzO);OH]2+, [Fe(HzO)4(OH)z]+and [Fe(HzO)4(OHlz{HzO)4Fe]4+,
produced in the systems during the reactions (depending on temperature and pH of the solution),
are strongly adsorbed by the polymer molecules (PMMA)/latex particles, having sulphate
( - 0 - SO)) end groups (polymer from the KPS-MMA-FAS system),through the electrostatic interac­
tions, and act as peptisers to the lyophobic polymer colloids. In the FeZ+-MMA-HzOz system, the
polymers having neutral OH end groups, do not adsorb strongly the positively charged ferric ion
complexes. The purified polymers (PMMA) are found to contain iron.

It has been reported 1-3 that Fe2+-SzO~- and
Fe2+-HzOz systems are very efficient redox initia­
tors of vinyl polymerizations in aqueous solutions.
Kinetics of the polymerization reactions have
been analysed through the conventional steady
state hypothesis1-s,in spite of the fact that the ini­
tiation reaction3, viz., Fez~ + SzO~- -. Fe3+ +
S04- + SO~-, has very short half life (about
12.5 s at 25°C, when [Fe2+]=[SzO~-]= 10-3 mol
dm-3. Under identical conditions, the half life of
the reactionl-3. Fe2+ +HzOz -. Fe3+ + OH- + OH,
is also very short, about 14.39 s. Hence the as­
sumptions of steady states in these systems are
not valid, except at zero conversions during po­
lymerizations.

It was first observed in this laboratory9 that in
aqueous polymerizations of methyl methacrylate
(MMA) initiated by the redox system, Fe2+­
SzO~-, in the temperature range 5 to 50°C in the
absence of detergents, the separating polymer
phase was a coarse milky white precipitate at or
below 10°C. From 10 to 20°C, the polymer was
partly colloidal and partly precipitate. Above

20°C, the polymer phase was a very stable yellow
colloid.

In the present investigation, the above reactions
have been studied in detail. A brief investigation
of the Fe2+-MMA-HzOz system has also been
made in order to understand the results of the
Fel+-MMA-SzO~- system. Some results of the
aqueous polymerizations of MMA initiated by
these two redox systems, are reported here.

Materials and Methods
The reagents, viz. ferrous ammonium sulphate

(FAS), potassium persulphate (KPS), hydrogen
peroxide, potassium sulphate, methyl methacrylate
(MMA), sulphuric acid, and sodium hydroxide
etc. were of BDH, E. Merck (Germany), E.
Merck (India), AR/GR grade. They were purified
further by the standard methods 10 whereever pos­
sible. Hydrogen peroxide containing phosphoric
acid as a stabiliser, was used as such. The mono­
mer was purified and fractionated in vacuum by
the method of Fitch et aLs The fractiion of MMA,
used for polymerization had a refractive index
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Results and Discussion

Some typical results of the polymerization reac­
tions are shown in Fig. 1 and Table 1. In the
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Fig. I-Per cent conversion of MMA as a function of time (t).
[MMA]=0.0936 mol ctm-3, [KPS]=[FAS]='1O-3 mol dm-3;
curve D at 10°C while C at 40°e. [MMAj = 0.0936 mol dm-3,
[HzOz]= [FAS]= 10-3 mol dm-3; curve B at 10°C while A at

40°e.

The intrinsic viscosity (1]) of the polymer was
estimated in a modiified Ubbelhode viscometerIO

at (30 ±O.O1 tc in benzene solvent, and the mo­
lecular weights of polymers (MJ were calculated
using the equation 10,

(1]) inml/g = 4.30 x 10- 5 X (MJl.787

1.4147 t 25°C, and was found to be 99.99 per
cent pu e by gas chromatographic analysis. Po­
lymeriz tions were carried out in a round bottom
corning flask (1 litre) fitted with nitrogen passing
and sa ling system during the reaction, and Hg­
seal stir erlO• If the polymer was a precipitate dur­
ing the reaction, the polymerizations were then
canied ~ut in 250 ml pyrex conical flasks in ni­
trogen tmosphere11. Per cent conversion of
monom to polymer as a function of time was
determi ed gravimetrically' ',]2. Molecular weights
of poly ers were estimated viscometricallyIO-]2.
pH of t solutions was measured with a Systron­
ics' diff rential pH-meter. The colloid stability
(CS) of he latex solutions was measured by the
methods of Palit and Guha]3, and OttewilJl4, and
the CS lues were expressed as minimum quan­
tity of gS04 (in mmol/dm3) required to coagu­
late a giv n sample of polymer colloid.

