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ABSTRACT: The copolymerization reactivity ratios of
acrylic acid and acrylamide are found at pH 5 and pH 2.
Automatic continuous online monitoring of polymerization
reactions (ACOMP) has been used for the first time to moni-
tor the synthesis of polyelectrolytic copolymers. The compo-
sition drift during the reactions revealed that at pH 5, the ac-
rylamide participates more in the copolymer, and at pH 2, the
acrylic acid incorporates in the system at a higher ratio. The
copolymerization datawere analyzed by a recent error in var-
iables (EVM) type calculation method developed for obtain-

ing the reactivity ratios by on-line monitoring and gave at pH
5 reactivity ratios rAam¼ 1.886 0.17, rAac¼ 0.806 0.07 and at
pH 2 rAam ¼ 0.166 0.04, rAac ¼ 0.886 0.08. The results show
that the reactivity ratios depend strongly on the pH of theme-
dium. The effect of polyelectrolytic interactions on the reac-
tivity ratios is discussed in detail. � 2006Wiley Periodicals, Inc.
J Appl Polym Sci 103: 968–974, 2007
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INTRODUCTION

The properties of polyelectrolytes have been studied
experimentally, theoretically, and computationally
for many years.1 Behind these studies lies the funda-
mental fact that most biopolymers are polyelectro-
lytes (including polyampholytes), and that synthetic
polyelectrolytes have a variety of uses in diverse
industries.

The monomers of polyelectrolytes are usually ex-
pensive and difficult to polymerize. For this reason,
polyelectrolytes are commonly used in the form of
copolymers with cheaper and more easily obtainable
nonionic comonomers. Another reason for this usage
is that the polyelectrolytic effects depend on the lin-
ear charge density of the molecule, which is limited
by counterion condensation to one unit per Bjerrum
length. The Bjerrum length is 0.72 nm at room tem-
perature in water. The length of a monomeric unit is
about 0.25 nm, and it is not effective to place the
charged groups closer than a Bjerrum length; approx-
imately two uncharged units should be placed
between two charged groups. Thus, chains of maxi-
mum hydrodynamic volume can most economically

and easily obtained by copolymerization of charged
and uncharged monomers, namely copolyelectro-
lytes.

Here, the copolymerization reactivity ratios of ac-
rylamide and acrylic acid are investigated at pH 5 and
pH 2. When the penultimate effects are not important
and under steady state conditions, the copolymeriza-
tion is governed by the well-known Mayo–Lewis
equation.2

d½mA�
d½mB� ¼ ½mA�

½mB�
� �

rA½mA� þ ½mB�
½mA� þ rB½mB�

� �
(1)

Here, [mA] and [mB] are the monomer concentrations.
The reactivity ratios rA and rB are defined as the ratios
of the propagation rate constants, rA ¼ kAA/kAB and
rB ¼ kBB/kBA. Precise determination of reactivity ratios
for various monomer pairs is important for predicting
the behavior of the materials obtained by their copoly-
merization. When one or both of the comonomers are
ionic, the reactivities depend strongly on the reaction
medium, especially its pH and ionic strength.

Because of extensive usage of acrylic acid and acryl-
amide homo and copolymers in industry, there are
many published works about this system.3–9 The
most recent study was performed by Wandrey and
coworkers,10,11 where sequential sampling method
was applied and the pH ranged from 2 to 12 at 408C.
The basic method of Kelen and Tüdös was used.
Cited results are given in Table I. They show consid-
erable amount of scatter.

More recent monitoring techniques allow data to be
obtained continuously during the reaction.12–19 In
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these techniques, a large amount of data are obtained
for each experiment resulting in more accurate deter-
mination of reaction parameters.

In this work, acrylamide/acrylic acid copolymeriza-
tion is studied by the automatic continuous online
monitoring of polymerization (ACOMP) method,
which has recently been further developed to encom-
pass copolymerization reactions. Two sets of reactions
were conducted at pH 5 and pH 2. The experiments
were monitored on-line and the data were analyzed
by a recent EVM type calculation method developed
for use on data obtained by on-line monitoring.20

EXPERIMENTAL

ACOMP instrumentation

The automatic continuous online monitoring of poly-
merization (ACOMP) technique itself and its applica-
tion to copolymerization have been adequately
described,19 but is undergoing constant improvement.
In this application, a small amount of reactor material
was continuously removed from the reactor by an
Agilent isocratic pump and mixed at high pressure
with a much larger volume of solvent drawn by
another similar pump.

