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ABSTRACT: Homopolymers and copolymers of acrylamide (AA) and acrylic acid (AAc)
were synthesized by the free radical solution polymerization technique. Feed ratios of
the monomers were 85 : 15 (w/w), 65 : 35 (w/w), and 50 : 50 (w/w) of acrylamide and
acrylic acid, respectively, for synthesis of copolymers. All reactions were carried out in
aqueous media, except for the synthesis of polyacrylic acid, where the medium was n-
butanol. Hydrogen peroxide, potassium persulfate, and benzoyl peroxide were used as
initiators. The copolymers were purified by removing homopolymers. The homopoly-
mers and copolymers were characterized by infrared (IR ), ?C-nuclear magnetic reso-
nance (NMR), "H-NMR, differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and viscosity measurements. The fusion temperature and the energy
change for various phase transitions were obtained from DSC measurements. The
activation energy values for various stages of decomposition were caleulated from TGA.
The activation parameters for the viscous flow (i.e., free energy, enthalpy, and entropy
of activation) were evaluated from the viscosity measurements. Voluminosity and
Simha shape factor were also calculated for different systems. Effects of various concen-
trations of electrolytes, NaNOjg, and AI(NO;); on viscosity behavior were studied.
© 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 45-56, 1997
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INTRODUCTION

Polyacrylamide and copolymers of acrylamide
with other monomers have shown a number of
properties leading to a variety of industrial appli-
cations. Of growing importance are those related
to their use as water soluble viscosifiers and dis-
placement fluids in enhanced oil recovery.! Poly-
acrylamide as such has a variety of applications
due to its ability to flocculate solids in aqueous
suspensions.? Acrylamide-based polyelectrolytes
were found to reduce surface charges and enable
the primary particles to coagulate.® Acrylic acid
and its copolymers with acrylamide and other
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monomers are used in fields as varied as mining,
textile manufacture, oil-well drilling, secondary
oil recovery, and agricultural soil modification.*
The solution properties of polyelectrolytes are
rather unusual. A decrease in the viscosity of poly-
acrylamide solutions in the presence of mono and
multivalent electrolytes (e.g., NaCl, CaCl,, etc.)
is well known,®

Different researchers in recent years have
worked with polyacrylamide (PAA), polyacrylic
acid (PAAc), and their copolymers. IR spectroscopy
has been used to study the complexation of PAA
with PAAc.® Copolymers of acrylamide with methyl
acrylate,” and sodium acrylate® have been studied
spectroscopically. Acrylamide-acrylic acid copoly-
mers are being used as thickeners for improved per-
formance in alkaline conditions.” A recent review
discusses the properties and uses of copolymers of
acrylamide with acrylic acid and various acrylates
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in the petroleum industry.!® The copolymerization
of acrylamide and acrylic acid"* has been studied
recently with reference to amounts of initiator, tem-
perature, pH, time, etc. Tercopolymerization of
acrylic acid, acrylamide and N-[(4-decyl)phenyl]
acrylamide has been reported.'” Our interest in the
synthesis and characterization of water soluble
PAA, PAAc, and P(AA-AAc) copolymers arises be-
cause of our desire to study the interaction of these
polymers with various ionic and nonionic surfac-
tants, as both polymers and surfactants are present
in these systems.

In this article we present the synthesis and
characterization of polyacrylamide, polyacrylic
acid and acrylic acid-acrylamide copolymers. The
effect of NaNO; and Al(NOj3); on the viscosity
property of the aqueous solutions of the above-
mentioned homo and copolymers are also dis-
cussed in detail.

EXPERIMENTAL

Acrylamide (Mitsubishi Chemicals Ltd.) and
acrylic acid (National Chemical, Baroda} were
used for polymerization without any prior purifi-
cation. Potassium persulfate (Merck, India) and
hydrogen peroxide (Glaxo, India, 30% w/v) were
used as received. The solvents were freshly dis-
tilled prior to use.

Elemental analysis was done on a FISONS, EA
1108, C, H, N analyzer.

IR spectra of the films of the homopolymers and
copolymers were recorded on a Shimadzu IR-408
spectrophotometer.: The films were prepared by
dissolving the polymers in water and pouring the
solution over a pool of mercury. The films were
obtained by vacuum evaporation of the solvent.

The NMR of the polymer solutions in D,O were
recorded on a Varian XL, 300 MHz, for PMR and 75
MHz for ®*C-NMR, at the RSIC, IIT, Bombay, India.

TGA was recorded on a Shimadzu thermal ana-
lyzer DT-30 B. The TGA analysis was done in the
presence of air. DSC was recorded on a Mettler
ME 4000.

Viscosity studies of different solutions were
carried out with the help of an Ubbelohde viscom-
eter, placed vertically in a thermostat, at all re-
quired temperatures (£0.05°C).

Polymerization of acrylamide, acrylic acid, and
their copolymers, in various feed ratios, was car-
ried out by the free radical solution polymeriza-
tion technique'® as described below.

Polyacrylamide was synthesized as follows:

