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l.a. General
Polyacrylamides have come to prominence in recent
yearal. The pendant -(BOIIH2 group on the polymer backbone
ie susceptibvle towards facile waro]yohz. The resulting
macromolecule is an anionic polyelectrolyte. Polyacrylamide
can alec be treated with formaldehyde and a secondary amine
(Mannich reaction) and subsequent quaternization yields a
cationio po]selactrolytol. The range of properties that
can be obtained by such reactions makes polyacrylamide one
of the interesting polynerll. Anionic polymers based on
polyacrylamides find varied applications’, as sedimentation
aias??®
techniques
The kinetics of alkaline hydrolyeis of polyamides has

been extensively atudiods-a. These studies are important,

and as flow retarder in secondary oil recovery

1,4 atc.

both in elucidating the mechanism of the hydrolysis reaction
as well ag in evaluating the relevant rate constants and
their relationship to the structure of the amides.

Solution viecosity measurements are extensively used
in polymer cha.ractorizationg. Viecosity measurements in
kinetic studies, however, are of limited utility. Viecoeity
measurerente, though earlier employed in studies of kinetics
of polymerization reacticuilo. have now been superseded by
more accurate methode, but continue to be practised for
the study of polymer chain degradation kinetiosn. This

investigation is an attempt in evaluating the kinetics of



alkaline hydrolyeis of polyacrylamide in sclution by
solution viscosity technique.

I.b. Viscosities of Polymer Solutions

Dilute solution viscosity behaviour of polymers play
a very significant part in polymer studies. It was recognised
very .m-1y12 that when a polymer is dissolved in a solvent,
the resulting high increase in viscosity is due to large
dimensions of the macromolecule. This high increase in the
viscoeity of the solution, renders viscorcity measurements an
accurate technique requiring relatively less ekill and no
elaborate experimental set-up. This fact accounts for the
wide use of the viscosity technique in polymer characteri-
13,14' apart from
the molecular weights and sizes, significant information on

zation. Due to recent advances in theory

solute-solvent interaction, etc. can also be obtained by
viecoeity measurements.

The quantity of interest in solution viscosity measure-
ments ie the intrinsic viscoeity or the limiting viscosity
number. Intrineic viecosity is defined as:

[nﬂp/c]c be T [1a n,/c ]c

'Jr is relative viscosity with reference tc solvent and 'Js
ie (N._.y). Several extrapolation methods’’ are available
for the evaluation of intrinsic viscosity of which, the

") 0 ’ mr.

p

most widely used are:

NgpsS = ] + xr 1%



and n 1 /¢ = [1] - x" ()%

The first of these equations is due to Bugginsls and the

17 ohe values of ﬂsp/c or 1m./C

are evaluated as a function of concentration and intrineic
viscogity is obtained by linear extrapolation of the values
of 'ﬂsp/c or 1w _/C to zero concentration. For sufficiently

gacond due to Kraemer

low concentration solutione, linearity of both the equations
hold good, resulting in negligible uncertainty (< 17) for
the extrapolated intrinsic viscosity. The slope constants

k' and k' are complex fnnouonon

of the thermodynamic and
hydrodynamic polymer-polymer and polymer-solvent interactions
and can be used as a qualitative estimate of these interactions.
Intrinsic viscosities, apart from being a function of
molecular weight, are alsc influenced by polymer-~golvent
interactiom. It is relatively a measure of the macromolecular
dimeneions in soluumam. Intrineic viascosity at Flory's
theta temperatures’, designated [nlg, ie on a better
theoretical foundation. The polymer dimensions in a theta

solvent correspond to the unmperturbed dhonuoncm

and the
values of [n], are proportional to the more amenable half-
power law with reference tc molecular weight.

The viscosity behaviour of polyelectrolytes, is
relatively more conplicatodn. The nonicnic polymer
molecule in solution is represented as a random coil. For
polymers carrying ionizable groups, a large increase in

the dimensions is brought about by dissociation. A



progressive dissociation is brought about even by greater
dilution. It would be apparent that the random flight model
will not be a true representation of the polyelectrolyte
molecule, especially when fully ionisedzo. The important
fact from the point of view of the present investigation,

is the large changes in the dimensions of the polyelectrolyte
during its progressive dissociation. It would be obvious
that such large changes in éimension could also be brought
abeut by a change in the number concentration of the
ionigable grcups.

I.c. Viscosit e P

The use of solution viscosity measurements for polymer
characterization is very well-known. Though not popular to
the same extent, viscosity measurements have also been used
in kinetic studies. Its well-known use has been in the
studies on kinetics of free radical polyuorisationlo (for
ectimating the polymer conversion). The method entails an
elaborate calibration, often not of very satisfactory
precision. Due to this and other inherent disadvantages,
use of viscosity measurements in kinetic studies of polymeri-
zation reactione has been totally superseded by the more
convenient and precise metheds, such as dilaxo-otryZI.
Viecosity measuremente on the other hand, continue tc be
popular in the studiee on kinetice of polymer degradation
Especially, during the initial stages of degracation, the
accuracy of the results obtained is comparable to other

11,22



methods®> and this is one of the reasons for the continued
popularity of the method.

The purpose of thie investigation is tc use solution
viscosity measurements for studying the kinetics of alkaline
hyérolysis of polyacrylamide. The progressive hydrolysis
of polyacrylamide resulte in the polymer chain acquiring
an increasing number of ionizable groups. The resultant
viscosity changese are sufficiently large. If viscosities
of polymers of kmown extents of hydrolysieg are available,
the viscoeity increase during hydrolysis can be directly
correlated with the extent of reaction. Thie facilitates
the evaluation of the rate constant for the hydrolysis
reaction.