Two individual pumps and high-pressure mixing
was preferred over a single pump and low-pressure

mixing to overcome the tendency of the pump to
draw more from the solvent reservoir as the viscosity
of the reactor increased with conversion.19 Still, it was
necessary to terminate the reaction when the increase
of viscosity of the reactor solution caused the reactor-
side pump to de-prime. Hence, 100% conversion was
not achieved in the reactions and the conversion typi-
cally ranged from 75 to 90%.

The diluted polymer solution was then passed
through a train of detectors comprising a light scatter-
ing (LS) detector, a single capillary viscometer (Val-
idyne differential pressure sensor) and a Shimadzu
SPD-10AV ultraviolet spectrophotometer (UV). Data
gathering and analysis software were developed in-
house.

Materials

Acrylamide (Aam) and Acrylic acid (Aac) were used
as received from Aldrich. Water was deionized and
filtered by a 0.22 mm filter in a Modulab UF/UV sys-
tem. The initiator was 4,40-Azo bis (4-cyanovaleric
acid) (ACV, Aldrich) and used as received. Sodium
hydroxide (Aldrich) was used to set the pH and 0.1M
NaCl (Aldrich) solution was used as the carrier sol-
vent.

Polymerization

Before the polymerization reaction, the carrier solvent
was pumped through the detector train to obtain the
baseline of each instrument. After stabilization, the
comonomer mixture containing the Aam and Aac at
predetermined pH was pumped at a flow rate of
0.06 mL/min from the reactor and diluted with a flow
of 1.94 mL/min of the carrier solvent. These flow rates
from the reactor and the solvent reservoir were main-
tained throughout the entire experiment. The diluted
solution always reached the detector train at 258C,
regardless of the reactor temperature.

TABLE I
pH Dependence of Reactivity Ratios

pH rAam rAac

Reaction
conv (%) Reference

6.25 1.32 6 0.12 0.35 6 0.03 < 10 3
6 0.85 6 0.62 0.33 6 0.20 34–77 7
5.3 1.83 0.51 30–40 10
2.17 0.48 6 0.06 1.73 6 0.21 < 10 3
2 0.25 6 0.36 0.92 6 0.82 28–70 7
1.8 0.54 1.48 30–40 10
2 0.16 6 0.04 0.88 6 0.08 80–90 This work
5–6 1.88 6 0.17 0.80 6 0.07 80–90 This work

TABLE II
Parameters of the Copolymerization Reactions

Exp code Aac (%) CAac (mol/L) CAam (mol/L) CNaOH (mol/L) CACV (10�3 mol/L) pHat 608C pHafter initiator pHfinal

I 0 – 0.47164 0.0025 8.917 8.30 5.20 5.08
II 10 0.04764 0.42289 0.04682 8.921 7.56 4.95 5.14
III 23 0.11261 0.37585 0.09369 8.919 7.80 5.01 5.23
IV 30 0.14135 0.32929 0.14102 8.917 7.34 4.82 5.41
V 50 0.23506 0.23523 0.23521 8.916 7.37 5.02 5.67
VI 70 0.33039 0.14181 0.32851 8.920 7.20 5.10 6.62
VII 76 0.35736 0.11291 0.35688 8.916 7.20 5.20 6.68
VIII 90 0.42455 0.04732 0.42755 8.921 7.26 5.31 7.16
IX 100 0.46536 – 0.46534 8.920 7.22 5.29 7.41
X 50 0.23506 0.23523 – 8.925 2.22 1.58 2.34
XI 70 0.32877 0.14112 – 9.004 2.41 1.59 2.87

Reaction temperature is T ¼ 608C.
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At the beginning of the reaction, reactor was purged
for 30 min with N2 and then was lowered into a tem-
perature-controlled bath at 608C. Reaction was initi-
ated by adding the ACV in powder form. After add-
ing the initiator, the pH was measured. The solution
was magnetically stirred during the reaction. The
amounts used, pH’s measured at the beginning of the
experiment, after the initiator addition, and at the end
of reaction are given in Table II. Monitoring procedure
was similar to Ref. 19. However, two UV absorption
measurements at 205 and 226 nm were used in the
monitoring conversion of the monomer to polymer.