|

1

20% (w/v) solution of acrylamide in water,’ in
presence of 10 mL H,0; (3% w/v) was taken in a
three-necked flask, under nitrogen atmosphere.
The reaction mixture was sirred at 82°C for a
period of one-half hour. The three-necked flask
was equipped with a water condenser and was
placed in a thermostat maintained at the desired
temperature. The reaction mixture after polymer-
ization was poured into an excess of methanol to
precipitate out the PAA. The PAA obtained \n'ilas
repeatedly washed with methanol and finally
dried in vacuo before characterization. |
Synthesis of PAAc was carried in nonaqueous
medium: 40 g of acrylic acid in 160 g of n-butanol
was taken in a three-necked flask. The reaction
set up was similar to that used for synthesis of
PAA. Benzoyl peroxide (0.4 g) was used as the
initiator. The reaction mixture was stirred fo';‘ a
period of 5 h under a nitrogen atmosphere at 80°C.
PAAc was obtained by pouring the reaction mix-
ture into the nonsolvent, nonane, It was dried:in
vacuo before characterization. .
Copolymerization of acrylic acid and acryl-
amide was carried out with different feed ratios
of the two monomers." The ratios chosen for
study were 50 : 50, 65 : 35, and 85 : 15 (w/w)
acrylamide and acrylic acid, respectively. The rec-
ipe for the synthesis of copolymer 85 : 15 (w/w)
of acrylamide and acrylic acid (AA-AAc) was 'as
follows: 17 g acrylamide, 3 g acrylic acid, and 0.14
g K,S,0, were taken in 180 mL of H,0. The reac-
tion was carried out under nitrogen atmosphere
at 68°C for a period of 2.5 h. The reaction set-
up remained the same as described in the earlier
paragraph. The polymeric product was obtained
by reprecipitation in methanol. The reprecipi-
tated product was further purified by removal 'of
the respective homopolymers. The homopolymer
PAAc was soluble in dioxane. The product ob-
tained on reprecipitation was treated with diox-
ane to remove PAAc. The product hence obtained
was dissolved in a methanol-water mixture (5d :
50 v/v). The homopolymer PAA remained insolu-
ble and was filtered out. The copolymer, which
was soluble in the water-methanol mixture, was
poured into an excess of pure methanol to repre-
cipitate the copolymer, which was thoroughly
washed with methanol and finally dried in vacué.
The reaction conditions were exactly the same
for copolymers having acrylamide and acrylic acid
in feed ratios 50 : 50 (w/w) and 65 : 35 (w/w).
The reaction mixture was heated at 68°C for a
period of 2.5 h under a nitrogen atmosphere. The
polymeric product obtained was also purified to
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Figure 1 IR spectrum of PAAc.

remove the respective homopolymers. The purifi-
cation procedure was exactly the same as used for
the previous copolymer.

RESULTS AND DISCUSSION

The IR spectrum of PAAc is shown in Figure 1.
The broad absorption band due to the O—H bond
present in the —COOH group was observed in
the range of 3300-3500 cm™.® The C=0 bond
of carboxylic acid was observed at 1720 cm ™. Two
bands arising from C—Q stretching and O—H
bending appear in the spectrum. These are
~ 1320-1210 em™! and 1440-1395 em™!, respec-
tively. Both of these bands invelve some interac-
tion between C—O stretching and in-plane
C~—~0—H bending.’® The IR spectra of AA-AAc
copolymers show absorption bands typical of the
constituent monomeric units and their relative in-
tensity, depending on composition. The IR spec-
trum of AA-AAc copolymer (65 : 35) is shown in
Figure 2. The C=0 bond of the carbonamide
group absorbs at 1650 em™* . The C—N stretching
bond of primary amide was observed near 1400
em™!. PAA showed characteristic absorptions
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Figure2 IR spectrum of copolymer AA-AAc(65:35).
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Figure 3 C-NMR spectrum of PAA.

which agreed very well with those reported in the
literature. '™

Further evidence for the two comonomers in-
corporated was given by *C-NMR spectra of the
copolymers. The C-NMR spectra of PAA and co-
polymer AA-AAc (65 : 35) are given in Figures 3
and 4. The chemical shift values of PAA (Fig. 3)
are in agreement with those reported earlier.’®%
The methine carbon (— CHCONH,) of the back-
bone resonates at 44.744 ppm and the backbone
methylene carbon resonates between 36.768-—
38.971 ppm. The carbonyl carbon appeared as a
sharp singlet at 182.365 ppm. In the case of AA-
AAc copolymers (Fig. 4), an extra peak due to
methine carbon (— CHCOOH) was observed at 6
= 63.97 ppm.”?*** The intensity of this peak in-
creased with the increase in the amount of AAc
incorporated. The carbonyl carbon of the —COOH
group absorbs at § = 178.399-179.345 ppm. The
intensity of this peak also increased with the in-
crease in AAc content. The absorptions of the
backbone —CH,; from both the monomers could
not be distinguished from *C-NMR spectra. The
proton spectra of homopolymers and copolymers
{not shown ) supported the *C-NMR spectra. The
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Figure 4 “C-NMR spectrum of copolymer AA-AAc
(65 :35)
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Table I Composition of Acrylamide and Acrylic Acid in Feed and in

Copolymers
Mole Fraction Elemental Mole Fraction of
of AA in Feed Analysis AA in Copolymer
Sample (M N (%) (dy)
AA-AAc
(50 : 50} 0.504 8.66 0.44
AA-AAc
(65 : 35) 0.653 10.16 0.52
AA-AAc
(85:15) 0.852 14.86 0.76

methylene protons of PAA appeared as a broad
peak at § = 1,6—1.8 ppm.? The methine protons
resonate at § = 2.28 ppm. On incorporation of
AAc, the extra peak at § = 2.84 ppm was due to
the backbone methine proton (— CHCOOH).

The feed ratios of various monomer mixtures,
as well as the composition of the resulting copoly-
mers obtained by elemental analysis, are summa-
rized in Table I. The reactivity ratios of AA and
AAc were estimated by the g}zgphical method ac-
cording to the Kelen—Tudos equation.”

r]:rlf._M (1)

o

where r, and r, are the reactivity ratios relating to
monomer 1{acrylamide), and monomer 2 (acrylic
acid), respectively. n, £, and o are mathematical
functions of G and F as defined in Table II. On
plotting n versus &, a linear plot was obtained.
The intercepts at £ = 0 and £ = 1 gave —r;/a and
ry, respectively. The values obtained for r; and r;
are 0.427 and 0.945, respectively.

The reactivity ratios r; and r, were also deter-

Table II Kelen-Tudos Parameters

mined by the Fineman—Ross method.* The fol-
lowing equation was used:

X(Y - DY =r(X2Y) ~ry (2)

where X = M;/M, and Y = ¢,/¢p; (see Table I). On
plotting X (Y — 1)/Y against X*/Y, a straight line
was obtained whose slope was r; and the intercept
yielded r,. The values cbtained for r; and r; by this
method are 0.463 and 1.092 respectively. Several val-
ues of r; and ry, depending on temperature and reac-
tion conditions, are reported in the literature®? for
the same two monomers, As seen above, both the
methods give similar values for r; and rq.

