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Abstract

Colloidal titrations of commercial acrylamide-based terpolymers having both weak-acidic and
weak-basic groups were carried out at pH 3 and 11, using a streaming current technique. At
these pH values it was found that the polyampholytes could be considered as simple
polyelectrolytes, though it was necessary to use a modified titration procedure. The titration
endpoint defined by zero streaming current (SC) output deviated from a 1:1 stoichiometry,
depending on the salt concentration. The endpoint also depended at the speed of titration,
consistent with a relatively slow rate of forming equilibrated poly-ion complexes between
polyampholytes and titrants. The adsorption of the amphoteric polyacrylamide copolymers onto
bleached hardwood fibers was maximized near to its isoelectric pH, such that the net charge of
the polymer was relatively low, but opposite to that of the substrate. Neutral and negatively
charged polyampholytes also adsorbed in significant amounts onto the negatively charged fibers,
though the amounts were lower than when the net charges were opposite. Addition of salt
generally increased adsorption up to a conductivity value of 1000 uS/cm. Adsorption increased

slightly with increasing time, until reaching a plateau. The rate of fluid agitation during

adsorption did not affect adsorption significantly under the conditions employed.
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1. Introduction

Part 1 of this series' considered colloidal aspects of certain high-mass acrylamide-based
polyampholyte terpolymers, similar to those that have been used by the paper industry to
increase the strength of fiber-to-fiber bonding. The charged nature and various colloidal
attributes of the polyampholytes were found to depend on pH, salt concentration, and the molar
ratio of cationic to anionic groups. The present article considers how changes in these conditions
affect the terpolymers’ ability to adsorb onto cellulosic fibers.

A motivating question concerns whether the main colloidal behavior of this type of
macromolecules, including their adsorption only cellulosic fibers, can be explained in terms of
their net charge. In other words, is it necessary to consider both positive and negative groups to
understand the effects of such polymers? In addition to the scientific significance of this issue,
our work is also motivated by a need to increase the efficiency of chemical treatments designed
to enhance the dry-strength of paper.” This need has become increasingly important with the
increased recycling of paper. Various polyelectrolytes, including cationic starch,”* copolymers
of acrylamide,’® and sequential addition of positively and negatively charged additives’ have
been used to overcome deficiencies in the wetted fibers’ ability to bond to each other when the
paper is dried. Amphoteric terpolymers, which also can be added to the fibrous suspension in a
paper mill,® represent an additional option to increase paper strength.

Aspects of polyelectrolyte adsorption onto cellulosic fibers recently were reviewed by
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These articles document

Wagberg,” who paid particular attention to some recent advances.
success in accounting for effects of charge densities, salt concentrations, pH, and other variables
on the adsorbed amounts and conformations of polyelectrolytes, especially those that contain
only a single type of charged group. For example, it has been shown that the adsorption of
polyelectrolytes onto surfaces of opposite charge frequently are maximized when the charge
density of the polyelectrolyte is quite low,'* a circumstance that often favors a three-dimensional

LIS 1hereased levels of salt addition

conformation of the polyelectrolyte in the adsorbed state.

typically result in increased adsorbed amounts, though the adsorption usually falls again or is

effectively eliminated at very high levels of electrical conductivity of the solution.'
Adsorption characteristics of polyampholytes have been considered in various

1'% and experimental studies.”’ ** Although the theoretical studies using a mean-field

theoretica
approach'® have arrived at conclusions that are slightly different from the data treated by Monte
Carlo simulations,” most of the predictions are in agreement with experimental results. Their
predictions coincide with the fact that polyampholyte chains tend to collapse and precipitate at
their iso-electric pH, and addition of salt can lead to the expansion of the collapsed state.
Furthermore, it has been predicted that even neutral and similarly charged polyampholytes can

adsorb onto charged surfaces. These characteristics are unique to polyampholytes and are not

observed in simple polyelectrolytes.