Figure 1 shows the ACOMP data for the 30% Aam/
70% Aac reaction at pH 5, where each step is indi-
cated. They are the baseline stabilization period, the
baseline of pure monomer, the point of initiator addi-
tion, and the polymerization period. The two UV sig-
nals increase during the pure monomer suction pe-
riod, whereas the LS and viscosity do not change.
During polymerization, the loss of the double bonds
of each comonomer as it incorporates into polymer
leads to (differentially) decreasing UV absorption
in both bands, while the viscosity and LS signals
increase with increasing polymer concentration.

Determination of comonomer and polymer
concentrations from ACOMP

The concentrations of the two comonomers in their
monomeric form as well as their concentrations incor-
porated into polymer are computed from the raw UV
data. Throughout this work, Aam will be taken as
monomer A and Aac as B. The absorbances of the ini-
tiator at these wavelengths can be neglected when
compared with the absorbances of the monomers at
the same wavelengths. Therefore, the UV voltage,

VUV at a specific wavelength is composed of the sig-
nals from the four species:

VUV ¼ s
qVUV

q mA½ � ½mA� þ qVUV

q pA½ � ½pA�
�

þ qVUV

q mB½ � ½mB� þ qVUV

q pB½ � ½pB�
�

ð2Þ

where [mA] and [pA] are the monomer and polymer
concentrations (in monomols) in the reactor of species
A, and likewise for [mB] and [pB]. The dilution ratio is
s ¼ 0.06/2.00. The ratio of the absorption coefficients
of Aam and Aac is 1.62 at 205 nm, namely, wave-
length 1 and 10.01 at 226 nm, wavelength 2. The none-
quality of these ratios results in the linear independ-
ence of the two relations obtained by the application
of eq. (2) to the measurements at these wavelengths.

UV absorption measurements are combined with
the conservation equations,

½pA� þ ½mA� ¼ ½mA�0 (3)

where [mA]0 is the monomer A concentration at the be-
ginning of the reaction. A similar relation holds for
monomer B. Here, the increase of the density of the
reaction medium with conversion is neglected, as this
effect is very small in dilute solution polymerization.

The two monomer concentrations are obtained
from the observed UV absorbances via,

Uþ
k ¼ UVksignal � UVkbaseline

� qVUVk

q½pA� ½mA�0 � qVUVk

q½pB� ½mB�0 ð4Þ

Here, UVsignal and UVbaseline are the voltages recorded
during data gathering and the baseline voltage when
pure solvent is passing through the detectors and the
index k is 1 for measurements at wavelength 1 and 2
otherwise.

½mA� ¼ ðDU2BU
þ
1 � DU1BU

þ
2 Þ=det (5a)

½mB� ¼ �ðDU2AU
þ
1 � DU1AU

þ
2 Þ=det (5b)

where

DUkA ¼ qVUVk

q½mA� � qVUVk

q½pA� (5c)

DUkB are defined similarly and the determinant det
is given by,

det ¼ DU1ADU2B � DU1BDU2A (5d)

The analysis of the UV data, according to the above
scheme, yields a continuous record of the monomer
concentrations [mA] and [mB], and the concentrations
of A and B units in the copolymer [pA] and [pB].

Figure 1 ACOMP data for reaction VI with 70% Aac and
30% Aam, at pH 5.
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Conversions of Aac and Aam for the reactions at
pH 5 are shown in Figure 2(a,b), respectively. Figure 3
shows analogous results for the experiments per-
formed at pH 2.

Nonlinear fit procedure

A recent EVM, developed especially for online
data19,20 is adapted for two UV measurements at dif-
ferent wavelengths.

To obtain the reactivity ratios, the data are fitted to
a numerical solution of the copolymerization eq. (1) of
the form

½mA�the ¼ f ð½mB�; ½mA�0; ½mB�0; rA; rBÞ (6)

where [mA]the is the ‘‘theoretical’’ concentration of
monomer A at the ith data point of the jth experiment,
corresponding to a measured concentration of the
other monomer [mB]ij, initial concentrations [mA]0j,
and [mB]0j and the reactivity ratios rA and rB.

This equation can be written as

Qij ¼ ½mA�ij � f ð½mB�ij; ½mA�0j; ½mB�0j; rA; rBÞ ¼ 0 (7)

whereQ is a measure of the ‘‘distance’’ of the theoretical
[mA]the from the experimental [mA]. The w2 value corre-
sponding to this set of parameters, rA and rB, is then
obtained by summing the ratio of the square of this dis-
tance to the variation ofQ at that data point, VarQij.

w2ðrA; rBÞ ¼
XnðexpÞ
j¼1

XnðdataÞj
i¼1

Q2
ij=VarðQijÞ (8)

The sum runs over all data points in all experiments. In
these experiments, only data recorded up to 50% con-
version of the faster monomer was used.