The statistical distribution of monomer se-
quences, M; — M, M, — M,, and M, — M, was
calculated using the following relations®'®:

X = ¢y~ 2¢:(1 — )/ (1 + [(2¢, — 1)?

+ 4rirapi(1 - $1Y% (3)
Y= (1-¢1) - 2611 — ¢/ {1+ [(2¢; — 1)*

+ 4rirgdy(1 - 61V (4)

M ¢ Xy -1 X F G
Sample X=22 =& G ===l F== = = el
M2 (i)g Y 6 a+ F n (CI + F)
AA-AAc
(60 : 50) 1.01 0.80 -0.26 1.28 0.26 -0.05
AA-AAc
(65 : 35) 1.88 1.08 0.14 3.29 0.47 0.019
AA-AAc
(85: 15 B.75 3.10 3.90 10.64 0.74 0.27

a =\F,, F,, = 3.71, M, is the mole fraction of acrylic acid in feed, ¢, and ¢, are the mole fractions of acrylamide and acryhic

acid 1n the copolymer.,
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Table III Structural Data for the Copolymers of AA and AAc

Alternation”
Composition® “Blockiness™ {Mole
{Mole fraction) (Mole fraction) fraction) Mean Scquence Length
AA AAc AA-AA AAc-AAc AA-AAc LLY
Sample (d) (d) (X") (Y"H (Z") uAA uAAc phAc
AA-AAc ,
(50 : 50) - 0.44 0.56 0.14 0.260 0.600 1.3 22 0.6
AA-AAc )
(65 : 35) 0.52 0.48 0.215 0.175 0.610 1.5 19 0.8
AA-AAc
(85 : 15) 0.24 0.552 0.032 0.417 2.4 1.3 1.8

L 0.76

* From elemental analysis.
® Statistically calculated using reactivity ratios (ref. 12).
° Using Kelen-Tudos reactivity ratio

Z = 4,1 — $)/L + [(2¢; ~ 1)
‘ + drirdi (1 — $)1Y2) (5)

where r; and ry are the reactivity ratios of AA
and AAc, respectively. ¢; is the mole fraction of
acrylamide in the cepolymer, obtained from ele-
mental analysis. The mole fractionsof 1 — 1,2 —
2, and 1 — 2 sequences are designated by X*, Y’,
and Z’, respectively. Mean sequence lengths pas
and paa, were calculated utilizing the relations:

(6)
(7)

Haa = 1 + rild V.l
dane = 1+ ralea )/ 41

The intermonomer linkages and mean sequence
length distributions for the AA-AAc copolymers
are listed in Table III. For the series of AA-AAc
copolymers, pas varied from 1.3 at 0.44/0.56 mole
ratio of AA/AAc in the copolymer to 2.4 with a
0.76/0.24 mole ratio. The calculated mole fraction
of AA-AAc linkages in each copolymer was rela-
tively high, indicating an alternating tendency.
TGA of PAA, PAAc, and copolymer AA-AAc
(50 : 50) systems are given in Figure 5. The ther-
mogram of the copolymer falls in between those
of the corresponding homopolymers, implying a
somewhat intermediate thermal stability. Two
stage decomposition was observed in all cases, ex-
cept for PAA. The first-stage decomposition of
PAAc started at ~ 240°C. This is due to the forma-
tion of anhydride linkages. Similar values were
reported earlier for PAAc.”” Heating above 300
350°C results in rapid decomposition to monomer,
carbon dioxide, and volatile hydrocarbons. TGA of

PAA was three-staged, as observed before.”® First,
the loss of water, which is nonstoichiometric, oc-
curred. This is followed by subsequent loss of am-
monia and other gaseous products from the poly-
acrylonitrile structure formed during decomposi-
tion of polyacrylamide, and partly from the re-
maining polyacrylamide in the course of heating
up to 600°C.*

The Ozawa method,*® a dynamic analysis tech-
nigue, was also used for the determination of acti-
vation energy. Thermograms were recorded at

various heating rates of 10, 15, and 20 K min %,

100

wn
g

Weight loss, 7e

300 1000

Temperature, (e

Figure 5 TG curves of (1) PAA, (2) copolymer AA-
AAc (50 : 50), and (3) PAAc at heating rate of 10 K
min ' in air.
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Figure 6 Plot of log 8 vs. 1/T for PAA. Values of (1
— a) are {(a) 0.50; (b) 0.55; (¢) 0.60; (d) 0.65, and (e)
0.70. B 13 the heating rate (K min™1).

in air. The fraction of decomposition, «, was ob-
tained by the following equation:

a = (W, - WYW, - W) (8
where W, is the initial weight of polymer, W, is
the weight of the polymer at temperature ¢, and
W, is the final weight. (1 — &) values were found
for each heating rate from the TG curves; (1 — )
values obtained were plotted against 1/7. Ac-
cording to Ozawa’s methed,*® the plot of log 4
(where § is the heating rate) against the recipro-
cal of absolute temperature, for different values
of (1 - a) is linear. The activation energy of de-
composition was obtained from the siope of the
above linear plot,*® using the equation

Slope = ~0.4567(E/R) (9)
The plot of log 8 versus 1/T, for PAA, at different
values of (1 — ) each differing by 0.05, is shown
in Fig. 6. The activation energy values at different
(1 — &) are given in Table IV. The activation ener-
gies of decomposition varied with {1 — a) and
were not exactly constant. The activation energy
of decomposition for PAA in a nitrogen atmo-
sphere was 157.5 * 1.71.% This indicates higher

stability of PAA in a nitrogen atmosphere, as ex-
pected.