The accuracy ané reliability of kinetic measurements
are greatly dependcnt on the analytical methods used for
estimating the extent of reaction. Isclation of the
polymer at intermittent conversions, their reprecipitations
for purification purpoees add to the difficulties. Quanti-
tative precipitation, especially when low molecular weight
material is likely to result under drastic hydrolysis
conditions, is very difficult to achieve. Elemental analysis
such as nitrogen analyeis for estimating the residual amide
groups, present severe problems. For polyacrylamide and
partially hydrolysed polyacrylamide samples very low values
are obtained for nitrogen by semi-micro Kjeldahl mthodz"as
and N, estimation method is thought to be the least reliable
for composition analysie of hyédrolysed polyacrylamides.
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Physical measurements, which allow continuous monitoring
of the reaction without the cumbersome necessity of isolating
intermittent samples, afford a more reliable, easy and
convenient method for following the course of the reaction
kinetics. The viscosity method followed in this investigation
is one such method and offers these advantages.

Before outlining the method used here, the earlier
reported studies on the kinetics of alkaline hydrolysis of
polyacrylamide are reviewed.

1.4. Kinetios of alkaline hydrolysis of polyacrylamide

The hyédrolysis of an amide is a second-order reaotions.
The rate of hydrolyeis is proportional to both the concentra-
tiong of amide as well as acid or alkali. The reaction followe
a peseudo first-order rate-law, when one of the reactants is
gufficiently in excees. The kinetice of alkaline hydrolyeis
of polyacrylamide has been studied by several workers and
the resulte are in agreement with the above expectations.
However, results reported by different workers differ in
several other aspecte.

The reaction rate for alkaline hydrolysis of polyacry-
lamide is faster than the reaction rates for monoamides’.
The rate slows down as the hyérolyeis progresses. Noens and
Seats’ found that the initial rate comstant for hydrolysis,
which remains almoet constant upto about 30~ 35% convereion,
is about one order magnitude higher than the rate constant
at subsequent stages of hydrolyele. Nagase and 8&\(8800)\17

obeserved the rate constant to deorease at even earlier
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etages of the hydrolysis reaction. Higuchi ané Sonju8
obtained a smooth change over from faet to slow reaction
as the hydrolysie reaction proceeds. Several invertigators’'®
report limiting conversions, as in the case of the hydrolysis
of po]yaethaorylnidozs. whereas oth.rlz have been able to
achieve total hydrolysis of polyacrylamide to polyacrylic acid.
The hydrolysis reaction of amides is essentially the
reaction of hydroxyl ions and the emide groups. Eleotrostatic
interactions, whick may be neglected in case of monoamides,
become serious in the case of pol.yntdu”. High polymer
reactions are subject to several limitations due to the
inherent macromolecular nature of one of the reactants.
Crhanges in solubility characteristics, irregular substitutions,
steric hindrances and distridution of the substituents are
a few of the special features of macromolecular reactions
which are absent in the similar reactions of the corresponding
low molecular weight mﬁoﬁno. The carboxyl group resulting
from the hydrolysis of the amide is wvery likely to be in the
ionized state, especially in a strong alkaline medium. Thus,
when several of the amide groups on the polyacrylamide
molecule are already hydrolysed, electrostatic repulsions
between the carboxylate ions ané the attacking hydroxyl ioms
are expected to play a very significant part on the
reactivity of the amide group surraunded by the already
hydrolysed carboxyl groups on the polymer chain. The large
decrease in the reactivity of the amide groups at higher

extents of reaction and limiting conversions are mainly due



to theee electrostatic interactions.

The electrostatic repulsions coming into play due to
the chain connectivity at higher extents of hydrolyeie
reaction are expected to decrease the rates of hydrolyeis
at higher conversions. The faster hydrolysis rates for
polyacrylamides as compared to monoamides cannot be explained
on the basie of the electrostatic interactions. But such
higher ratee of hydrolysis bave been reported for polyacry-
lamide by several mw-tmtorts Y mechaniem similar to
the polyfunctional mechanism has been invoked  to explain
the higher resactivity of the amide group towards hydrolysis
in the case of polyacrylamide as compared to the rates of
hydrolysie of meonoamides. The attack of a hydroxyl ion is
postulated to displace the nmz group towards the neighbouring
amide group thus inoreasing its susceptibility to hydrolysis.

I.e. Estimati 0. [+} ais v
measuyrements

Alkaline hydrolysis of polyacrylamide, especially. at
low dilutions, bringe about drastic changes in the dimensions
of the macromolecule. The resultant carboxyl groups on the
polymer chain are almost totally dissociated at highly
alkaline conditions existing during the hydrolysie. The
peclyelectrolyte chain is several times more expanded over
an equivalent non-polar polymer molecule of the same degree
of po],ymi’ationzeo Hence large and continucus increase
in viscosity is observed during the couree of the hydrolyeis
reaction. During the initial stages of the reaction
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(0-254), the visccsities vary linearly® with the extent
of hydérolyeis reaction.

Small quantities of polyacrylamide (from the same
sample used for kinetic studies) were initially hydrolysed
to different extente by varying the hyérolyeis conditions
such as the concentrations of polymer and alkali, temperature,
time etc. The resultant polymers were isolated by precipi-
tation and purifisd by reprecipitation. The extente of
hydrolysis of the samples were evaluated by potentiometiric
titration method. Por two of the samples the degreesof
hydrolysis were estimated by flame photometry,(estimation of
total sodium). The values obtained dy both the methods were
in good agreement. Intrinsic viscosities of the samples were
evaluated in 0.1 N NaCH solutions since 0.1 N NaCH was used
for most of the hydrolysie experimentation. The flowtimes
were linearly extrapolated to sero alkali contact time to
gorrect for further simultaneous hydrolysis during the
viscoegity determination. A calibration curve was constructed
by using the extents of hydrolyeis and intrinsic viscosity
data go obtained for the hydrolysed samples. This calibration
curve was used to estimate thé extent of hydrolysie for
evaluating the kinetics.

