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ABSTRACT: Solution and radical polymerization of acryl-
amide in the presence of potassium persulfate in D,O was
investigated up to high conversion by high-field "H-NMR
spectroscopy. The kinetics of reaction was studied according
to the data obtained from the corresponding spectra at var-
ious times during the polymerization reaction progress. Pro-
cessing of the data led us to derive the rate equation of this
polymerization reaction and determine the reaction order of
each component in the rate equation. The order, with respect
to initiator, was consistent with the classical kinetic rate

equation (0.45), whereas the order with respect to monomer
was greater than unity (1.49). The effect of temperature on
the polymerization rate was also investigated and the acti-
vation energy of 48.4 k] mol ! was obtained over the tem-
perature range of 60-75°C. Also some mechanistic studies
were discussed. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci
93: 2007-2013, 2004
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INTRODUCTION

In recent years, environmental scientists have focused
special attention to water-soluble polymers and tried
to develop aqueous or solvent-free techniques to ex-
clude environmentally hazardous organic solvents.
Therefore, water-soluble polymers have been widely
applied in several industries such as mineral process-
ing, water treatment, and oil-well stimulation.

One of the most important water-soluble and syn-
thetic polymers is polyacrylamide.> Polyacrylamide
and its derivatives have been used extensively in elec-
trophoresis, adhesives, oil-well stimulation, and paper
reinforcement.”> According to the industrial impor-
tance of polyacrylamide, it is necessary to study its
polymerization kinetic precisely, to optimize the po-
lymerization process and control the characteristics of
the final product.

Inverse-emulsion polymerization of acrylamide re-
sults in polymers with higher molecular weights,
which are more applicable in oil recovery than those
obtained by solution polymerization in water.* Al-

Correspondence to: A.-R. Mahdavian (a.mahdavian@ippi.
ac.ir).

Contract grant sponsor: Third World Academy of Sciences
(TWAS), Trieste, Italy; contract grant number: RGA 01-094
RG/CHE/AS.

Contract grant sponsors: Iran Polymer and Petrochemical
Institute (IPPI), Tehran; Tarbiat Modares University, Tehran.

Journal of Applied Polymer Science, Vol. 93, 2007-2013 (2004)
© 2004 Wiley Periodicals, Inc.

though inverse-emulsion polymerization of acryl-
amide was previously studied in detail,*™ solution
polymerization of acrylamide in aqueous phase is still
the major technique and has attracted particular atten-
tion.

Acrylamide, its growing radical, and corresponding
polymer dissolve in water extremely well and the
polymerization kinetics has been studied with differ-
ent initiating systems such as: (1) thermal,®® (2) y-ir-
radiated,'® (3) ultrasonic,'" and (4) photoinitiation.'*'?

Dainton et al.'*'® investigated polymerization ki-
netics of acrylamide in aqueous phase initiated by +y-
and X rays and also its photoinitiation by hydrogen
peroxide in the presence of ferric ions.'® Venkatarao
and Santappa'” also studied photoinitiation of acryl-
amide in the presence of uranyl ion.

Redox systems for polymerization of acrylamide—
such as chlorate-sulfite,'® persulfate—metabisulﬁte,19
Ce(IIT)-3-chloro-1-propanol,® ferric ion-bisulfite,*
hydrogen peroxide—hydroxylamine hydrogen chlo-
ride,”” Mn(IIl)-ethoxy acetic acid,*® and persulfate—
thiosulfate**—were previously studied and applied.

Polymerization reactions using redox systems are
generally more preferred than peroxy compounds
alone because they initiate at lower temperatures and
result in higher conversions. Therefore, they have
been widely used in polymerization of acrylamide.
Reported data in the literature, including kinetic stud-
ies of radical polymerization of acrylamide in aqueous
phase, are limited to low conversions, specifically
lower than 10% conversion.
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Early reports on kinetic studies of persulfate-initi-
ated polymerization of acrylamide in the aqueous
phase were published by Riggs et al.*** where the
reaction progress was followed by a dilatometric tech-
nique. Recently Lin’ also investigated radical poly-
merization of acrylamide by potassium persulfate as
initiator, up to higher conversions, by use of a gravi-
metric technique similar to Riggs’s reaction condi-
tions. In the dilatometry method, volumetric changes
attributed to the large difference between monomer
and polymer densities are recorded. This could be a
good characteristic for detecting the progress of reac-
tion. Although gravimetry is a simple and conve-
niently direct method in following polymerization re-
actions, it does not have sufficient precision, com-
pared to the accuracy of recent instrumental analysis
techniques. This comes from multiple steps used in
gravimetric measurements (i.e., sampling and inhibi-
tion, precipitation, filtration, and drying) that cause
wasting of the sample before weighing.