The error terms that contribute to the variation arise
from the UV measurements, their baseline values, and

the calibration constants. Measurements of the initial
concentrations cause additional errors. However, in
these experiments, the error structure is dominated by
UV measurement errors. Thus, the variations of the
monomer concentrations and their covariance are
given by,

VarðQÞ ¼ Varð½mA�Þ þ Varð½mB�Þ
Varð½mA�Þ ¼ fðDU2BÞ2VarðUþ

1 Þ
þ ðDU1BÞ2VarðUþ

2 Þg=det 2
Varð½mB�Þ ¼ fðDU2AÞ2VarðUþ

1 Þ
þ ðDU1AÞ2VarðUþ

2 Þg=det 2
Covarð½mA�; ½mB�Þ ¼ fðDU2AÞðDU2BÞVarðUþ

1 Þ
þ ðDU1AÞðDU1BÞVarðUþ

2 Þg=det 2

Figure 2 (a) Conversion of Aac for several reactions at pH 5. (b) Conversion of Aam for several reactions at pH 5.

Figure 3 Monomer conversion in the experiments per-
formed at pH2.
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where

VarðUþ
1 Þ ¼ dðUV1signalÞ2 þ dðUV1baselineÞ2

VarðUþ
2 Þ ¼ dðUV2signalÞ2 þ dðUV2baselineÞ2

Since, not just the best fit parameters, but the statisti-
cally acceptable part of the parameter space is impor-
tant, the whole parameter space was scanned by
repeating the procedure for each pair of rA and rB
within the search zone. The w2 contours were plotted
as functions of the reactivity ratios for each individual
experiment at the studied pH.

The contours for the combined results of all experi-
ments at that pH are also plotted. They show the ac-
ceptable region in the rA, rB parameter space.

RESULTS AND DISCUSSION

Composition drift

As the more reactive monomer incorporates into the
copolymer faster, the feed composition drifts during
the reaction. This drift is an undesirable effect and
must be compensated for in-batch methods. However,
in on-line methods, the composition drift is continu-
ously monitored and it can be used to give a rough
idea of the reactivity ratios before any numerical com-
putation is performed.

The composition of the material incorporating
instantaneously into copolymer is found from the in-
stantaneous monomer composition and its derivative.

Let fAam be the instantaneous Aam fraction in the
feed mixture when the conversion is x, and FAam be
the Aam fraction in the amount dx that incorporates
into the copolymer at this instant. This dx contains
dx(FAam) amount of Aam and dx(1 � FAam) of Aac. If
FAam = fAam, the composition drifts. When the mono-

mer composition is continuously monitored, fAam and
its derivative with respect to conversion can be used
to obtain the composition of the material joining the
copolymer instantaneously as,

FAam ¼ fAam � ð1 � xÞ dfAam

dx
(9)

The fAam versus conversion data in reaction IV with
70% initial Aam content at pH 5 are given in Figure 4.
The dots are the experimental fAam data and the FAam

contours are obtained by applying the above-men-
tioned formula to the best fit curve of the experimen-
tal data, and then using the Stockmayer et al. distribu-
tion function21 to flesh it out. The Aam fraction is
greater in polymer than in monomer, indicating that it
is entering the reaction at a rate higher than its frac-
tion in the monomer mixture. As a result, the Aam
fraction is decreasing both in monomer mixture and
in the instantaneous copolymer formed. The fact that
Aam fraction is drifting down at this initial composi-
tion shows that rAam > rAac at pH 5.

At pH 2, the Aac is the more active monomer and it
is depleted faster. Composition drift during the reac-
tion with 70% Aac content at pH 2 is given in Figure 5.
The Aac content of the unreacted monomer mixture is
decreasing throughout the reaction, indicating that
the Aac is entering the reaction at a faster rate. This is
because of the ionic nature of Aam, which is proto-
nated at pH 2.22 As a result, the Aac fraction is higher
in the polymer than in the reaction mixture.

Reactivity ratios

Figure 6(a,b) show the superposition of w2 contours
for the individual experiments at pH 5 and the com-
bined results of all experiments at this pH.

Figure 4 The compositional drift during the reaction at
pH 5 with 70% initial Aam content.