In several kinetic studies, it has been the practice to
measure the viscosity of a single concentration polymer
solution and to equate the viscosity to intrinsic visooanyzg,
the characteristic property of a totally isolated individual
pacromolecule. lNence from the point of view of kinetic



studies, even the viscosity of the polymer solution at a
single concentration as measured in the viscometer,
especially at low concentrations, may perhaps be practical
and sufficiently accurate to obtain meaningful results.
However, the intrineic viscosity will be a better criterian.
Intrinsic viscosities of the partially hyérolysed polyacry-
lamides during the course of the hyérolysis reaction have
been evaluated from the measured viscosities of single
concentration sclutions.

For low concentration polymer sclutions, the different
viscoeity functions, such as reduced viscosity (n.p/c).
inherent viecosity {1w)./C) and intrinsic viscosity ([n])
are fairly close to each other. The use of reduced viscosity
valuss, in the place of intrinsic viscosity, resulte in an
overeestimate and the use of inherent viecosity, an under-
estimate in the valuee obtained for intrinsic viescoeity.

The average of reduced viscosity and inherent viscosity was
used &g an estimate of intrinsic viscosity for low concen-
tration (<C.2 g/é1) polymer solutions. However, this method
is not practical for higher concentration solntion..-

The following method was used to estimate intrinsic
viscosities from the observed flowtimes for higher concentration
polymer solutioms (0.2 > € > 1.0 g/d1).

The two relevant viscoasity-concentration equations are:

gp/C = M) + w0 W% (1)

and 1w, /¢ = [In] - xn )% (2)
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The two slcpe constants, k' and k" are relatedao by:

k' + k" = 0.5 (3)

It has been recently reported that the relationship (3)
holds good also in the case of agueous sclutions of poly-
e°l. In the livited range of ¢ata obtained
for the partially hydrolysed polyacrylamide samples for
the calibration purposes, & value of 0.54 was obtained for
(k* + k") instead of 0.5 as indicated by equation (3).
Considering the higher uncertainty in the slope constants,
it is assumed that relation (8) holde good for the present
gystem as well. The estimates of intrinsic viscosities were
obtained from flowtimes in the following way -:

Subtracting equation (1) from equation (2) and using
equation (3),

ethylene oxié

Nyp/C = 1,/C = (k* + xM)in)e
= ¥Inl%
G=1m,./C
w7 R D) @)

The relationship (4) was used to estimate the intrinsic
viscoeities of polyacrylamides during hydrolysis for polymer
sclutions of concentratioms in the range 0.4 to 0.3 g/dl.

As noted earlier, for lower concentration (< 0.2 g/él)
polymer solutions relationship

)= w_/c +1m /c (5)

_'.E__T__

was used.
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I.£. Out of t ati

The kinetio studies were owurried out in a thermostat
controlled to better than + 0.05°C {usuelly % €.02°C).
Moet of the experiments have been carried out at 50°%. An
Ubbelohde viscometer wagmounted in the thermostat. Xnowmn
concentration aquecus solutions of polymer ané alkali were
pipetted out into the viscometer to achieve the desired
congentrations of polymer and alkali. The larger volume
golution was firet pipetted and after about 15' for reaching
thermal equilibrium, the other solution (alkali or polymer
whichever wae smaller volume) was pipetted with simultanecus
starting of a stopwatch t0 judge the time of reaction. Chre
golutions were mixed by blowing a gentle stream of air
throvgh the capillary arm of the viscometer. After about
10', the flowtimes of the solution were periodically deter—-
pined. The time of hydrolysis was evaluated as the time of
gtart of viscomoter reading plue half the flowtime during
that viscosity determination. %he intrinsic viscosities
were obtained from the flowtimes, using either equatiocn (%)
or equation (5), depending upon the polymer concentration
in the solution. The extent of hydrolysis was read off
from the intrinsic visaoeity ve. extent of hydrolysie
calidration chart constructed using samples of known
extents of hydrolyeis. The time and extent of reaction
data 50 obtained were used to obtain the kinetic rate
congtants for hydrolyeis.

The time ané extent of reaction are related > to the
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relevant rate constantse by:

lna-ln{a-x) = Kkt (6)
2.303 b {a-x
vy 108 o) = et e
x \
and ala-x = k¥ (&)

kK, and k, are the first-order and second-order rate constants.
a, b are the concentration of the two reactants and x the
extent of reaction. In the experiments carried out with
excess alkali, the pseudo first.order rate constante were
determined by linear plots of ln{a=x) ve. t. Equation (7).
used to deduce the seconé-order rate constant. In one
experiment carried out, the concentrations of both the
reactants were almost identical and the second-order rate

constant was deduced ueing equation (8).
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Il.a. Polymerization

Acrylamide monomer used for the polymerization was
BDH (England) technical grade, with a minimum assay of 98.5%
as per the supplier. Typical specifications for technical

grade acrylamide nononeraé are:

Appearance white, free flowing crystal
AP-EW 98‘ min.

Melting point 84-8500

Vater 0.87 max.

Iron as Fe 15 ppm max.

Colour,20% soln. APHA 60 max.

Water insol. 0.2% max.

Butanol insol. 1.5% max.

Bromate/bromide analysisas showed the monomer purity as
39.2% and acrylamide was used without further purification.
Polymerization was carried out at 65 % 1°%C in aqueous
solution. Distilled water, freshly dietilled over alkaline
KMnO, was used as solvent for polymerization. The recipe
chosen ie given in Table.I. Acrylamide sclution («? 6.7% in
water) was taken in 2 clean, 2 litre three-necked, round-
bottomed flask mounted in the thermostatic bath. Distilled
isopropanol was added. Oxygén free nitrogen was purged
through the solution for about 30', before raising tre
temperature of the bath. The solution was heated to about
60°C and pl of the solution wae adjusted to 3.5 with

0s1 ¥ H,5C4. Polymerization reaction was initiated when the
solution temperature reached about 63°C, ueing 1% eolution



Table-I

Polymerigati de
Monomery 48,00 g
Water 760.C0 g
Isopropanol 31.56 g (40 ml)
pH of the Solution 3.50
1(28208 (17 solution in water) 0.10 g
Na,50, (0.107 solution in water) 0.0022 g
Temperature _ 65°¢
Tire 1 hr.
Conversiocn 91%
[n] at 30°C, in water 0.8 d1/g

¥, 1.36x10°
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of potassiur persulphate (BDH, analytical reagent grade)

and 0.1% sclution of eodium sulphite (anhydrous sodium
sulphite, analytical reazent grade, Sarabhai Chemicalse).

