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ABSTRACT

Acrylamide was polymerized at 40 and 80 °C in presence of 4,4'-azobis-4-
cyanovaleric acid by radical polymerization, to high conversions. The poly-
acrylamides were isolated by precipitation in methanol . After drying, the
limiting viscosity numbers, h), and apparent molecular weights of polyacryl-
amides were determined viscometrically by several empirical equations, in
distilled water and also by GPC . The dependence of limiting viscosity number
on percentage conversion is discussed, and the significance of polymer
branching at 40 and 80 °C is assessed.
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INTRODUCTION

Rising oil prices make secondary and tertiary oil
recovery economically feasible, especially in the next
century. Polyacrylamide plays an important role in
this process by water thickening in both surfactant/
polymer, polymer flooding and also as flocculation
agent in water treatment [1—5] . It was found by
several workers [6, 7] that the viscosity progressively
decreases, after about 35% conversion, which causes
the above mentioned processes to become more
expensive . So, in commercial production, there is
often a need to maximize both the production yield
and higher viscosity.

The objective of the present work was to
investigate the cause of decreasing of the limiting
viscosity number, [t7], with increasing the conversion
of monomer to polymer at 40 and 80 °C.

The results were analyzed by reference to a
previous paper in which a detailed study of transfer to

oligoacrylamide was reported [8].
During the polymerization of any vinyl mono-

mer [9, 10], polymeric radicals or the radicals derived
from initiators can abstract a hydrogen atom from
dead polymer molecules . This produces free radicals
on the polymer backbones which then with the added
monomer will form branches.

In the radical polymerization of acrylamide,
branches can be formed by abstractions of tertiary
hydrogen atoms from the dead polymer molecules,
where R° represents a polymer radical or, less likely, a
primary radical from the initiator (Scheme I).

The degree of branching would be predicted to
be relatively high due to the very high reactivity of
the polyacrylamide radicals . The possibility also
exists that polymer radicals attack the —CONH, group
along dead polymer backbones, again by hydrogen
atom abstraction [I I].

Branched polyacrylamide in the solid state was
prepared [12, 13] . In aqueous solution, also, branched
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CH 2 = CHCONH 2R . + [–CH2--CH--], - -> RH (dead polymer) + [–CH2–CH–] rm –CIi2–C–[–CHi–CH–] r,
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polyacrylamide was prepared by several workers,
with radio-tagged acrylamide [14–17] and with untag-
ged acrylamide [18].

EXPERIMENTAL

Reagents
Acrylamide (Aldrich) was recrystallized twice from
chloroform, dried in a vacuum oven at room temper-
ature for two days and stored in a refrigerator until
required . The purified acrylamide has a melting point
of 84±0 .6 °C . Gel permeation chromatograms in water
were recorded both for a fresh monomer solution and
a solution subsequently kept in the dark at room
temperature for one month . The two chromatograms
were identical indicating that no detectable polymer-
ization takes place under these conditions over a

period of one month.
4,4'-Azobis-4-cyanopentanoic acid (ACV),

from Aldrich, was purified as follows. The ACV was
suspended in distilled water at room temperature, and
solid sodium bicarbonate was added until the solid
ACV was just dissolved . The solution was then
acidified with lM HCl, until slightly acidic causing
precipitation of the ACV . The solid was filtered off
and washed with ice-cold water and dried in vacua at
room temperature . The structure of ACV was con-
firmed by IR and NMR spectroscopy.

An ultra-violet spectrum of the compound,
recorded in water, showed a main absorbance peak at
343 .5 nm, which is typical of azo groups.

Solvents
Methanol of technical grade was supplied by Goharin
Production and Distillation Co .(lran), and it was used

Calibration points:
Ret time (min) Specified MW Calculated MW

13 .59 885x103 787 .158x10'

13 .98 510x10' 606 .072x103

15 .11 340x103 325.319x10

16.80 170x10' 156.834x10'

17.75 95x103 103.852x103

19.26 48x103 45.100x103

1 .30

	

1 .40 1 .50 1 .90

	

1 .70 1 .80 1 .90x 10
(min)

Figure 1. The UV detector 258 retention time and calibration points in GPC.
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for polymer precipitation . The doubled distilled water
with 71as electrical conductivity was used in all
experiiiwnts.

Apparat~satnd Experimental Procedures
Spectroscope studies were carried out by infra-red
spectroscopy of Shimatzu 4300 model, ultra-violet
spectroscopy of Shimatzu 262 FW model, and nuclear
magnetic resonance ( 'H NMR) spectra of reagents and
polymers were recorded by using a Brucker 80 MHz,
and the spectra of polymers were recorded by a 'C
NMR Brucker AC-80 model.

The gel permeation chromatography of poly-
mers were recorded using a Waters 150 C . The
specification of GPC procedure is shown in Figure 1.