In this work we investigated—for the first time—the
kinetics of acrylamide polymerization in the presence
of potassium persulfate in D,O by high-field "H-NMR
spectroscopy. Processing of the obtained data led us to
derive the rate equation of this polymerization reac-
tion and determine the reaction order of each compo-
nent in the corresponding rate equation. Here, a more
precise technique was applied for this study compared
to that reported by Riggs®** and Lin.” Moreover, the
principal data used in this kinetic study are more
easily obtained, and characterized by higher accuracy,
because of on-line data collection.

EXPERIMENTAL

Analytical grade acrylamide and potassium persulfate
(KPS) were obtained from Merck Chemical Co.
(Darmstadt, Germany) and used without further pu-
rification. Deuterium oxide (D,0O) as solvent was pur-
chased from ARMAR Chemicals (Déttingen, Switzer-
land). The prepared solutions in NMR tubes were
deaerated with argon gas (99.9% purity) to exclude
oxygen from the solutions, which acts as a retardant in
radical polymerization reactions.

Sample preparation and deaeration were performed
at 0°C to inhibit reaction progress before inserting in
theNMR chamber. All "H-NMR experiments reported
in this study were carried out on a Bruker Avance 500
NMR spectrometer (Bruker Instruments, Darmstadt,
Germany). The sample cavity was equilibrated at 60°C
(i.e., the temperature at which the kinetic NMR exper-
iments were carried out) by a BVT 3000 (%=0.1°C)
temperature control unit. After setting the cavity tem-
perature at 60°C, the sample tube containing the reac-
tion mixture was inserted into the sample chamber.
The spectra were recorded at each 1-min time interval
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until completion of reaction up to about 100% conver-
sion.

All experimental data and amounts are recorded in
Tables I-IIL.

RESULTS AND DISCUSSION

As a continuation of our previous research on the
kinetic study of radical polymerization,”?® we have
applied the "H-NMR technique to follow the reaction
progress.

'"H-NMR and '"“C-NMR spectroscopic techniques
are among the most useful methods to study both the
kinetics and mechanisms of reactions. This is attrib-
uted to the high accuracy and precision of these tech-
niques in on-line gain and recording of data relating to
the progress of reaction. However, there are some
limitations in the use of these spectroscopic techniques
in certain cases, such as the following: (1) when the
reaction rate is too high and greater than the scanning
rate; (2) when the obtained product is insoluble and
precipitates; and (3) when it is impossible to differen-
tiate between the identical peaks of starting material
and product and they overlap with each other. Of
course 'H-NMR spectroscopy is preferred over '>C-
NMR because of its greater sensitivity and rate of data
collection.

A "H-NMR spectrum of a mixture of acrylamide
and polyacrylamide is shown in Figure 1. Chemical
shifts of vinylic protons of acrylamide monomer ap-
pear in the range of 5.76—-6.67 ppm and its splitting is
completely ascribed to structure and geometry. After
polymerization, chemical shifts of protons of aliphatic
carbon in the polymer backbone appear at 1.74-2.60
ppm. Thus, the identical chemical shifts of monomer
and polymer are sufficiently far from each other and
their peak area provides a good scale for following
quantitatively the progress of reaction with respect to
kinetic aspects.

Kinetic studies at different monomer molar
concentrations

In these series of experiments, the initiator concentra-
tion was kept constant and solutions with different
amounts of acrylamide were prepared (Table I).
Additions and deaeration were carried out at 0°C to
prevent preinitiation. NMR tubes containing the pre-
pared samples were inserted in the NMR chamber, the
temperature of which was set at 60°C. Scans were
recorded at each 1-min time interval and some of them
were plotted comparatively, as shown in Figure 2. It
may be seen that at t = 0 min, there is no sign of
polymer. After 22 min, all the monomers have almost
been polymerized and only a trace of monomer exists,
which means that the polymerization reaction has pro-
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Figure 1 Typical "H-NMR spectrum of a mixture of acrylamide and polyacrylamide.

gressed up to high conversions (~ 100%) in only 22
min.

Comparison of the peak areas of monomer and
polymer allowed us to calculate the amount of con-
version, according to the following equation:

4,
TTA+A, 1)
where 7 is the amount of conversion, A, is the peak
area of the obtained polymer, and A,, is the peak area
of the monomer.

Variations of conversion versus time are plotted in
Figure 3 for different samples. It is obvious that con-
versions up to about 90% could be obtained in the first
10 min of reaction progress.

TABLE I
Variation of Acrylamide Concentration at Constant
Potassium Persulfate Concentration and Temperature

Acrylamide  Potassium persulfate ~ Temperature
Run (molar) (molar) (°C)
Al 9.14 x 1072 4x1072 60
A2 191 x 107! 41072 60
A3 332 x 107! 4x102 60
A4 478 X 1071 4x1072 60
A5 6.47 X 107! 41072 60
A6 8.82 x 107! 4x10? 60

By assuming the following rate equation [eq. (2)],
the fraction of converted monomer could be applied to
calculate the propagation rate:

dM] dm
= g IMo] = kKIM]'LIY (2)

T
where [[] is the initiator concentration and [M,] is the
primary monomer concentration.