The activation energy associated with each stage
of decomposition was also evaluated by the well-!
known Broido’s method.?'~ The equation used for
the calculation of activation energy (E) was:

In In(1/Y) = (~E/R)(1/T) + constant (10)|

where

= (Wl - Wa)/(WO - Wu)

that is, Y is the fraction of the number of initial

molecules not yet decomposed, W, is the weight

at any time ¢, W, is the weight at infinite time :

{= zero), and W, is the initial weight. A plot of
InIn(1/Y Y versus 1/7'{eq. (10)] gives an excellent
approximation to a straight line over a range of
0.999 > Y > 0.001. The slope is related to the
activation energy. Representative plots are shown
in Figure 7. The values for activation energy of
decomposition are listed in Table V.

(11),

DSC curves for PAAc, PAA, and copolymer AA- -
AAc (85 : 15) are shown in Figures 8-10. Values :
of glass transition temperature (T,) reported for |

PAAc in the literature are 106°C,% 130°C,% and
180°C.% The T, of PAAc increases with increasing
anhydride concentration, which occurs primarily

by intramolecular reactions. Decarboxylation also

occurs simultaneously with water elimination,
but at a much slower rate.¥” DSC of PAAc (Fig.
8) shows a T, at 116°C and the enthalpy change
associated with it was 60.5 J g'. Melting temper-

Table IV The Activation Energies of
Decomposition of Various Homopolymers
and Copolymers

Polymer Activation Energy, £ (kJ mol™!)
Sample 1-oar
PAA 30.4 28.0 28.1 24.9
(0.50) (0.55) 0.60) (0.65)
AA-AAc
(85 : 15) 83.9 85.1 82.1 83.0
(0.35) (0.45) (0.50) (0.55)
AA-AAc
(65 : 35) 84.5 81.8 - 84.5 78.4
(0.30) (0.35) (0.40) (0.45)
PAAc 57.8 54.8 47.7 457
(0.40) (0.45) {0.50) (0.55)

{Qzawa method, see text),
*Values of (1 ~ o) are given mn parentheses.
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Figure 7 Plot of In In(1/Y) vs. 1/T for (@) PAA, (A)
AA-AAc (85 : 15), and (M) PAAc.

ature, T, of PAAc was 236°C and the enthalpy
change associated with it was 486 J g~*.%8 The
fusion temperature and the energy change associ-
ated with the respective phase transitions are also
listed in Table V. T, of PAA (Fig. 9) was observed
at 84.8°C and the onset of softening temperature
occurred at ~ 190°C. Reported values were 153°C
and 210°C, respectively.®® AA-AAc copolymers
showed an enhancement in T, (Fig. 10) due to
specific interactions between acrylamide and
acrylic acid moieties.

Heat flow, Jg”

100 200 300
Temperature, °C

Figure 8 DSC curve of PAAc.
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Heat flow, Jg'

100 200 300

Tempero!ure,‘c

Figure 8 DSC curve of PAA.

The viscosity of solutions of PAA and eopoly-
mers AA-AAc (85 : 15), AA-AAc (65 : 35}, and
AA-AAc (50 : 50) was studied at different temper-
atures of 35, 40, and 45°C. The study was done in
aqueous medium and in the presence of various
concentrations of different electrolytes. Intrinsic
viscosity was calculated using the following equa-
tions (Huggins & Kraemer):

n/C = (7] + K'[n]*C (12)
In ,/C = [n] - K"[n]*C (13)

where K’ and K” are constants for a given poly-
mer/solvent/temperature system. For many lin-
ear flexible polymer systems, X' often indicates
the measure of the solvent power; the poorer the
solvent, the higher the value of K'. The K’ —~ K"
values were found to be ~ 0.5, as expected.**~*
Intrinsic viscosities of various systems at differ-
ent temperature and some representative values
of K’ — K" are given in Table VI. Some representa-

Heat flow, Jg~!

100 200 300
Temperature,'C

Figure 10 DSC curve of AA-AAc (85 : 15).
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Table V Activation Energy of Decomposition, Fusion Temperature, and Enthalpy Change Values

for Different Systems

Activation Energy (E) (kJ mol™ ')

Phase Transition

Polymer Temperature Enthalpy (?hange ;

Systems First Stage Second Stage Gy Jg™h !

PAA 25.8 22.9 84.8 461.8 !

PAAc 8.9 2.9 a) 116.1 a) 60.5 !

b) 236.1 b) 486.1

AA-AAc |

(85 : 15) 19.1 34.8 a) 178.4 a) 26.8 ,

b) 228.8 b) 218.1 :

AA-AAc : i

(65 : 35) 17.7 *36.1 a) 173.6 a) 12 j

b) 226.1 b} 108.5-

AA-AAc . !
(50 : 50) 20.3 20.7 a) 168.7 a) L7

b) 228.4

b) 67.6 ;

* Calculated using Broidés method at a heating rate of 10 K mun }an ar

tive plots are shown in Fig. 11. The variation of
[n] with temperature depended on the salt con-
centration. [ ] of PAA in H;0 and in presence of
lower concentrations of electrolytes [ NaNO, and
AI(NO;);] showed a decrease with increase in
temperature. Other systems showed an increase
in [n] with increase in temperature. The decrease
in [n] with increasing temperature indicates a de-
crease in hydrodynamic volume of polymer mole-
cules. This is due to conformational and solvent
association changes with increasing tempera-
ture.*®-%® Increase in temperature of a polymer

solution generates two antagonistic effects. 34
First, increase in temperature generally leads to -
an increase in solvent power, i.e., sclubility of the

polymer in a solvent increases. This results in
uncoiling of the polymer chains, leading to in-

crease in [7] with temperature. Second, increase

in temperature may lower the rotational barrier, .

thereby enhancing the degree of rotation about
a skeletal bond, forcing the molecular chains to

assume a more compact coiled configuration. This .

leads to a decrease in [ ] with increase in temper-
ature. The decrease in [n] with increase in tem-

Table VI Intrinsic Viscosities of Various Polymer Systems at Different Temperatures

in Aqueous Solutions

Intrinsic Viscosity |5 (dl g™')

K'-K"
Polymer Systems/Solvent 35°C 40°C 45°C 40°C) .