The polymerisation was carried out under continuous budbling
of nitrogen at 65 + 1°C. At the end of polymerigation (1 hr.)
the solution was transferred to a 5 litre beaker and dietilled
acetone (twice the volume of polymer solution) was added
slowly through a dropping funnel under continuous stirring.
The separated polymer wae allowed to settle. The suvernatent
layer wae dectnted and the polymer was dissolved in distilled
water and reprecipitated with acetone. 2 g of potassium
jodide (BDH, laboratory reagent grade) diesolved in 2-3 ml
water was added just before complete precipitation to improve
storage stabj.].ity36 during reprecipitation. The polymer was
waghed several times with acetone and dried in a vacuum

oven for 2 hrs. at 60°C. The polymer conversion and yield
were 91% and 47.7 g respectively. Intrinsic visccsity of

the nolymer determined in distilled water at 30°C was

0.8 d1/g, corresponding”’ to a molecular weight of 1.36x10°.
Il.h. Parti rolysis

Prelininayy experiments were carried out to obtain
polyacrylamides with differing degrees of hydrolyeis. The
conditions finally chosen to give a suitable epread of
degrees Of hydrolysie are shown in Table~II. Cne of the
hydrolysis experiments (expt.?) is described helow as an
example.

In a ¢lean 250 ml conical flask, 40 g of 5% polymer
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solution (accurate to + O.1 g) was taken. The conical
flask was clamped in the thermostat set at 30° + 0.01°.
About 15' were allowed for thermal equilibrium and 6 ml

of 16% (w/v) alkali solution were added. Simultaneously a
stopwatch was started. The contente were mixed by repeated
gentle shaking of the flask, After 15', the polymer was
precipitated using distilled ethanol as precipitant and
reprecipitated from water solution ueing ethanol. Approxi-
mately C.25 g KI, ar a stabiliser, was incorporated cduring
the reprecipitation step. The polymer was washed 2-3 times
with 2lcohol and then dried in a vacuum oven for 3 hrs. at
60°C. A1l the polymer samples were powdered and stored in

sample~tubes in a desiccator over calcium chloride.

1l-c. Degree of hyvdrolyeis of partially hydrolyeed
polyacrylamides

The degrees of hydrolyeis of the polymers were determined
by potentiometric titration method°C, pH of the 1% polymer
solution was adjusted to 3.3 with 2 N HC1 and back titrated
to ol 7.0. A systronice expanded scale pH meter type 331
with standard glase and - calomel ' reference electrode
was used.

0.3 g (accurate tc +0.01 g) of the polymer was weighed
(x) into a 50 ml beaker and 15 ml of distilled water were
added. The beaker was covered and the polymer was allowed
to swell overnight. Yhe sclution was homogenized next day
over a magnetic stirrer and diluted with another 15 ml of
water. The solution was continuously stirred and the pH
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of the golution was adjusted to 3.2 with 2 N HCl1l and back
titrated with carbonate free 0.1 N NaOR(!N) to pH 7.0 (V).
The abeve procedure was repeated to determine the blank (Vo)
taking polyecrylamide sample instead of partially hyérolyeed
polyacrylamide. The degree of hydrolyeis was calculated
using the following expreseion:

V-V N
# degree of hydrclyeis = -(_-_x_'%;c.:‘—l—

where K, ie the meclecular weight of the representative

monomer unit.

1l.¢. Yiscoeity weapurements

Viscogity measuremente were carried out with an Ubhelohde
suspended~level dilution type viscometer in thermostatis,
controlled to + 0.01%C at 30°C ané better than + C.05°C at
50°C as judged by a Beckman thermometer mounted in the
thermostats. The viscometer had a C.4 mm bore and 12.5 cm
lengtk capillary, an efflux volure 4.9 ml and an efflux time
of 125.2 + C.1 pecs. for water at 30°C. Kinetic energy
correctiong were found negl?igible and hence no corrections
were applied. Polymer solutions were prepared by allowing
an accurately weighed mnplé of the polymer to swell overnight
in about 10 ml of the solvent in a 25 ml volumetric flask.
The solutions were diluted mext day to the graduation mark
and homogenized. The efflux times for solvent and solutions
were determined accurate to * O.1 sec.

Vator used asg solvent in this study was purified in the
following manner. Laboratory éietilled water was refluxed
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over alkaline KMnO, and distilled in an all glass assembly.
The dietillate was redistilled with reduced amount of
KinO . %wice dietilled water thus obtained (middle-cut
fraction) was used throughout the course of the experimen~
tation. The glass assembly used for dietilling water wae
used only for this purpose to prevent contamination.
Dietilled water was carefully stored in a stoppered glass
container and war used within a week.