The conversion rates were obtained from the slopes
of the linear part of conversion—time graphs. Then, the
rate of polymerization (R,) was calculated by multi-
plying the conversion rate by the initial monomer
concentration.

Figure 4 shows the plot of —log R, versus —log[M].
The slope of this plot reveals the order of reaction with
respect to the monomer concentration. The amount of
n = 149 for this polymerization reaction does not
conform to that reported by Riggs et al. (n = 1.25)® and
Lin (n = 1.26).°

It should be noted that '"H-NMR spectroscopy is a
precise technique and our obtained data are thus un-
doubtedly accurate. This difference in the reaction order
with respect to monomer concentration will be discussed
below within the framework of some theories.

Kinetic studies at different initiator concentrations

Solutions with different amounts of potassium persul-
fate as initiator were prepared and the monomer con-
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Figure 2 Comparative '"H-NMR spectra of acrylamide polymerization at various times.

centration was kept constant (Table II). These series of
experiments were performed because of conditions
mentioned in both the previous section and the exper-
imental section, except that the variable parameter
was only initiator concentration.

c
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® 03 | A4
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Figure 3 Curves relating to conversion versus time at dif-
ferent monomer concentrations.

According to the obtained results, variations of con-
version versus time at different potassium persulfate
concentrations were calculated (Fig. 5). The graphs
show logically that the increase of initiator concentra-
tion causes the decrease in inhibition time.

Also the variation of —log R, versus —log[I] is plot-
ted in Figure 6 and its slope was determined. The
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Figure 4 Plot of variation of —log R, versus —log[M].
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TABLE 1I
Variation of Potassium Persulfate Concentration at
Constant Acrylamide Concentration and Temperature

Acrylamide  Potassium persulfate Temperature
Run (molar) (molar) (°C)
Bl 3.14 x 107 ? 6.28 X 1072 60
B2 3.14 x 107" 9.25 X 107° 60
B3 3.14 x 107! 1.37 X 1072 60
B4 3.14x 107" 2.00 X 1072 60
B5 3.14 x 107" 4.00 X 1072 60
B6 3.14 x 107! 6.99 X 1072 60

obtained slope may be regarded as the order of reac-
tion with respect to initiator concentration (p = 0.45).
The polymerization rate with respect to initiator
concentration in this study is consistent with classical
kinetic theory, which predicts the polymerization rate
dependency on the square root of initiator concentra-
tion, as indicated in a number of studies.®4-1727:28

Calculation of activation energy (E,) and k,

Three samples were prepared and polymerized at
three different temperatures (Table III).

Variations of conversion versus time at three differ-
ent temperatures are plotted in Figure 7. It is obvious
that the polymerization reaction initiates earlier by
increasing the reaction temperature and less time is
needed to achieve higher conversions at higher tem-
peratures.

By assuming the general rate equation [eq. (3)] and
calculating —log R, versus the reciprocal of absolute
temperature (Fig. 8), k, may be calculated from the
intercept and E, may be determined from the line
slope.

conversion

—a— B6

0 500 1000 1500 2000 2500 3000

time(sec)

Figure 5 Curves relating to conversion versus time at dif-
ferent initiator concentrations.
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Figure 6 Plot of variation of —log R, versus —log[I].

E)\1
logR, = log(kyM]"[1}) — (R)T (3)

where [M] and [I] are considered constant.

Correspondingly, the E, value of solution and rad-
ical polymerization of acrylamide in the presence of
potassium persulfate was obtained: 48.4 k] mol . The
calculated E, value was about the same as that re-
ported by Lin.’

The k, value obtained for this polymerization reac-
tion from eq. (3) and Figure 8 was 6.81 X 10" L mol !
min !, which was also verified by calculating the k-
value from eq. (2). The number of intercepts in Figures
4 and 6 allowed us to determine the k-value at two
different conditions. The above average value, ob-
tained E,, and definite temperature could be applied
to calculate k,. The k, value obtained by the second
method was 7.01 X 107 L mol™! min~!, which was
about the same as that calculated directly from eq. (3).
This confirms our calculation method and accuracy of
the reported k, value.