PAA/H,0 2.98 2.91 2.62 0.51
PAA/0.05M NaNQ, 3.85 3.68 3.40 0.51
PAA/0.3M NaNO;, 3.87 3.67 3.58 0.50
PAA/0.5M NaNOQ, 3.75 3.91 3.94 0.50
PAA/.IM AINO,); 4.00 3.74 3.56 0.49
PAA/0.3 M AUNO,); - 3.97 4.04 4.53 0.50
PAA/0.BM AKNO,); 4.10 4.19 4.23 0.50
AA-AAc (65 : 35)/0.05M NaNOQ; 1.52 1.62 1.74 0.49
AA-AAc (65 ;: 35)/0.1M NaNOQ; 1.52 1.54 1.66 0.52
AA-AAc (65 : 35)/0.5M NaNQ, 1.62 1.53 1.58 0.48
AA-AAc (85 : 15)/0.3M NaNO, 2.60 2.77 3.07 0.50
AA-AAc (85 : 15)/0.5M NaNQ, 2.36 2,73 2.92 0.50




B

Tse/c or MPe/C
N

1 2,

008 ole

-
Concentration 4, g dl

Figure 11 Typical plot of (1) 74,/C and (2) In 7,/C
versus concentration for AA-AAc (85 : 15) at (@) 35°C,
(A) 40°C, and (M) 45°C in 0.5M aqueous NaNO;.

perature for various acrylamide-based copolymers
was observed earlier.’ On the other hand, poly-
electrolytes like PAAc show an increase in [7n]
with increasing temperature.*®

The effect of different concentrations of NalNOg
on the viscosity behavior of PAA is different from
that on the viscosity behavior of AA-AAc copoly-
mers. [77] of PAA shows a maximum when plotted

I
02 0.4
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138
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LY ',1 —
5 43,2
8 6
-1
1R

Figure 12 Plot of (@) 1 ' vs |7l for AA-AAc (65 .
35)/NaNO, at 40°C, and (A) I against | ] for PAA/
NaNQ, at 35°C.
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Figure 13 Plotof (1) 7.,/C and (2} In n./C vs. concen-
tration for (@) AA-AAc (50 : 50)/0.5M NaNO, at 45°C,
and (A} AA-AAc (50 : 50)/H,0 at 35°C

against the ionic strength of NaNQO; (Fig. 12).
This behavior for acrylamide-based copolymers
was observed earlier.?

{71 of AA-AAc copolymer (65 : 35) varied lin-
early with reciprocal square root of ionic strength,
i.e., I"V? (Fig. 12). This behavior was observed
for polyelectrolytes by a number of workers.!?+7-4?

i

03 04
/o

Figure 14 Plot of (n,,/C) 'vs (C)"* for (@) AA-AAc
(50 . 50)/H.0 at 35°C and ( A) AA-AAc (50 . 50Y/0 5M
NaNO, at 40°C.
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Table VII Voluminosity of Various Polymers at Different Temperatures

Voluminosity (Vg)

Polymer Systems/Solvent 35°C 40°C 45°C
PAA/H0 1.16 1.17 1.04
PAA/0.05M NaNO, 1.48 145 1.34
PAA/0.3M NaNQ; 1.49 1.44 1.41
PAA/0.5M NaNO; 1.46 148 1.53
PAA/0.1M AINO3); 1.50 1.45 1.40
PAA/0.3M AXNO;); 151 1.54 1.55
PAA/0.5M AUNO;3)s 1.59 1.60 1.64
AA-AAc (65 : 35)/0.05M NaNQ, 0.57 0.61 0.64
AA-AAc (65 : 35)/0.1M NaNO; 0.59 0.60 0.65
AA-AAc (65 : 35)/0.5M NaNO, 0.58 0.59 0.63
AA-AAc (85 : 15Y/0.3M NaNOQ; 1.01 | 1.06 1.14
AA-AAc (85 : 15/0.5M NaNO; 0.90 1.09 1.12

This indicates that copolymers, having acrylic
acid as a comonomer, act as polyelectrolytes in
aqueous media. There is an electrical double layer
at the solid-liquid interface (i.e., at the polyion-
solvent interface). The double layer thickness at
the polyion—solvent interface decreases with the ad-
dition of electrolyte. Hence, there is less overlapping
of the double layers and consequently less viscosity
with increase in the concéntration of the salt.

The viscosities of AA-AAc (50 : 50), AA-AAc
(65:35),and AA-AAc(85: 15)in water, like other
polyelectrolytes, showed a unique dependence on
concentration. n,,/C for the above-mentioned co-
polymers in water increases with dilution, con-
trary to the behavior of nonionic polymers. Repre-
sentative plots are shown in Figure 13, As the
solution is diluted, the polymer molecules no

longer fill all of the space and intervening regions
extract some of the mobile ions. Net charges de-
velop in the domains of the polymer molecules,
causing them to expand. As this process continues
with further dilution, the expansive force in-
creases, At high dilutions polymer molecules lose
most of their mobile ions and are extended virtu-
ally to their maximum length.® This leads to high
values of 7,,/C. Such data can be satisfactorily
handled through the use of the empirical relation

n/C = A/(1 + BC'?) (14)

where A and B are constants. Straight lines were
obtained on plotting (n,,/C)™"! against C*'? (Fig.
14).% Addition of electrolyte suppresses the loss

Table VIII Shape Factor » at Various Temperatures

Polymer Systems/Solvent

Shape Factor v

40°C 45°C
PAA/H,0 2.6 2.5 2.5
PAA/0.05M NaNO, 2.6 2.6 2.5
PAA/0.3M NaNO, 2.6 2.6 2.5
PAA/0.5M NaNO, 2.6 2.8 2.5
PAA/0.1M AKNO;), 2.6 2.5 2.5
PAA/0.3M ANNO,), 2.6 25 2.5
PAA/0.5M AIINO,), 2.6 2.6 2.6
AA-AAc (85 : 35)/0.05M NaNO; 2.6 2.6 2.6
AA-AAc (65 : 35)/0.1M NaNOQ, 2.5 2.6 2.5
AA-AAc (65 : 35)/0.5M NaNQ, 2.6 2.6 25
AA-AAc (85 : 15)/0.3M NaNQ, 2.6 2.6 2.6
AA-AAc (85 : 15)/0.5M NaNOQ; 2.5 2.5 2.6
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Table IX Viscosity Activation Parameters at Infinite Dilution