Intrinsic viscosity of the polyaorylamide sample was
determined in distilled water at 30°C. Polymer solution of
about 0.2 g/dl concentration was made in a 25 ml volumetric
flask and 10 ml of filtered solution were pipetted out into
the clean and dry viscometer clamped in the thermostat
maintained at 30°C (+ 0.01°C). The solution was allowed to
attain thermal equilibrium {(~ 15'). Flowtimee for this
coneentration solution were recorded thrice and generally
laet two readings agr-ed to within 0.1 sec. in almost all
cases and average of the last iwo readings was taken as
flowtime for that particular concentration eolution. 2 ml
of water were added to the sclution in the viscometer and a
gentle etream of air was blown to mix the solution. After
thermal equilibrium ( ~ 15'), flowtimes were again recorded
ap described earlier. Similarly 2 ml, ¢ ml anéd 5 nl of
water were added for obtaining sclutions of varying concen~
tration and flowtimes were determined by the same method for
each concentration sclution. The corresponding 'lsp/C valuee

were calculated as (t-t;)/C where t and t, are flowtimes for
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golution of concentration C (g/dl) and for the eolvent
respectively. A plot of ').p/C vs. C was constructed.
Intrinsic viscosity obtained by linear extrapolation of
nap/c ve. C plot was 0.8 d1/g. The molecular weight of the
polymer was estimated as 1.36 x 105, using the relationship
() = k 42, where ¥ = 6.31 x 107> and a = 0.8°".

Intrinsic viecosities of the partially hydrolysed poly-
acrylamide samples used as calibration standards were deter-
mined in C.1 ¥ ¥aCl at 30°, 40° and 60°C in the same way as
desoribded above. Five eolutions of differing concentrations
were used and ':Ep/c values were linearly extrapolated to zero
concentration. The values of the intrineic viscosities
obtained at 30°C are included in Table-II.

Intrinsic viscosities of the partially hydrolysed
samples of known degrees of hydrolysis were needed in 0.1 N
HaOH at 50°C so that the extenmt of reaction cculé be estimated
from the efflux timee for studying the kinetics. The efflux
timesg for the hydrolyeed samples in alkali were observed to
continuously increzse with time of alkali contact due to
further eimultaneous hydrolysis. In order to evaluate the
required intrinsic viscosities. flowtime s were evaluated for
solutione of three concentrations, as a function of alkali
contact time. The viscoesities at zero alkali contact time
wore evaluated by linear plot of the efflux time versus
time of alkali contact. The viscosity measuremente were
carried out in the following way. The clean ané dry

viscometer was mounted in a thermostat, maintained at 50°C
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and 8 ml of C.125 N NaCH were pipetted out into the
visocmeter. The alkali solution was allowed to attain
thermal equilibriuve (~ 15'). 2 ml of polymer solution

(2,1 or 0.5 g/d1 to achieve 0.4, 0.2 and 0.1 g/@1 volymer
concentration reepectively) were pipetted out into the
viscometer with simultaneous starting of a stopwatch to

Judge the alkali contact time. The solutione were mixed

by a gentle blow of air. For solutions of each concentration
five flowtimes were recorded continuously and the corresponding
Mgp/C values were oslculated. The "gp/C values were extrapo-
lated to zero alkali contact time as shown in Pig.l, to
obtain corrected velues of n,p/c. The values of U.plc thus
obtained, were linearly extrepolated to Zero concentration

ag ehown in Fig.2, tc obtain intrineic viecosities of the
partially hydrolysed polyacrylamides in 0.1 N NaOH at 50°C.

il.e. Kinetics of alkaline hydrolygis of polyacrylamide

"re rate of alkaline hydrolysis of polyacrylamide was
followed in a viecometer by continuously determining the
flowtimes of the polymer solution, containing recuisite
alkali and polymer at the desired temperature. fhe procedure
followed wae similar to that used for determining intrinsic
viscoeities of partially hydrolysed polyacrylamides in C.1 N
HaCH. Separate aqueous solutions of polymer and alkali were
prepared an¢ mixed in the viscometer. The concentratione of
alkali and polymer were such that, the solutions when mixed
in the ratio of 4:1 desired concentrations of alkali and
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polymer were obtained. The alkali solution or polymer
solution (whichever was in larger volume) was first pipetted
out into the viscometer and after about 20', the other
golution was pipetted out simultaneously starting a stopwatch
for determining the time of reaction. A gentle stream of
air was blown through the solution. After allowing 10°,
viscoeity measurements were commenced and flowtimes were
deternined periodically. Time of reaction was calculated
as the sum of the time at the .tartingéviscoalty reading
and half the cbserved sclution flowtime. The corresponding
inherent viscosities and reduced viscosities of the polymer
éduring the hydrolysie reaction were deduced from the flow-
times using the predetermined flowtime of the alkali
solution at that temperature. |
Intrineic viscosities of the polymer during hydrolysie
in the experiments carried out with low concentration
polymer solutione (0.0%5 — C.2 g/dl). were calculated using
equation (5). For solutions of higher polymer conceatrations
(0.4 ~ 0.9 g/d1l), equation {(4) was used to calculate intrinsic
viscosities of the polymer during hydrolysis. Ihe extents
of hyérolysis were determined from the calibration curve
(¥ig.3), using the intrinsic viscosity values thus obtainec.
The firet-order rate constants for the alkaline
hyérolysis of polyacrylamide were deduced from the slopes
of the plote of log (a~x) ve. time of reaction, where a and
x are initial concentration of amide and the extent of the

hydrolysis reaction at time t respectively. The second-order
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rate constants were determined from the slopes of the

plots of %—;-?_%% log g a-:) ve. time of reaction, where

a and b are the initial concentrations of amide and

alkall and x is the extent of hydrolysis reaction. In one
of the experiments carried out, the molar concentrations

of alkali and amide were almost identical. The second~-order
rate constant in this case wae deduced from a plot of

r;-{-—-;— ve. time of reaction.
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Iil.a. Po at

Solution polymerisation technique is a convenient
method for the polymerigzation of aorylanidcsg. The
advantages are the ease of polymerisation, good polymeri-
zation rates, righ convereions and reproducible polymeri-
gation results. The polymer used in this study was obtained
by solution polymeriszation technique using the recipe given
in Table~l as described in Chapter-Ii.