Fresh! prepared polymer (PMMA) was washed
thoroug y first with HCl (N), followed by hot
NaF (1. per cent, w/w) solutions, and finally
with hot distilled water, till the filtrate became
free fro iron (+ 2 and + 3 state) and fluorides.
The app rendy white wet polymer was then dried
to a con tant weight in a vacuum oven at 40°C.
About 1. g of the polymer was completely burnt
in a slic crucible. The nitric acid extract of the

polymer ash was analysed using a spectropho­
tometer ( himadzu UV-vis-2100) by the thiocyan­
ate meth d of VogeP5 at A. = 480 nm. The dried
polymer as found to be pale yellow in colour.

Per cent conversion
(in 0.5 h)

Table I-P1r cent conversion, colloidal stability (CS), pH chang (i.e. L\p.!l), conductivity change (L\k) of the reaction mixture
i during polymerization reactions and (Mv) of the polymers

System A: [~PSJ=[FAS]= 10-3 mol dm-3 and [MMAj=9.36 x 1O-z mol dm-3;SystemB. [~202J= [FAS] = 10-3 mol dm-3 and [MMAj.=9.36 ~lO-z mol dm3
Temp. ! NaF Nature of Latex L\pH = L\k x 103 CS

°C \ (added) (pHhomin-(pH)initial (mho'cm-I) (mmol/dm3)
in mol/
dm')

System A

40

Yellow colloid(~ )0.200.2010.5540.58-1.10
40

15 x 10 - 3 Colourless colloid
not measurable

0.355.6631.200.79
30

I Yellow colloid (-)0.100.105.4062.702.01
10 I

White precipitatenot measurable0.00-77.153.33

System B 40

I- Yellow precipitate O.OOt0.00-12.554.09
30

i
- Yellow precipitate O.OOt0.00-12.554.28i

10 \ White precipitate
O.oot0.00-40.544.69

I

tHzOz conta+s phosphoric acid as stabiliser.1
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KPS-FAS system, it was found that at lODe the
polymer was a white precipitate, while at 400e it
was a yellow colloidal solution. The rate of po­
lymerization at lODe was much higher than that at
400e (Fig. 1). If the polymerization was carried
out in the presence of NaF (in excess), the latex
solution became colourless, but its colloidal stabil­
ity (CS) was found to decrease. No measurable
pH change was detected but the conductance of
the latex solution increased. The time average rate
of polymerization (defined as yield of polymer in
30 min/30 mint decreased in the presence of NaP
(Table 1), and (Mv) of the polymer also decreased.

In the absence of NaF, pH of the latex solution
was found to decrease, whereas the conductance
increased. The rates of polymerizations were
found to decrease with the rise of temperature,
but the (CS) increased (Table 1). At lODe, there
were no measurable changes of pH and of con­
ductance of the latex solution during polymeriza­
tion (Table 1).

In the Fenton's reagent system, the separating
polymer phase was always a precipitate, and the
polymer could be made white by washing with di­
lute solutions of HCl acid followed by NaP solu­
tion and hot distilled water. There was no mea­
surable pH change during the reaction (Table 1).

The reaction mechanism in Scheme 1 is found

to explain satisfactorily the observations stated
above in the aqueous polymerization of MMA in
the KPS-MMA-FAS system.

. .. (1)

or, (FeS04)+ + S04­

k
Fe2+ + S04- _2 FeH + sO~-, or (FeS04)+ ... (2)

... (8)

Scheme 1

OH free radical produced in (4) will take part in
polymerizations and reactions (3) and (4) would
account for sulphate and hydroxyl end groups in
polymers2.4. Besides, hydrolysis of sulphate
groups in polymers would also account for OH
end groups in polymers~.

Since the reactions (1) and (2) are very fast in
aqueous solutions1-3 most of the S20~ - ions
would disappear via these reactions2, and so the
reactions of the monomer (MMA) and of water
soluble oligomeric/polymeric free radicals, (~)w,
with the S20~- ionsl2.17 would not be important
under the experimental conditions, particularly at
lower temperatures (below 20°C). It is known that
the chain transfer to monomer in aqueous polym­
erization of MMA is not important 1.2.8.