Figure 5 The compositional drift during the reaction at
pH 2 with 70% initial Aac content.
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The valleys in Figure 6(a) show the 1, 2, and 3 s
confidence regions for the individual experiments.
Note that they do not intersect exactly at the same
point. This is because one of the experimental condi-
tions, namely the ionic strength, which depends on
the Aac concentration, is not the same in each experi-
ment; in fact, it changes with conversion, during the
experiment itself. For this reason, the combined confi-
dence region given in Figure 6(b) represents the cu-
mulative average over the conditions valid during the
whole experiment series.

Corresponding figures for pH 2 were shown in Fig-
ure 7(a,b), respectively. Again, the contours in Figure
7(a) represent the average of the conditions during
individual experiments, and the Figure 7(b), the cu-
mulative average over both experiments.

The reactivity ratios at pH 5 are found as rAam

¼ 1.88 6 0.17 and rAac ¼ 0.80 6 0.07 from Figure 6(b),

and the reactivity ratios are found as rAam ¼ 0.16
6 0.04 and rAac ¼ 0.886 0.08 at pH 2 from Figure 7(b).

The dramatic shift in the reactivity ratios with pH
had been noted in the literature as shown in Table I.
On the other hand, numerical values obtained by vari-
ous authors show considerable scatter.

The strong pH dependence of the Aam reactivity is
not surprising, as ionic strength of the reaction me-
dium determines to what extent the charge on the
macro radical is screened.

We would expect the change in the Aac reactivity to
be larger too. Previous literature results show a greater
increase in rAac with decreasing pH. However, in our
experiments, the increase was muchmore limited. Even
so, as the reactivity of Aam decreases almost to zero at
pH 2, the Aac enters the reaction at amuch faster rate.

The Henderson-Hasselbach23 equation with pKa
taken as 4.2611 for Aac predicts more than 99% ioniza-

Figure 6 (a) The reactivity contour maps for the individual experiments conducted at pH 5. (b) The reactivity contour
maps for combined results at pH 5.

Figure 7 (a) The reactivity contour maps for the individual experiments conducted at pH 2. (b) The reactivity contour
maps for combined results at pH 2.
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tion at pH 5. At this pH, the acid units in the chain are
effectively screened by the Naþ ions, which were
added to the system to set the pH at the beginning of
the reaction. Therefore, sodium acrylate units can be
considered as uncharged. At pH 2, the ionization
degree for Aac is very low, that is, only 0.05%. The
proton is tightly bonded to the acid group, and Aac
groups can be considered as neutral at pH 2. This is
the similarity of Aac at pH 2 and pH 5 and their reac-
tivity ratios at these pH’s resulted in similar values.

On the other hand, Aam is neutral at pH 5 but it is
known to be protonated at pH 2.22 The difference in
the reactivities of this monomer at this pH is no doubt
a consequence of the protonation of the Aam at pH 2.
The electrostatic repulsion between the macro radical
and the charged monomer is likely to be the cause of
the low reactivity of the Aam at pH 2.

CONCLUSIONS

ACOMP has been used for the first time to monitor
the synthesis of polyelectrolytic copolymers of Aac
and Aam. At pH 5, acrylamide was the more active
monomer, and Aam content correlates with the reac-
tion rate. At pH 2, the reverse is true.

The numerical values for the reactivities differ in all
of the studies. Differences in the reactor temperature,
use of linear or nonlinear analysis methods, and using
low conversion versus high conversion results are
some of the factors contributing to the spread in the
results. Since, the behavior of polyelectrolytes depend
so strongly on the reaction medium, changes in the
properties of the medium, such as its pH, ionic
strength, and viscosity, during the reaction also effect
the results.

However, low conversion work is purer because of
the intrinsic value of the results, high-conversion
work is more relevant to practical applications. On-
line data acquisition techniques, which give hundreds
or even thousands of points throughout an experi-
ment, provide much better statistics. They are also
useful to determine whether the measured parameters
remain constant during the reaction. That is, if low-
conversion results lead to different values than high-

conversion results, one would conclude that the meas-
ured parameters are not constant but evolve during
the reaction. For these reasons, on-line methods give
much more information from each reaction.

The authors are grateful to Prof. Dr. W. Reed, Tulane Uni-
versity (USA), for allowing the full use of his laboratory
during this work.
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W. F. Macromolecules 2002, 35, 6557.
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