The viscosity-average moleculsr weight of the polymer
used in the study ie 1.36 x 105. Folyacrylanides used in
the study of alkaline hydrolysis by different workers differ
widely with respect to their molecular weighto. Polymeric
reactione are generally oarried out in eolutions. These
reactions are subject to several restrictions which are
abpent in the reactions of their low mclecular weight
analogues. Polymeric reactions are characterized by high
viscositics of the reaction medium. Chenges in solubility
characteristics Aduring the reaction, irregular substituticns,
substituent éietridutions, oteric hindrances, ctrong electro-
static interactions etc. are several of the epecial features
of the polymeric reactions coming into play essentially
due to chain connectivity and large dimension of ocne of the
reactants. Viscosities of the reaction medium may play &
significant role only when the reaction ie diffusion
controlled and such reactions (and/or stagee of the reactions
where viscosity determines the course of the reaction) may

be expected $o be molecular weight dependent. Other factors



are expected to be almost independent of molecular weight.
Thin» is especially true when the molecular weight of the
polymer exceeds the critical molecular weight for segmental
overlap t¢ ccour {(mol.wt. about 50,000 or more). The rates
of the reaction suck as the rates of alkaline hycdrolysis
of polyacrylamide are not expected to be greatly molecular
weight dependent and a comparison should be permissible
between results obtained by different workers, inspite of
differing molecular weights of the polymer sémple used. Zhe
range of the molecular weight of the polymer used in the
etudy was mainly determined on the basis of ite suitability

for convenient and reliable viscosity measurements.

I1i.b. E a n

The alkaline hydrolysis of polyacrylamide brings about
large changes in the viscosity of the medium, especially when
the hydrolysis ie carried out in low concentration polymer
solutionse. This increase in viscoeity is mainly due to the
polymer acquiring a polyelectrolyte character as a result
of partial hydrolysis. The large and continuous increase
in viscosity, was utilized for determining the exteht of
reaction during the course of the hydrolysis reaction.

Most of the hyérolysis experiments were carried out
in 0.1 N NaOH at 50°C. Hemce intrinsic viecosities were
determined in 0.1 N NaOE at so°c, for a series of partially
hyérclysed polyacrylarices with predetermined extents of
hydrolysis. A4 [n] - extent of hydrclysis calibration chart
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wap constructed. The extent of hydrolysis during the
hydrolyeis experiment for obtaining the rate constants were
determined with the help of the calibration chart.

It was observed that the flowtimes of the partially
hydrolysed polyacrylamidee in C.1 N NaCH continucusly
increased during viscosity determination, due to the further
simultanecus hydrolyeis. Viecosities were determined as a
function of alkali contact time for each concentration
golution of the partially hydrolysed polyacrylamides.
Viscosities corresponding to sero alkali contact time (hence
no further hydrolysis and characteristic of the polymer used)
were determined by linear extrapolation of the viscosities
to zero alkali contact time. ZIypical data obtained for three
samples are shown in Fig.l. It is observed that further
hydérolysis during viscosity measurements was negligible in
the case of samples of higher degrees of hydrolyeis. But
it was very severe in the case of samples of low degrees of
hydrolysis. %he corrections for simultaneous hyédrolyeis
during viscoeity determination amounted to 2-32% depending
on the extent of hydrolysis of the sample, a higher correction
being needed for the samples of low degrees of hydrolyeis.
The corrected visccsities were extrapolated to zero concen-
tration to obtain intrinsic viscosities of the samples in
0.1 N NaOH at 50°C as shown in Fig.2.

The extents of hydrolysis in the partially hydrolyeed
volyacrylamides used as calibration stancarde were determined
by potentiometric titration method (Zable-II). For two of



the samplee the extentsof hydrolysie were determined by
flane photometry (estimation of total Na). ‘The values of
the extents of hycdrolysis obtained by both the methode are
included in Table~II. There is a close agreement between
the extonts of hydrolysie estimated by the two methods
showing that the potentiometric titration method is a
reliable technique for determining the extent of hydrolysis
in the partially hydrolysed polyacrylamides.

Fig.3 depicts the calibration chart obtained and shows
the variation of intrinsic viscosity of partially hydrolysed
polyacrylamice at 50°C in 0.1 ¥ NaOE with the extent of
hydrolysie reaction. A continuous increése in intrinsic
viscogity with the extent of hydrolysies is observed and
intrinsic viecoeity varies aimost linearly with the extent
of reaction upto about 25% hydrolysie. Intrineic viecosity
is not very sensitive to the extenmt of reaction above 30%
hydérolyeis. Fiz.3 wae vsed tc estimate the extent of reaction
during hyérolysis for determining the kinetic rate constante.
The almost linear extent of reaction versus intrinsic
viscosity plot (Pig.3) minimizes the uncertainty in the
extent of reaction determined during the hydrolyeis experirent
for evaluating the kinetic rate constants.

IiT.c. ki p | agurezents

Kinetics of alkaline hydroiysis of polyscrylamides was
followed viscometrically. Separate solutions of polymer and
alkali were pipetted out to achieve desired concentrations
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of polymer and alkali. ILarger volume sclution was first
pipetted out and with the addition of the second sclutiom,
the time of hydrolysis w2s counted to have begun. The
procedure of taking the larger aliquot firet in the viscometer
and mixing the smaller velume of the other solution was
followed in every case to winimize temperature in-homogeneity
during the initial period of the hyérolysis reaction. From
the measured flowtimes, intrinsic viscosities of the polymer
were calculated using equation (5) for solutions of low
polymer concemtration (< 0.2 g/dl). For higher concentration
polymer sclutions the values of intrinsic viscosities during
hydrolysis were calculated using equation (4¢). The extent

of reagtion was determined with the help of Pig.3 using the
intringsic viecosities so determined.