It has been observed that when ferric nitrate
(solid) was added to HN03 solution (2N) at 25°e
or lO~C, the mixture remained colourless, indica­
ting that the species, [Fe(H20)6P+, is colour­
lessI8.19. If however, FAS solid is added to KPS
solution below lODe, very faint yellow colour de­
velops, possibly due to the formation of the com­
plex ion18'2o, (FeS04)+ . Again when solid ferric
nitrate is added to ice cold distilled water, the so­
lution appears to be colourless. This shows that
hydrated ferric ion, [Fe(H20)6P+ would be
formed in aqueous solution in the temperature
range 0 to lODe. This ion is known to form at
25°e in aqueo\.Js solutions18-19of pH ~ O.

At higher temperatures (20°C and above) and
higher pH (0 to 4.0) various types of aqueous hy­

droxy ferric ions are known to be formed 18-20,
VlZ.:

H20 + S04- ....•HSOi + 'OH (at 500e & above)
.. , (4)

k
M(monomer) + S04 - -' eM - °-SOi )

or Mi (say)

~
Mj +M Mj+1

kt
2Mj - polymer

k
Mj + S04 - ...::!£! pDlymer

... (3)

." (5)

... (6)

.. , (7)

[Fe(H20)6P+ ....•[Fe(H20)sOH]2+ + H+,

whenI80<pH<2 .•. (9)

[Fe(H20)sOH]2+ ....•[Fe(H20)4(OHh]+ + H+,

when 0 < pH < 2 ... (10)

2[Fe(H20 )6P+ ....•[Fe(H20 )4(OHh(H20 )4Fe]4+

2H20+2H+ ,
whenI82<pH<3 .... (11)

The formation of these ferric complexes is sig­
nalled by the changes in pH and conductances of
the solutions (Table 1) and also by the colour
changes of the solution. At or below lODe, the
reaction medium remains colourless, and there is
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concentration in the latex polymer (p) phase.
Since polymerizations occur at high speeds
(Fig. 1) at 100e, it seems that under this condi­
tion,

whereas at high temperatures, or at high con­
centrations of FeZ + ions at any temperature, the
rates of polymerizations decreased, and so it ap­
pears that under this condition,

{kz[Fe2+Jw} > {kJM]wl,

where,

Rp oc [M]~.5 [Fe2+]~[Sz O~- f·5 ... (14)

in the absence of any other complications.
At 100e, the measured reaction orders of the

reactants (Fig" 2) are shown in Eq (15). Time av­
erage rate (vp') may be written as

Vp' (experimental) oc [M]~17[SZO~-' ]~.47[Fe2+]~.51
... (15)

while at 40°C (Fig, 3), the orders are shown in

no ch ge in pH during the reactions, indicating
that th reactions (9) to (11 ) are not important.

At 1 wer temperatures (lOOe or less), rates of
polym . ations and molecular weights of polym­
ers we e higher (Table 1). This means that most
of the 04- radicals would disappear mainly via
reactio s (3), and to a small extent via reaction
(2}. Th stationary concentrations of the primary
radical would be less, and, hence reactions (7)
and (8) would not be important at lower tempera­
tures, suming that the chain transfer to mono­
mer the aqueous polymerization of MMA
would ot be important1.2, polymerization rate
equatio (12) in the steady state (Rp) has been de­
duced: I

Rp=kp[ (kJjO.5 P-l[M]\; [kl[Fe::]w[szO~-]w]O'5~2ktP kz[Fe ]w + kJM]w

x~'Vw Vp)O.5 .". (12)

where, (distribution coefficient of monomer) =
[M]w/[ ]p; Vw = volume fraction of the aqueous
phase, p = volume fraction of the polymer phase,

and Vwf Vp= 1,0, ktp = termination rate constant
in the I tex phase, [M]w = monomer concentration
in the queous (w) phase, and [M]p = monomer

I

{kJM]wl> {kz[Fez+ Ll

and Eq. (12) then predicts that

Rp oc [M]~'o [FeZ + ]~.5[SzO~ - ]~5 ... (13)

order:
order:
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and alsp the number of latex particles per ml (N)
through incipient coagulation, as indicated by the
decrease of CS of the latex solutions (Table 1).