The limiting viscosity numbers (LVN), [rl], of
polymers were determined in aqueous solution at
30 °C using an Ubbelohde dilution viscometer with a
high shear rate [19] . The polymer solution preparation
and the details of LVN determination is mentioned
elsewhere [7], the number average and the weight
average molecular weights of precipitated polymers
are calculated from LVN using empirical relations for
polydisperse polyacrylamides [20-23]:

[rl]/I00cm'g' =6 .8x10-'Tots`° (1)
[1]/100 cm' g' = 3 .73x 10" Mw'~ (2)
[q]/100 cm' g' = 6 .31 x 10-' Mw (3)
[TI]/100 cm' g ' = 3 .09x 10' M ," (4)

General Procedures
Pyrex reaction vessels were made of pyrex glass
ampoules, with outside diameter 22 mm (inside
diameter 17 mm)x30 cm high, stems about 20 cm
long, and' with an interkey tap end used for the
polymerization of acrylamide.

Acrylamide and ACV aqueous stock solutions
were made up and stored in the dark in a refrigerator
until required for filling the reaction ampoules.
Deaeration of mixed solution of the monomer and
initiator in reaction ampoules was effected in the
apparatus shown in Figure 2 . It consisted of a nitrogen
line, pyrogallol in NaOH vessel, and an ice jacketed
ampoules.

First, the air in the tubes of the apparatus was

I
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Pyrogallol in NaOH

	

o o
o o°°

Reaction ampoule

	

°

Ice bath

Figure 2. The apparatus for deaeration of monomer and
initiator solutions.

replaced by nitrogen, then, the air of the ampoules
was also replaced by nitrogen . The required volumes
of the monomer and initiator solutions were intro-
duced into a flask using a pipette, and the mixed
solution was transferred into the ampoule by a
syringe with a long needle, and the ampoule was
placed in an ice bath . The nitrogen was bubbled
through the solution for 1 .5 h and after deoxygen-
ization, the ampoules were placed in a thermostat for
the appropriate time. No induction periods were
observed, indicating that the deoxygenizing proce-
dures removed residual oxygen from the reactants.

For the polymer recovery, the polymer was
removed from the reaction ampoules, and the related
aqueous washings were transferred to a flask
containing a trace of hydroquinone and left with
addition of distilled water for several days to obtain a

Table 1 . Summary of experimental conditions at 80 °C.

Sample Reaction time Conversion [t]]
No (min) (%) (100 ant')

80-1 15 41 .0 16 .0
80-2 30 79 .0 13.1
80-3 60 89 .0 12.5

80-4 100 96 .0 11 .2
80-5 150 98 .5 10.6

80-6 200 -100 9.2

80-7 300 -100 8.9

T = 80 °C, (M]. = 0.500 and L' . [ACM, = 2x10' and L"' .
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Table 2 . Summary of experimental conditions at 40 C.

Sample Reaction time Conversion [q]
No (man) (%) (100 cm'g-')

40-1 15 1 .50 11 .2

40-2 30 5.00 13.0
40-3 60 14.00 14.0

40-4 100 20.15 14.1

40-5 150 39.55 17.2

40-6 200 85 .92 12.1
40-7 300 84 .60 11 .6

T = 40 °C, (M1 . = 0.500 mol

	

[ACV] . = 2.10 ' mol 1 .

clean polymer solution . This was then added dropwise
to a large excess of methanol, stirred with a
mechanical stirrer. The precipitation was performed
rapidly, typically lasting only a few minutes, to
reduce degradation by stirring [19].

The precipitated polymer was filtered, washed
with methanol several times to remove the monomer
and ACV completely, and dried to constant weight at
50 °C under vacuum. Conversion of monomer to
polymer was measured by gravimetry.

RESULTS AND DISCUSSION

Tables 1 and 2 show experimental conditions and
corresponding polymer conversion and limiting
viscosity numbers at 40 and 80 °C . Table 3 shows the
M, and 1171, which were calculated by eqns (I–4) and

100
X60
c
0
t^_ 50
c
0

10

0

Figure 3. Percentage conversion vs . reaction time at 80 °C
and 40 °C .

were measured by GPC.
Figure 3 shows plot , of percentage conversion

against reaction time at 40 and 80 °C . In general, as
expected, with the higher temperature, the higher
would be the initial polymerization rates and the

, shorter times to reach high conversions.
Figure 4 shows a plot of limiting viscosity

number, [ri], in distilled water and 1M NaCl solution,
against percentage conversion for several experiments
and including some results from a previous paper by
author [7] and by Hamielec et al. [6].

0

	

20

	

40

	

60

	

80 90 100
Conversion (%)

Figure 4 . [nj vs. Percentage conversion:
(1) [M] , = 0 .563 mol .L ' , [ACV] = 1 .78x10' mol .L ' ; previous

work data, viscosity measurements in 1M NeCI solution
at 25 °C [7] (0).

(2)M. = 0,563 mol .L' , [ACV] = 1 .78x10' mol.L

Hamielec's data viscosity measurements in water [6]
(e ) .

(3) [M], = 3 .5 mol .L [ACV] = 1 .8x10A mol .L ' viscosity
measurement in 1M NaCl solution at 25 °C [7] (o).

(4) [M], = 3 .5 mol .L ' , [ACV] = 2 .5x10 ° moll" ' viscosity
measurement in water at 30 °C, [12] (®).