AG&?B
AHE, ASE, (kd mol™)

Polymer Systems/Solvent (kd mol™ 1) (JK~! mol™?) 303 K
PAA/H,0 15.9 38 4.5
PAA/0.05M NaNOQO, 12.0 25 44
PAA/0.3M NaNO, 16.8 40 45
PAA/0.5M NaNO, 153 35 4.5
PAA/O.1M AINO;), - 22.5 58 5.0
PAA/0.3M AI(NQO;), 14.7 31 5.3
PAAMO.SM AKNO,), 14.8 35 4.3
AA-AAc (65 : 35)/0.05M NaNQO, 11.2 22 4.5
AA-AAc (65 : 35)/0.1M NaNOQ, 21.4 55 4.7
AA-AAc (65 : 35)/0.5M NaNQ, 8.8 15 4.3
AA-AAc (85 : 15)0.3M NaNOQO, 16.2 39 44
AA-AAc (85 : 15)/0.5M NaNO, 15.3 ’ 36 44

of mobile ions, hence the rise in 5,,/C at low con-
centrations was eliminated and the conformity
with Huggins’ equation was restored.

The relative viscosity data at different concen-
trations were used for the calculation of volumi-
nosity (Vg) of polymer solutions at a given temper-
ature.**"*? V, was obtained by plotting Y against
concentration C (g ml™") where

Y = (925 - 1)/C(1.357%5 — 0.1)  (15)

The straight line then obtained was extrapolated
to C = 0 and the intercept yielded V. The values
are listed in Table VII. The shape factor v was
calculated from the equation

[77]=V‘VE (16)

The shape factor gives an idea about the shape
of macromolecules in solution.>* Values of shape
factor obtained for various systems are cited in
Table VIII. All values were ~ 2.5, suggesting
spherical conformations for the macromolecules
in solution * both in presence and absence of elec-
trolytes. Moreover, v values were found to be inde-
pendent of temperature (varying between 2.5 and
2.6), indicating that the minor axis varies by ~ 1%.

Various activation parameters of the viscous
flow were evaluated using the Frenkel-Eyring
equation®?

n = Nh/V exp AGLJ/RT (17

where V is the molar volume of the solvent, N is
the Avogadro number, & is the Planck’s constant,

R is the gas constant, T is the temperature, and
AGi, is the free energy of activation for the vis-
cous flow. Equation (17) can be rewritten as

In(nVINh) = AGE/RT
= AH}/RT — AS% /R (18)

where AHE,, and AS?, are the enthalpy and en-
tropy of activation for the viscous flow.**~**In(nV/
Nh), when plotted against 7', yields a linear
graph, with slope and intercept giving AH?,, and
ASi,, respectively. On plotting AHE, and ASY,
values against concentration of polymer and ex-
trapolating to C = 0, AH¥, and AS#¥ values were
obtained, respectively. AG¥, values were then
computed by the well-known thermodynamic re-
lation:

AGY, = AHY — TASY, (19)

All activation parameters obtained at infinite dilu-
tion are given in Table 9. Positive values for AGE,,
AHPE and AS¥, were obtained for all systems.
AGE remained almost constant for all systems stud-
ied. The AH®™ and AS¥, values vary with electrolyte
and also with electrolyte concentration, but no regu-
larity in the variations were noted.

Interestingly, on plotting AH¥, vs. AS for all
systems, a linear plot was obtained. The slope of
the plot yielded a temperature of 312 K. Thus, at
the temperature of 312 K, free energy of activation
for the viscous flow becomes independent of the
entropic forces and is solely governed by the en-
thalpic forces.
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Polymer-surfactant interaction studies by surface tension, conductance, and viscosity measurements at various
temperatures have been carried out between the nonionic polymer polyacrylamide ((PAA) and cationic surfactant cetyl
trimethylammonium bromide (CTAB). The critical aggregation concentration (CAC) and polymer saturation point
{PSP) have been computed and are found to decrease with increase in temperature. The effect of the increase in polymer
concentration on CAC & PSP has been determuned. The degree of ionization ‘o, of the polymer-surfactant complex
1s computed which is found to increase with increase in temperaturc. The thermodynamic quantities associated with

the PSP are computed

Polymer-surfactant (PS) interaction, which is akin to
protein- surfactant interaction, has attracted much
attention owing to their industrial applications e.g. in
paints,, coatings,, cosmetics, tertiary oil recovery ete.
as well as in biological systems!2. The PS interac-
tion has been studied by various methods®>. All
these studies indicate that polymers interact with
surfactants by inducing micellization of surfactants
on the polymer chain and after polymer gets saturated
with the micelles, the excess surfactants form free
micelles®. These polymer bound micelles have
higher solubilizing power as well as viscosity in
comparison to individual polymer or micelle'.

In general it has been observed that the neutral
polymers interact with anionic surfactants and show
little or no tendency to interact with-cationic or
nonionic surfactants’. However, neutral polymers
with some hydrophobicity and surface activity show
significant interaction with cationic surfactants®”,

In this paper we present the resuits of a system
containing polyacrylamide, a widely used neutral
polymer and cationic surfactant cetyl trimethylam-
monium bromide (CTAB). The surface as well as
thermodynamic properties associated with the sys-
tern have been computed. The viscosity of the sys-
tem was also determined.