At lower temperature (lOOCor less), there was
no measurable change in pH of the solution dur­
ing the reactions, and so the reactions (9) to (11)

Eq. (16),

Vp' (experimental)oc [M]~.5O[~ O~- ~42[Fe2+t
... (16)

At 40°C, the order' plot of Fe2+ is a curved line,
x=0.5 when r=([FAS]![KPS]ratio) is 0.025, and
x = 0 when r = 1.0. for a given KPS concentration,
equivalent amount of Fe2+ ions would disappear
via reaction (1), and the excess Fe2+ ions would
accelerate reaction (2) which would lower the po­
lymerization rates. It is found that the convention­
al order plot of Fe2+ ions in the FAS-vinyl acet­
ate-KPS system2Iis a curved line at 30°e. When r
is very low (about 0.01), the order of FAS is
about 0.50, but the order becomes negative if
r>2.0.

At 10°C, the latex' is a milky white precipitate,
while at 40°C it is a very stable yellow colloid
(Table 1), possibly due to the adsorption of posit­
ively charged aquo hydroxy ferric ion complexes
formed in situ, which are believed to act as pep­
tisers22. The order (0.42) of KPS at 40°C indi­
cates that the kinetics here probably follows the
Smith-Ewart type model of emulsion polymeriza­
tionI-2,where initiation and termination in the po­
sitively charged latex particles would take palce
due to the absorption of negatively charged pri­
mary radicals (SO;.-). The colloid stability (CS) of
the latex solution was found to increase with tem­
perature (Table 1), possibly due to the higher con­
centrations of peptisers (i.e. ferric ion com­
plexes)l°.

In the KPS-MMA-FAS system, the latex parti­
cles are negatively charged due to SUlphateend
groupsI-2. After continuous adsorption of posit­
ively charged complex ferric ions, there will be
charge reversal on the particlesI4,23-25,when the
polymer passes into the colloidal state above
20°e.

It was noted that NaF decreased the initial
rates of polymerizations (Table 1). It seems that
NaF increased the ionic strength (p.) of the medi­
um and hence decreased the rate constant ki of
the ionic reaction3,viz.

4.04 x 10-5

gofFe/g
of polymer

4.56 x 10-3

3.52xlO-3

1.19 X 10-4

40 Yellow colloid

10 White precipitate

40 Very light yellow precipitate

10 White precipitate

A
A

B

t(pH=3.35}

B

t(pH= 3.40}

Table 2-Amount of iron present (in grams) per gram of
purified polymer (Polymethyl methacrylate)

SystemA: [FAS] = [KPS]= 10-3 moldm-3,

[MMA]=9.36x 10-2 moldm-3.

SystemB: [H202] = [FAS] = 10-3 mol dm-3,

[MMA]=9.36X 10-2 moldm-3.

tH202 contains phosphoric acid as stabiliser.

System Temp. Nature of latex particles
DC

would not be important under the experimental
conditions. Since the polymer was a milky white
precipitate, it indicates that no coloured com­
plexes of Fe3+ ions were produced in measurable
quantities, and the colloidal polymer was coa~­
lated by the hydrated Fe2 + and Fe3+ ions.. In the
Fenton's Treagent initiated system (Fe~+-MMA­

H202-H3P04), the polymer produced was always
a precipitate at all temperatures, white precipitate
at 4 to lOoC and yellow one above lO°e. Since
the polymers are known to have OH end
groupsZ6-ZR,they cannot adsorb positively charged
ferric ion complexes through electrostatic interac­
tions. The yellow colour of the polymers at higher
temperatures was due to the physical adsorption
of coloured ferric ion complexes. This yellow co­
lour of the freshly prepared polymer could be
washed out with NaF solution or with dilute HCI.
The polymer after thorough washing, remains ap­
parently white after vacuum drying at 50°e. Un­
der similar conditions, the polymer from the FAS­
MMkKPS systembecomes yellow.

Table 2 shows the amount of iron present per g
of purified and dried polymer. It is found that the
amount of iron per g of polymer from the FAS­
MMA-KPS system at a given temperature is al­
ways higher than that in the polymer from the
FAS-MMA-H202 system Further in any redox
system, the iron content of the polymer is more at
higher temperatures, possibly due to higher con­
centrations of aquo hydroxy ferric ion com­
plexes20. It is suggested that the negatively
charged sulphate end groups of the polymers
from the FAS-MMA-KPS system might retain a
large amount of ferric ion complexes through
electrostatic interactions.