2. Experimental

The polyampholytes considered in this work were the same as those used in Part 1.! As
described earlier, the monomer units used in the preparation were acrylamide, N,N-

dimethylaminoethyl acrylate (cationic monomer), and itaconic acid (anionic monomer), and the



contents of cationic and anionic monomer units are shown in Table 1. All the samples were

provided by Harima Chemicals, Inc.

Table 1 — Monomeric Composition of Polyamphlolytes Based on
Analysis Results
Polyampholyte Cationic Anionic Molecular weight
sample monomers | monomers " 10°
mol % mol %
C3A5 3.8 4.5 2.5
C5A4 5.0 4.0 3.0
CT7A7 4.1 5.0 1.2

1) Note that the acidic monomers were bifunctional.

The cellulosic fibers used in the experiments described were obtained from conventional
bleached hardwood (HW) kraft pulp, which was supplied in the form of dry-lap sheets. Pulp
disintegration and refining were carried out according to TAPPI Method T248. A batch of 30.0
oven-dry grams of HW pulp sheet was soaked in 2000 mL of deionized water for more than 4
hours. The soaked sheet was disintegrated for 15,000 revolutions (revs). The slurry was drained
and the total mass was adjusted to 300 g (10% consistency). It was refined with a PFI mill for
5000 revs. The refined pulp was diluted to 2000 mL with deionized water and disintegrated for
15,000 revs (CSF 400 mL).

Fines were removed form the pulp by using a modification of TAPPI Test Method T233.
Different conditions (sample amount, flow rate, and time) were used. Each 30 g oven-dry sub-
batch of pulp was put in the final container of a Bauer-McNett classifier, which was fitted with a
100-mesh screen. Tap water was allowed to flow at 6 L/min for 30 min. The fines-free fibers
(72 % retained, percent fines measured by the Fiber Quality Analyzer (FQA): 2.5 % based on
arithmetic amounts, 0.4 % based on length-weighted amounts) were taken from the container.
The selected criterion for fines, when running tests with the FQA, was anything smaller than 0.2

mm that still was detectable by the equipment. The tap water was replaced with deionized water.



The resulting Canadian Standard Freeness of the fines-free suspension was 680 mL. The
consistency was adjusted to 0.5 % with deionized water.

The procedure used to determine adsorbed amounts of adsorbed polyampholytes was
based on the principles of colloidal titration® and streaming current analysis.”* However, based
on results that were shown in Part 1, the new procedure also involved pH adjustments to convert
the polyampholytes into either their fully cationic or fully anionic forms. For those experiments
in which the amine groups were used for quantification, the pH was adjusted to 3.0 with HCI,
after sufficient sodium sulfate had been added to achieve a solution conductivity of 1000 uS/cm
prior to pH adjustment. For experiments based on the carboxyl content of the polyampholytes,
the pH was adjusted to 11 with NaOH, in the presence of the same background electrolyte.

Both pH and conductivity of the fines-free pulp slurry (consistency 0.5 %) were adjusted
by addition of NaOH or H,SO4. The 0.1 % PAM solution also was adjusted to the same values
of pH and conductivity as the slurry. 200 g of the slurry was placed in a 250 mL glass beaker.
The slurry was stirred with a mechanical stirrer at a given speed (default value = 500 rpm). A
given amount of PAM solution was added to the slurry (1 % of fiber). The mixture was stirred
for a given time (5 min). The slurry was filtered with 400-mesh screen.

The amount of PAM copolymer in the filtrate was determined by colloidal titration. The
pH of the filtrate was adjusted to 3.0, and the conductivity was adjusted to 2000 uS/cm with
Na;SO4. 10 mL of the sample was placed in the measuring cell of a Miitek particle Charge
Detector (PCD 03 pH) and 0.001N PVSK solution was added slowly until the streaming current
value reached zero. The amount of the titrant added was thus recorded. This value was
compared with that of a blank test, in which no fiber was used, allowing the calculation of the

adsorbed amount of PAM.



3. Results and Discussion

3.1. Method Development

The first goal was to develop a new method for the quantification of polyampholyte
concentrations in solution. Such a test was needed in order to later determine adsorbed amounts,
based on concentrations of amphoteric polymers remaining in solution, compared to suitable
control tests.