Typical data obtained during the hydrolysis experimen-
tation and the method of calculations are illustrated in
Table-~1II ap an evample. Column 1 liets the time of the
gtart of the viscosity reading after the second solution
(polymer or alkali) wae pipetted out into the viscometer.
Column 2 records the obeerved flowtimes. The uncertainty
in the determination of flowtimes is generally + (.1 sec.

e time of reaction used for the evaluation of the kinetl c
rate constints was determined as the sum of the time at the
start of the viscoeity reading anéd half the flow-time during
that viscosity determination. These values are listed under
column 3 of Table-III. Column 4 shows the valuee of the

relative viscosities and the estimated intrinsic viecosities
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by ueing one of the two expreeeions [pquaxione (4) or (5) ]
deperibed earlier, are tabulated in column 5. The extents
of rsaction obtained from the intrinsic viscosities (colurm 5)
with the help of Fig.3 are given in column 6. 7The data
listed in oclumn 3, and 6 were used to determine the relevant
(depending on the concentrations of amide and alkali) first-
order or second-order rate constants for the hydrolysis
reaction. Data beyond 3C% hydrclysis was not used due to
the inseneitivity of the intrinsic viecosity to extent of
reaction beyond 307 hydrolysis (FPig.3).

The variation in the flowtime with the extent of
hydrolysis is easily seen by the resulte given in columm 2
of Table~III. Usually the difference between any two successive
viscosity determination amounted to over one second. Thre data
indicate the convenience ané the accuracy with which the
kinetics can be evaluated by this method.

Xil.0(4). First-Order reaction

he ratee of hydrolysis of polyacrylamide may be treated
as a pseudo first-order reaction under conditions where the
concentration of one of the reactants remains almost
unchanged during the course of the reaction. Several
hydrclyeis experiments were carried ocut with excess alkalil.
Fig.4 shows the variation of the extent of reaction with
time. The data can be represented by straight lines. These
plots could be used to calculate the pseudo first-order rate
congtants for hydrolysie of polyacrylamide. However, a more

accurnte estimate ie pogeible with the use of the integrated
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form of the rate equation.

The first-order rate equationaa is:

lna-ln{a~-x) = Kt (6)

where, a is the initial concentration, x the extent of
reaction, t the time ané k; the first-orfer rate constant.
Pig.5 shows the plot of log (a~x) vs. the time of reaction
at varying concentrations of amide and excess alkali. The
rate constants obtained by least square method are given in
Table-IV. The first-order rate constants deduced from PFig.4
were generally about 20% higher. The rate constants obtained
with the same ratio but differing initial concentrations of
the two reactante (Sr.Noe.l and 3, Table~IV) are «lmost
identical. Thuse the reaction follows first-order rate law
exactlyaa when the hydrolysis reaction is carried out with

excess alkali.

Iil.c.(ii) Second-order reaction

The alkaline hydrolysis of amides is a second=-order
reaction dependent both on concentrations of alkali and anides.
The second-order rate 1“33 is given by:

5 o0 YR - 2

where a and b are the initial concentrations of two reactants,

¥ the extent of reaction, t the time and kz the second-order

rate constant. VWhen the concentratione of both the reactants
33

are equal, the second-order rate equation simplifies™™ to:
X s
ala-x) - Kot &)
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The extent of reaction versue time of reaction plots
for two varying concentrations of amide (0.056 and 0.127
moles/1it) with the same concentration of alkali (0.1 W)
according toc equation (7) are shown in Pig.6. One experiment
wag carried out with almost identical concentrations of amide
and alkali (0.1 N) and the data obtained is depicted in
Fig.7, according to equation (8). The data in Fige. 6 and 7
are well reprerented by etraight lines and the second~order

rate constants obtained by least square method are given in
Tahle-1V.

I11.d. Reaction rate congtants

The hydrolyeis reaction of an amide is a seconé~order
reaoction. Vhen one of the reactants is in excese and changes
in its concentration could be neglected, the reaction follows
first~order kinetice. The alkaline hydrolysis of polyacry-
lamide has been carried out under conditions such that in
some of the cases the reaction follows firet order rate law.
7“he concentrations of the amide and alkali used for the
bydrolyeis experimentation, temperature of hydrolysis and
the first and second-order rate constants obtained &e
given in Table-IV.

The poeeible sources of errors in the rate constants
obtained are due to the uncertainties in the determination of
time and the extent of reaction. The uncertainty in the
evaluation of extent of reaction is in turn dependent on the
uncertainties in the estimation of intrinsic viscosities
from the measured flowtimes as well as the reliability of
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the calibration curve established correlating the extents

of reaction to the intrinsic viscosities of the partially
hydrolysed polyacrylamides. Of these. the errors in the
determination of the intrinsic viscosities of the calibration
smples and the time of reaction can be neglected. The
linearity of the extents of reaction versus intrinsic viscoeity
plots especially below 257 conversion (Fig.3) minimizes the
errors in the estimation of extents of reaction from the
intrinsic viscoesities. Hence the major source of error in
the rate constante determined is the uncertainty in the
estimated values of intrinsic viscosities from the observed
flowtimes of solutione at single concentration.

Ag discussed above, the probable uncertainty in the rate
constants is due to the extrapolation method used for deter—
mining the intrinsic viscosities of the polyacrylamides
during reaction from viscosities of solutions at single
concentration. The viscosity-concentration data obtained
for calibration standards in O.1 N NaOE at 50°C were used
to estimate the uncertainty in the values of intrinmsic
viscosity used in the evaluation of rate constants. The
two methode of extrapolation used viz. equations (4¢) amd (5)
resulted in an uncertainty of 1.8 to 5.9% in the values of
intrinsic viscosities depending on the concentration of the
polymer solutions. The total uncertainty in the rate
constants listed in Table~IV are assumed to be twice the
uncertainty in the evaluation of intrinsic viscosity by the

use of equations (4) or (5).