... (17)
k

Fe2++S20~- _1 Fe3++SO~- +SO;'-
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Figu 4 shows the time average rates of po­
lymeriz tions and colloidal stability (CS) of the la­
tex, sol tions as function of temperature. The in­
crease CS is probably associated with the in­
crease n peptiser concentrations with tempera­
ture, w ile the rates of polymerizations decrease
possibl due to faster rates of the reaction (2)
with te perature rise.

In Fi . I, it is seen that the initial rates of po­
lymeriz tions (R I) in the FAS-MMA-KPS system
are hig er than those (R IJ in the FAS-MMA­
H202- P04 system under almost identical ex­
perimen al conditions, although the reactivity of
OH rad als with respect to MMA in aqueous so­
lutions, s about 10 times higher than that of S04­
radicals2 •

,

R/Rl. (from Fig. 1)=

yield f polymer in 5 min (Fig. ID)

yield f polymer in 5 min (Fig. I B)

= 4..5 at fO°C, and

R / R =ilyield of polymer in 10 min (Fig. I C)1 . I.
'I yield of polymer in 10 min (Fig. IA)
,

= !4.4 at 40°C,

where as,! (k/kl.) =

1011 xp( -I2100/1.987T)dm3mol-Is -I

4.45 x 08exp( - 9400/1.987T)dm3mol-·ls-1

= 1.85 at !1O°C,and 2.93 at 40°C.

where k 1. lis the rate constant of the reaction

i
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Fig. 4-COIlO!d stability (CS) as a function of temperature and

also per cent conversion in( 1/2) h as a function of temperature;
o CS and 0 per cent conversion. [MMAj=O.0936 mol dm-J,

[KPSJ,*,[FAS]= 10-3 mol/dm3; temperature varies.
I

k
Fe2+ +H202 _1_. Fe3 + + OH + OH-

The system, Fe2+-H202, is very complex30 com­
pared to Fe2+-S20~'- system3. Under identical ex­
perimental conditions, the stationary concentra­
tion of ·OH radicals in the FAS-MMA-H202 sys­
tem is much less than that of S04 - radicals in the
FAS-MMA-KPSl-3,30, Higher values of k1 and of
primary radical concentrations (S04 -) are pro­
bably responsible for the higher rates of polymeri­
zations in the latter.

Figure I and Table I show that the rates of po­
lymerizations decreased with the rise in tempera­
ture possibly due to the higher rate of (2) com­
pared to that of (3)1.5 (Fig. 4). In the absence of
NaP, (CS) of the latex solution and its conduct­
ance increased with the rise in temperature (Table
I and Fig. 2), but pH decreased possibly due to
the reactions (9) to (11) where the peptiser viz.
the aquohydroxy ferric ion complexes, and H+
ions, were produced. The higher the temperature,
the greater would be the concentration of the
peptiser and of H+ ions18•19• This means that (CS)
and conductance of the latex solution would in­

crease with temperature but pH would decrease.
This is consistent with the results shown in Table

I and Fig. 4.
In the presence of NaP, the reactions (9) and

(11) would not take place, and so (CS) would de­
crease and pH change (i.e. L\pH) would be zero
(Table I). Since the latex solution was colourless,
it supports the idea that colourless complexes of
FeH ions such as (FeF)2+, (FeF2)+ etc. were
formed in the presence of F- ions 18, and no co­
loured aquo hydroxy ferric ion complexes were
formed. In the absen.ce of this coloured complex
and in the presence of Na+ ions, the (CS) value
would decrease (Table 1). The added Na + ions
would obviously alter the conductance of the so­
lution (Table I).

In the Fe2+-MMA-H202-H3P04 system, the
Fe3+ ions produced, would be complexed by the
phosphate ions, as a rlesult of which reactions (9)
to (11) and would not occur; pH and conductance
would not change (Table 1). (Mvl of polymers was
found to decrease with the rise in temperature
(Table I), which is consistent with the theories of
the heterogeneous aqueous polymerizations initi­
ated by free radicals 1-2.
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