Baseline calibrations were carried out at a conductivity of 1000 uS/cm and a pH of 5.3
with the titrants used in streaming current (SC) tests. Solutions of poly-vinylsulfate, potassium
salt (PVSK), with concentrations ranging between zero and 35 peq/L, were titrated with poly-
diallyldimethylammonium chloride (poly-DADMAC). Results were highly linear with PVSK
concentration, yielding an R? value of 0.999 for the linear regression of the SC endpoint values.
These results are consistent with previous work with polyelectrolytes, showing an approximately
1:1 stoichiometry of charged groups, especially under conditions of relatively low ionic
strength.”?’ More importantly, the stoichiometry of the endpoints did not depend on the initial
concentration of the sample, within the range of this study.

3.2 Calibration Tests at pH 11

The idea behind carrying out titrations at pH 11 was to ensure that essentially all of the
carboxyl functions were in their ionized form, whereas essentially all of the amino groups were
in their respective neutral form. The polyampholyte sample C5A4 was selected for purposes of
method development.! Fig. 1 (A), shows that the ratio of poly-DADMAC to polyampholyte, at
the streaming current endpoints, depended on the concentration of monomeric electrolytes.

Better reproducibility was obtained in the case where no salts were added, other than those



originally present in the polyampholyte products. The endpoint values increased linearly with
increasing polyampholyte concentration in the initial solution. Titration results were more
scattered when they were carried out in the presence of an additional 100 ppm calcium chloride
plus sufficient sodium sulfate to bring the final electrical conductivity to 1760 pS/cm after the

pH adjustment.
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Fig. 1. Concentrations of poly-DADMAC at the titration endpoint corresponding to the initial
amphoteric polyacrylamide (sample C4A4) concentrations at pH 11: (A) Effect of different salt
concentrations; (B) Effect of different titration procedures.

Preliminary titrations suggested that the scatter of data shown in Fig. 1 (A) might be at
least partly due to the time needed to obtain a steady streaming current signal. This possibility
was evaluated by comparing results of relatively rapid titrations, using an auto-titrator, with
manual titrations in which streaming current signals were observed 5 minutes after each addition
of titrant. A typical automatic titration took approximately 1 to 2 minute to complete, while a
typical manual titration took 20 to 40 minutes. Figure 1 (B) shows a new series of experiments
in which the slower rate of titration yielded results that were consistently different. For reasons
of relatively high linearity and reproducibility, the manual titration method was thus selected for
further work involving adjustment of pH to 11. Periods of conformational adjustment in the

range of almost zero to 30 seconds have been suggested in a recent review.
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Fig. 2. Concentrations of poly-DADMAC at the titration endpoint corresponding to the initial
amphoteric polyacrylamide (sample C4A4) concentrations at pH 11 in different salt
concentrations using the manual titration method

Using the manual titration method just described, the conditions represented in Fig. 1 (A)

were then repeated. As shown in Fig. 2 the main trends agreed with Fig. 1 (A), but the

reproducibility was improved, as shown by the high values of the coefficients of determination.

3.3 Calibration Tests at pH 3

Figure 3 (A) shows the results of automatic and manual titrations with PVSK carried out
at pH 3 (conditions intended to convert the polyampholytes into their most fully cationic form).
Data from the auto-titration showed some of the same non-linear tendencies apparent in the
upper curve of Fig. 1 (A). Again, the manual titration involved more efficient utilization of the

titrant.
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Fig. 3. Concentrations of PVSK at the titration endpoint corresponding to the initial amphoteric
polyacrylamide (sample C4A4) concentrations at pH 3: (A) Effect of different titration
procedures; (B) Effect of salt.

Figure 3 (B) shows that titrations carried out at pH 3 were less affected by salt, compared
to the pH 11 data shown in Figs. 1 (A) and 2. Based on the excellent linearity and
reproducibility of these data, the condition represented by the upper curve was selected for all of
the adsorption experiments that are to follow. The reason for adding background electrolyte was
to reduce the relative change in ionic strength that results from ions that enter the mixture with
the titrant solution during the course of a titration.