The reactivity of the amide group towards hydrolyesis
hasg been reported to vary with conversion. Moena—Slctss
obeerved that at about 35 to 40% hydrolyeis, the rate
decreases almost by one order of magnitude. nagaeo-&kaguom?
observed a decrease in the reactivity at still lower
conversions and Ba.guchi-Sonjue observed a continuous change
of reaoctivity of the amide group towards hydrolysis as
conversion proceeds. The results obtained in this study
show a constant reactivity of the amide group towards
hydrolysis in the conversion ranges of 5-30%. In thie
respect the resulte obtained here m in agreement with
those of Moens-Smets’.

The decorease of reactivity of the amide group towards
hydrolysis at high conversgione can be accounted for, on the
bagis of the electrostatic repulsions of the carboxylate
ions of the already hydrolysed neighbowring groups and the
attacking hyéroxyl ion. Several theoretical attempte . -
have been made to account for varied reactivity of amide
groups depending upon the number (zZero, one or two) of the
already hydrolysed groups in its neighbourhood. Iowever,
calculation of the variation of the reactivity with
conversion by the exprecsions obtained is difficult and
the expressions obta:'.ned"‘o"43
for studying the composition distribution during the
course of the hydrolysis reaction.

The reactivity of the amide group in nolyacrylamide

towards alkaline hyérolysis is comstant in the comversion

are perhaps more meaningful
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range of 5~30% in confirmity with the results reported

by lloono-Buctss « However, the extent of reaction versus
time plots given in Pig.4 and similar plots cobtained at
other concentrations of amide and alkali indicate a
positive intercept correspondéing to about 4-5% hydrolyeis
at gero time of reaction. Hence the results obtained in
the study indicate about 4-5 times higher reactivity of
the amide group towards hydrolyeis at almost the begirning
of the hyérolyeis reaction (5%). [he neighbouring group
effect has been 1nvoked7 to explain higher reactivity at
early stages of the hycérolysie reaction. A mechaniem
gimilar to the 'cmocrted'“ polyfunctional mechanism hag
been proposed7. Due to considerable segmental overlaps,
it is possidle that this effect would be noticeadle only
at the initial stages of the reaction as noticed in this
investigation.

As earlier noted, the kinetic constants obtained for
the hydrolysis of polyacrylamide should be essentially
independent of molecular weight of the polyacrylamide used,
and a direct comparison should be possible between the
results obtained by different workers. l!oono-&otos have
reported a sccond-order rate constant of 6.66 x 10"4 dna
“1 seo™! for the alkaline hydrolysis of polyacrylamide
at 55°C. Using the value of 57.39 KJ/mole (12.7 Keal/mole)
for the activation energy reported by locne-Sntos. the

mole

geconé-order rate constant for the alkaline hydrolysis of

polyacrylamice at 50°c is obtained as 4.8 x 10" dns nolc'1 1

sec .
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This is in good agreement with the value of (4.5+0.4)x10™%
an° mole~ ! sec™t obtained in this study for the second-
order rate constant for alkaline hydrolyeies of polyacrylamide.

Ill.e. Activation emergy

The activation en¢rgy represents the emergy that the
reactant molecules must possess before they can form a
transition state. The value of the activation energy is
evaluated by determining the rate constants for the reaction
at dirferent temperaturee. The temperature dependence of

the rate constants is represented by the Arrhenisus equation:
k = A exp(=E/pg)

where A is the pre-exponential or the frequency factor and
E the activation energy.

The calibration curve (Pig.3) correlating the intrinsic
viecosities to the extents of reaction was conetructed by
determining intrinsic viscoeitiee of the calibration samples
in 0.1 N NaOE at 50°C. This presented the oumbersome neceesity
of correcting the viscosities obtained for further simultaneous
bydrolysis during the course of viscosity noaaurem§nts.

Only an approximate value of activation energy was aimed at
in this investigation. Hence it was assumed that the
conformation of polyelectrolyte (partially hycdrolysed oly-
acrylamide) is moinly influenced by the ionic strr

the solution and independent of the nature of 7

gspecies. Viscosity measurements were thery






in 0.1 N NaCl for obtaining calibration curves at other
temperatures. The procedure followed for kinetic measure-
mente wag identical at other temperatures as well. The
first-order rate constants for the hydrolysie of polyacry-
lamide were determined ueing 0.01¢ and ©.10 moles/1it
apide ané alkali respectively, at 30°, 40° and 60°C. The
values of the rate constantes obtained are given in Table-V.
An Arrhenigus plot was conetructed as shown in Fig.8, using
the values of the rate constants at different temperatures
(Table~V). The value of the activation emergy obtained is
55.9 KJ mole™ > (13.35 Keal/mole) in good agreement with
the valuee of 13.5 Keal/mole reported by liagaee-Sakoguohly
and 13.7 Kcal/mole obtained by Moene~Sme ts’ .
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CHAPTER=-IV

CONCLUSION

4Alkaline hydrclyeis of polyacrylamide follows second-
order rate law. Under conditions of excess alkali pseudo
first-order dependence is observed. The second-order rate
4 o mole™?

constant obtained (4.45 x 10 sec 1) at 50°C in

this study agrees closely with the estimated secondéd~order
rate constant (4.8 x 10™° dm° mole ‘sec 1) from the data
reported by Hoens-&netes. Similarly the activation energy
obtained in this study (55.9 KJ mole ) agrees with the
values of the activation energy reported dy Ilocne-&ntus
and Ragaoe-Sakaguch17. The reactivity of the amide group
towards hydrolyeis is observed to be constant in the
conversion ranges of 5-30#% and in this respect also the
results obtained in this study are in agreement with the
results of Moens-Smete’. The kinetic rate constants have
been evaluated in this study by viscosity technique. The
agreement in several respects of the results obtained,
with those of reported in literature, confirms the utility
and the validity of the viscosity method for studying the
kinetics of polymeric reactions. Moreover, the viscosity
technique is simple and affords a continuous scanning of
the kinetics without cumbersome necessity of intermittent

isolation of polymers.
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