(5) [M], = 3 .5

	

[ACV] = 2.5x10 ' mol.L" ' in 1M NaCl
solution at 25 °C, [121(e).

(6)Present work at 80 °C (*).
(7)Present work at 40 °C (x).
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Table 3 . Polymer samples LVN and average molecular weights.

Measured value (GPC) Calculated values
Sample

No
[n1

(100cm'g -') Rai 0 4 M~c10 M,x10'

eqn (1)
M„x10'

eqn (2)

M,x10'
eqn (3)

Ka- 10'
eqn (4)

80-1 18 .0 3 .34 4.11 4 .19 10 .43 5.69 10 .86
80-2 13 .1 2 .23 3.34 3 .10 7 .70 4.43 8 .06
80-3 12 .5 2 .35 4 .65 2 .89 7 .17 4.18 7 .52
80-4 11 .2 3 .07 4.14 2 .44 6 .07 3.64 6 .38
80-5 10 .6 2 .00 3.18 2 .25 5 .59 3 .40 5 .87
80-6 9 .20 2 .45 3.53 1 .81 4 .51 2.85 4 .76
80-7 8 .70 3 .89 4.41 1 .67 4 .41 2 .66 4 .37
40-1 11 .2 3 .08 4 .18 2 .44 8 .07 3.64 6 .38
40-2 13 .0 3 .00 4 .20 3 .06 7 .81 4.39 7 .97
40-3 14 .0 3 .51 4.95 3.43 8 .52 4 .82 8 .90
40-4 14 .1 2 .89 3.95 3 .46 8 .61 4 .86 8 .99
40-5 17 .2 4 .13 6.25 4 .68 11 .64 6.23 12 .10
40-6 12 .1 2 .31 4.81 2 .75 6 .83 4 .01 7 .16
40-7 11 .6 2 .95 3.81 2 .58 6 .41 3.80 6 .72

The general shape of all curves in Figure 4 is
the same with a maximum limiting viscosity number,
[r( ] ..,, of about 40% conversion.

The dramatic decrease in [ii] with increasing
conversion after the maximum is presumably due to
the increased branching occurring by transfer to
continuous increasing amounts of polymer. At the
percentage conversion corresponding to [IL in
Figure 4, most of the polymer molecules are only
lightly branched, so the results show that as branching
becomes more important with increasing conversion,
the value of [I] decreases. It has been reported that
the branching reaction produces not only higher mole-
cular weight .polyacrylamides but also an increasing
fraction of low molecular polymers [24].

Branching Calculation
It was attempted to calculate the number of branches
through the ' C and 'H NMR spectra of polymer
solutions in different percentage conversions, as it
was expected, that at 4 °C, the number of branches
increase by the increase in the percentage conversion.

Unfortunately with the available equipment this
was not successful because of the low concentration

of polymer solutions . But, by the smooth out values of
the transfer constant per repeat unit of acrylamide in
oligoacrylamide at different temperatures [8] the
number of branches per polyacrylamide molecule was
calculated by assuming that no change in transfer
constant with increase in molecular weight took place.
Use is made of the following equation [25].

p=-C,[1 f(1/a)In(l --a)]

	

(5)

where:
C, = Transfer constant to polymer per monomeric
repeat unit, 4 .27x10-' at 40 °C and 22 .9x10' at 80 °C.
a = Fractional conversion of monomer.
p = Number of branches per monomeric repeat unit in
the polymer chain.

The calculated values of the number of
branches versus fractional conversion for a polyacryl-
amide of overall number average molecular weight,

of 5x10', at 40 and 80 °C polymerization
temperatures are listed in Table 4.

The number of branches in the polymer mole-
cule increases at high conversion and it does affect
the increase in polymer/monomer ratio in the system.
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Table 4 . Calculation of p and the number of branches for polyacrylamide (M̀„ = 5a10°) at 40 and 80 ' C.

a(Fractional conversion) ,

	

10°xp No . of branches

	

1

40 -C 80 'C 40 'C 80 'C

0.10 2 .29 12.28 0.16 0 .86
0.20 4 .94 26.44 0.35 1 .88

0.30 8 .07 ' 43.28 0 .57 3.06
0 .40 11 .83 63.44 0.83 4 .45

0.50 16 .49 88.44 1 .16 6 .22
0 .60 22.51 120.72 1 .58 8 .47

0.70 30 .74 164.86 2.16 11 .58

0 .80 43.20 231 .68 3.04 16 .30

0 .90 66.54 356.85 4 .68 25 .09

0 .95 91 .95 493 .13 6 .47 34 .70

0 .98 127 .75 685 .12 8 .99 48 .21

0 .99 155.93 836 .25 10 .97 58 .83

Nobe: For k = 5x10° the number or repeal units are 70 .743.27.

CONCLUSION

Table 4 shows that the number of branches at high
conversion is significant especially at 80 °C and this

could decrease the limiting viscosity numbers. Lower

temperature and lower monomer concentration dec-
rease the number of branches per polymer molecules.
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