Materials and Methods

Polyacrylamide was prepared by free-radical po-
lymerization technique using hydrogen peroxide as
an initiator. characterization of polymer was done by
IR, NMR, TGA, elemental analysis and other meth-

ods'?. The viscosity average molecular wt. was 6.76
x 10°. Cetyl trimethylammonium bromide (CTAB)
[Trizma Chemicals, India] was recrystallised from
acetone - methanol (75 : 25) (v/v) mixture and dried
before use. No minimum was observed in the surface
tension-concentration profile of CTAB solution and
the critical micelle concentration of CTAB was 0.93
mM at 30°C (lit. value'! 0.90 mM). Triply distilled
water was used. Critical micelle concentration was
obtained by surface tension (y) measurement using a
du Noily tensiometer (S C Dey & Co., Calcutta).
Measurements were made at 30, 35,40 and 45°¢c. The
temperature was maintained constant by circulating
thermostated water through a jacketed vessel con-
taining the solution. Concentration of the solution
was varied by adding aliquots of concentrated stock
solution to the known volume of the solution in the
Jjacketed vessel with the help of a microsyringe.

The two break points of ¥ versus log C plots (C is
the concentration (M) of surfactant solution) are criti-
cal aggregation concentration (CAC) and polymer
saturation point (PSP). Conductance measurements
at various temperatures were carried out by Mullard
conductivity bridge having a dip type cell with a cell
constant of 0.6645 cm™*. Plots of conductance versus
concentration of surfactant give break points which
were CAC and PSP. Viscosity measurements at 30,
35, 40 & 45°C were carried out using a 4 armed
Ubbelohde viscometer.
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Results and Discussion

The conductance versus surfactant concentration
plots (Fig.1) exhibit three linear regions, below the
CAC, between the CAC and PSP, where micelle like
aggregates develop and above the PSP where co-ex-
istence of dynamic equilibrium of surfactant satu-
rated polymer and regular micelles® occur. The CAC
decreases with rise in temperature (0.83 mA{ at 30°C
to 0.40 at 45°C) but not much variation is observed
with change in polymer concentration. Itis generally
accepted that the polymer-surfactant binding starts at
CAC?. This binding is similar to micellization but
occurs at a relatively lower concentration of surfac-
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Fig.1 — Plot of specific conductance K vs. concentration at
30°C of CTAB solution in absence and presence of
PAA.
3k CTAB:; @ with 0.001% PAA; ®
with 0.003% PAA
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Fig.2 — Plot of surface tension (y) vs. log concentration (log
C) for @ pure CTARB at 30°C,
A 0.00001% PAA 35°C, © 0 003% PAA at 45°C

tant. With the increase in surfactant concentration, a
second transition known as CMC of the polymer-
surfactant complex or the polymer-saturation point
(PSP) is- obtained!2. Table 1 gives PSP values for
PAA-CTAB by both surface-tension and conduc-
tance measurements. Both methods give similar val-
ues. It is seen that as temperature incredses, the PSP
valug decreases indicating the saturation of the poly-
mer at lower concentration. this is because the
micelles are present as a necklace® in the polymer
chain where the neutral polymer molecule decreases
the ion-ion repulsion. Increase in temperature does
not have such effect on this necklace but the aggre-
gation number of the surfactant decreases and hence
PSP decreases. It is known that the CMC increases
with increase in polymer concentration'? in solution.
This is because as polymer concentration increases,
more binding sites are available, hence more surfac-
tant is needed for micellization. That is PSP in-

Table ! - Polymer saturation point (PSP) values by surface- tension and conductance measurements

Polymer concentra- PSP from Surface Tension (mM) PSP from Conductance (mM)
tion % (w/v)

30°C 35°C 40°C 45°C .30°C 35°C 40°C 45°C
0.00001 0.82 0.67 0.40m 034 0.82 0.65 0.44 0.34
0.0001 1.78 1.24 1.10 0.98 1.70 1.43 1.19 1.10
0.001 1.92 139 1.10 0.66 1.94 147 1.09 0.67
0.002 240 i91 1.46 1.07 2.40 1.90 1.46 1.14
0.003 240 218 1.49 1.05 242 2.18 1.49 1.05
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creases with increase in polymer concentration. In
Fig.2, representative surface tension y - log C plots
are shown.

The degree of ionization, ‘a’ of an ionic micelle
depends on the method of determination'?, It is com-
puted from the ratio of slopes'> of the conductance -
concentration plot below and above the PSP. Zana et
al 'S obtained o’ to be 65% and 85% for PEO-SDS
and PVP-SDS complexes respectively which are
comparable with our values of 60-80%. With these
‘a’ values, the free energy of micellization (AG®m Jat
PSP was calculated using the relation!®,

AG®n=(2 - o) RT In Cpsp

where Cpsp is in the mole fraction scale. The calcu-
lated values at 35°C are given in Table 2. The pa-
rameter AG°n at other temperatures was also
computed and found to become more negative with
increase in temperature. A linear AG°y - T plot
{corr. coeff. 0.989-0.999) was used to compute AS°m
and AHy, (Table 2). The A°y, values fall around 100

INDIAN J CHEM, SEC. A, MARCH 1998

Jmol/K for all systems and AH°r values are negative
indicating exothermic interaction. However, at
0.003% polymer concentration, the interaction seems
to be endothermic and repeated experiments repro-
duced the value. On plotting enthalpy vs entropy
changes at various polymer concentrations a linear
correlation was obtained (Fig.3). At around AS®m
values of 120 Jmol 'K ! the AH®r, becomes zero. In
this condition AG°m = - TAS®m. This indicates that
the polymer surfactant interaction in this condition
depends only upon the entropy change. Such en-
thalpy-entropy compensation effect was observed
earlier in many physico-chemical processes”*w.
The slope of the straight line was 312 K (in water, the
suggested value is 270-294 K'%). At 312 K, the
micellization process is totally independent of struc-
tural changes in the system and depends on ethalpic
forces!”"%.