Mechanistic studies

There are three theoretical treatments to explain solu-
tion-catalyzed radical polymerization, in which the
dependency on monomer concentration is greater

TABLE III
Variation of Temperature at Constant Potassium
Persulfate and Acrylamide Concentrations

Acrylamide = Potassium persulfate Temperature
Run (molar) (molar) (°C)
C1 1.98 X 107! 9.02 X 1073 60
C2 1.98 X 107! 9.02 X 1072 67
C3  1.98x107" 9.02 X 1073 75
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Figure 7 Curves relating to conversion versus time at dif-
ferent temperatures.

than first-order: (1) the complex theory, (2) the cage-
effect theory, and (3) the solvent-transfer theory. These
were previously reviewed in the literature.®*?° Tt
should be noted that the solvent-transfer theory may
be disregarded in this work. This is explained by the
fact that hydroxyl (or deuteroxyl) radicals are very
reactive toward acrylamide monomer and have no
retardation effect on the polymerization reaction of
acrylamide. Thus our major discussion will focus on
the other two theories.

It is noteworthy that the increase in the order of
reaction rate relative to monomer concentration means
that the monomer may encounter the initiation pro-
cess through different mechanisms, such as the effect
of monomer on the initiator efficiency and induced
decomposition of the initiator.*! This causes the de-
pendency of polymerization rate on monomer concen-
tration to exceed unity.

In the complex theory, formation of a complex be-
tween monomer and initiator (persulfate) is the key
step and substantially alters the activation energy. In
other words, if the complexation is carried out, the
activation energy will be greater than that of a similar
reaction that conforms to the cage-effect theory. By
comparison of our calculated E, (close to that reported
by Lin”) and the value of E, obtained by Riggs (70.6 kJ
mol 1), it is clear that our calculated E, (48.4 k] mol ')
is much less than that of Riggs et al.® Thus the con-
trolling mechanism in our reaction condition will be in
accordance with the cage-effect theory.

Some noticeable reactions attributed to the polymer-
ization reaction are summarized as follows:

. 5,052 Ll (2SO;") (Solvent-caged initiating rad-
ical)

. (250;) 58,052
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. (50;) + M SM

. (50;") + H,0 5 HSO; + HO"
. (507 505"

« M,+M gM},H (Propagation)
. M, + M, 5P

w+p (Termination)

The general rate equation, with respect to some
conventional assumptions, is

2k, \ /2
R, = k()( k 1) [5,05712
7

kS[M] + k4 + k5 1/2
(ks[M] +ky + ks + k2> [M] (4)

The steps characterized by k, + ks, k,, and k;[M] rep-
resent the escape of primary radicals from the solvent
cage. To simplify eq. (4), we posit the following two
assumptions:

1. If ky + ks > ks[M], then the rate will be first-
order with respect to monomer concentration.

2. If ky + ks << k3[M], then the rate will be depen-
dent on monomer concentration, with an order
of 1.5, according to the following equation:

2 kl 1/2 k3 1/2
_ e 2-71/2 3/2
Ro=kl) S0 ) B )
Here, the dependency on monomer concentration var-
ies by a power of 1.0 to 1.5 with respect to conditions
such as concentration.

The above second assumption conforms to our ex-
perimental data with respect to the order of monomer
in the corresponding rate equation.

Rearrangement of eq. (5) yields

1.8

1.7
1.6
1.5
144 ¢

-logRp

1.3
1.2

2.85 2.9 2.95 3 3.05
1/T*1000

Figure 8 Plot of eq. (3) for variation of —log R,, versus (1/T)
X 1000.
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Figure 9 Plot of eq. (6) for variation of [M]*/R, versus [M].

(M Ky
R ~ KKA2k)[5:07 1"

1+ K[M]) (6)

where K = k;/k,.

The graph relating to eq. (6) is shown in Figure 9. It
may be observed that the slope of the best-fitting line
passing through the points is approximately zero.
Therefore, eq. (6) may be written as

[MP k,
R~ KKA(2kp)[S:07 ] )

Equation (7) reveals a 3/2 dependency of polymeriza-
tion rate on monomer concentration.

CONCLUSIONS

The "H-NMR spectroscopic technique is among the
most useful methods for the study of kinetics and
mechanism of reactions. This is attributed to the high
accuracy and precision of this technique in on-line
gain and recording of data relating to the progress of
reaction. Solution and radical polymerization of acryl-
amide in the presence of potassium persulfate in D,O
was investigated to high conversion by high-field 'H-
NMR spectroscopy. The kinetics of reaction was stud-
ied according to the data obtained from the corre-
sponding spectra at various times during progress of
the polymerization reaction. Processing of the data led
us to derive the rate equation of this polymerization
reaction and determine the reaction order of each com-
ponent in the rate equation, expressed as

— d[M] — 1.49 0.45
p= g = KMILI

The effect of temperature on the polymerization rate
was also investigated and the activation energy of 48.4

2013

k] mol ' was obtained over the temperature range of
60-75°C. Mechanistic studies show that the governing
mechanism may be semicaged in nature and the lib-
erated radical initiators from the solvent cage are pri-
marily propagating this fast polymerization reaction,
which progresses up to 100% conversion in a reaction
time of only about 22 min.
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