From the surface-tension data, surface excess
concentration ([') at the liquid-air interface was cal-
culated using the Gibbs adsorption equation

I'=- (1/2.303 n RT) (dy/d log C)

where n is the number of particles per molecule of
the surfactant whose concentration varies with sur-
factant bulk phase concentration®’, In case of CTAB,
n is 2, R is the gas constant (8.314 J) and T is the
absolute temperature (dy/d log C) was computed at
log C'=- 3.5 where C is in molar scale. I increases
with rise in temperature. However, change in I is
irregular with change in polymer concentration. The
increase in surface excess values with increase in
temperature (Table 2) may be due to polymer induced
partial shifting of interacting surfactant molecules
from the bulk to the surface. Minimum area per
molecule Anin was also calculated from surface-ten-
sion data, using the relationship,

Amin= (10"/N.T)nm?

Table 2 - Standard free energy, entropy and enthalpy of formation of SPS and surface excess concentration (I') n polyacry-

lamide-CTAB solutions
Polymer -AG°n AH g AS®m 10T mol em™
conc % (wiv) (& mol’ ®Wmo)  ®mor' K
(35°C) _
30°C 3s5°C 40°C 45°C
0.00001 372 2.1 114 0.30 0.50 0.80 I
6.0001 359 -1.1 114 0.25 0.57 0.62 0.89
0.001 370 -3.8 108 0.25 0.50 0.56 0.58
0.002 369 -59 101 0.23 0.28 0.31 036
0.003 36.8 34 131 0.43 0.49 057 0.70
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Table 3 -- Intrinsic viscositty [n], voluminosity ve and shape factor (v Yor polyacrylamide
CTAB systems at different temperatures

Surfactant conc Intninsic viscosity [n} (d1/g) Vg .?!5°C v
% (wiv) (dig™) 35°C
30°C 35°C 40°C 45°C
000 - 298 291 262 116 26
001 3.04 319 . 3.09 306 119 27
005 315 333 3.18 3.14 121 27
001 3.30 347 323 320 128 27
30|
LTy g
26F

v z

£ 2 .

£ £

5 36 £

At
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28f 318 3% 336
103%™
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02 0‘4 Fig 5 — Plot of In (nV/Nh), vs T for 001% (CTAB +
Concentration (gal’ ’) PAA) system at different PAA concentrations PAA

Fig.4 — Representative plots of nsp/C and In n/C vs.
concentration of PAA for ©-0.01% CTAB- PAA at
30°C

8-005% CTAB-PAA a1 35°C.

where N is the Avagadro’s number. Values of T are
given in Table 2 and hence Amia can easily be calcu-
lated.

Viscosity of the polymer-surfactant solutions was
also determined. Intrinsic viscosity of the polymer
(Fig.4) was determined in the presence of various
amounts of surfactants. It was observed that the
intrinsic viscosity of the PAA increased as the con-
centration of CTAB increased in solution (Table 3).
The intrinsic viscosity-temperature profile shows a
maximum ~ 35°C for all concentrations of surfac-
tants studied. This indicates that as temperature in-
creases, solvent power increases and solubility of
polymer increases resulting in the uncoiling of the
polymer chains, providing interaction possibility

values are-

© 04%. &03636. B-03076%. @0.25% © 02%

leading to an increase in [n]. But as temperature
further rises, the kinetic energy helps in the lowering
of the rotational barrier and thereby enhancing the
degree of rotation about a skeletal bond allowing the
molecular chains 10 assume a more compact coiled
configuration®!. This leads to decrease in [n] with
increase in temperature.

Various activation parameters for the viscous flow
were evaluated using Frenkel-Eyring equation?'

In (MV/Nh) =AG*/RT =AH*J/RT - AS*aR

where AH*, s and AS%,,s are the enthalpy and entropy
of activation for the viscous flow and V, N, i, R T
and AG*,, are molar volume of the solvent.
Avogadro number, Planck constant, Gas constant,
temperature in K and free energy of activation for the
viscous flow respectively In (nV/NAh) plotied
againstT™! yields a linear plot (Fig.5), with slope and
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Fi1g.6 - Plot of Y vs concentration of PAA (g/dl} for
OPAA -005% CTAB. H-PAA-0.01%CTAB.
3-PAA - 0 1% CTAB where
Y= uca3s -0

intercept giving AH:V;S and AS%s respectively. On
plotting AH*is and AS*,s against polymer concen-
tration and extrapolating to C =0, AH*° s and AS*°yis
values were obtained and hence AG:"\-;S. was com-
puted at any given temperature. The values seem to
be almost independent of surfactant concentration.
These values are 30.9 £ 0.2 at 35°C and 18.5+ 0.9 kJ
mol™! for AG*°y,s and AH*°ys respectively. The value
of AS*; is equal to -39.742.3 J mol” K'!. This
AH* s is somewhat close to 17 kJ mol™ - a charac-
teristic value of spherocolloids?2.

The relative viscosity data at different concentra-
tions were used for the calculations of voluminosity
(VE) of polymer solutions, at a given temperature in
presence of CTAB. Vg was obtained by'%?! plotting
Y against concentration C(g dI"') where

Y =3 -1/C(1.35 0¥ - 0.1)

The straight line thus obtained was extrapolated to
C = @ and intercept yielded Vg (Fig.6). Vg at 35°C
is shown in Table 3. The shape factor'%?! was then
calculated from the equation.

ml=v.Ve

The shape factor gives us an idea about polymer
molecules in solution. Values of shape factor (Table
3) are ~2.7 indicating very minor variation from
spherical conformation of macromolecules in the
presence of the surfactant®. In computing the shape
factor and viscosity it was assumed that the polymer-

surfactant system is nothing but a polymer system
)
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where an additive surfactant is present. That js the
effect of the presence of CTAB on the polymer
structure could be obtained.

Polyacrylamide-CTAB system in aqueous solu-
tion was studied at various temperatures by surface
tension, conductance and viscosity. It was observed
that CTAB interacts with the polyacrylamide. the
interaction is in general mildly exothermic. The sys-
tem shows higher intrinsic viscosity indicating inter-
action. The shape of polyacrylamide molecule in
solution does not seem to change such in the presence
of surfactants The PAA is somewhat surface active
and also does not contain large hydrophilic group.
However, the magnitude of thermodynamic quanti-
ties indicate mild interaction.
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