Up to this point, all of the data shown have involved just one of the three polyampholyte
samples considered. Figure 4 compares the calibration curves for polyampholytes having three
different monomeric compositions. Since the titrations represented in the figure were carried out
at pH 3, one would anticipate the results to depend on the content of amine groups in each
product. Based on an assumption that the stoichiometry of interactions between the titrant
anionic groups and the amine groups on the samples, the relative positions of the plotted curves

were in the same order as predicted by the NMR analyses reported in Part 1.!
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Fig. 4. Concentrations of PVSK at the titration endpoint corresponding to the initial amphoteric
polyacrylamide concentrations at pH 3 using different polyacrylamide products.

3.4 Results of Adsorption Experiments

In view of the demonstrated significance of the titration rate, it is reasonable to expect

that the adsorbed amount of polyampholyte onto cellulosic fibers may depend on the time of

mixing. Figure 5 shows such an effect, but it also shows that the adsorbed amount already had

reached about 90% of its plateau value after 5 minutes. Subsequent tests were carried out at the

same five-minute mixing condition.
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Rates of adsorption from solution sometimes are limited by slow convection or diffusion
from the bulk solution onto the surfaces.”® To examine this possibility, experiments were
repeated at different rates of agitation with an impeller stirrer. As shown in Fig. 5 (B), such
variations in stirring rate did not affect the adsorbed amounts.

The adsorbed amounts shown in Fig. 5 were higher than might be expected based on a
simple model of flat macromolecular adsorption. While the fiber surface area was not evaluated
in the present study, past studies based on hydrodynamic flow resistance,*’ as well as on nitrogen

3031 suggest values in the range of 0.5 to 2 m? per gram of fiber. The use of BET

adsorption,
data, which involve dried fibers, can be justified for evaluation of external area. The very small
pores that are subject to closure upon drying are not expected to be readily accessible to high-
mass polymers such as used in the present study. Based on the upper end of the described range,
results in Fig. 5 imply an adsorbed amount of ca. 4 mg/m”. This is about twenty times higher
than the values obtained in a study of polyelectrolyte monolayer adsorption onto molecularly
smooth cellulose.” On this basis it can be concluded that the polyampholytes maintained a

three-dimensional structure upon adsorption. Multi-layer adsorption and colloidal deposition

cannot be ruled out as alternative explanations.

3.5 Effect of Salt
Effects of increasing salt (sodium sulfate) are shown in Fig. 6. The fact that adsorption
increased with increasing electrical conductivity is an example of what has been called “ordinary
» 16

polyelectrolyte behavior”.”” In other words, the results are consistent with a trend towards less

extended molecular conformations with increasing shielding of charged groups within

11



polyelectrolytes by monomeric ions. Under some conditions polyampholytes swell with
increasing salt, presumably due to a weakening of intra-molecular associations between charged
groups,” an effect that is especially anticipated in the case of interactions of block copolymer
polyampholytes. The fact that the present results are better described by ordinary polyelectrolyte
considerations suggests that the degree of ion pairing within a given molecule did not change
greatly at the selected ionic conditions. Though it has been suggested that ions pairs within a
polyampholyte molecule may be effectively unavailable for interaction,* the results in Fig. 6 do

not provide a sufficient basis to judge this issue.

C5A4, 1% on fiber, pH 7, 5 min, 500 rpm
0.8

0.6 _—

0.2

Adsorbed Amount (g/100g)

10 100 1000
Conductivity (uS/cm)

Fig. 6. Adsorption of the amphoteric polyacrylamide onto cellulosic fibers: Effect of
conductivity.
3.6 Effects of pH

Figure 7 shows data from adsorption experiments carried out at different pH values, with
the titrations performed after adjustment of the filtrate pH to 3. Part (A) of the figure presents
the adsorbed amounts relative to the final concentrations in solution. The most efficient
adsorption was observed at pH 5. Also, it is apparent that the plateau adsorption values were not
yet reached under the conditions of testing (except possibly at the extreme pH values of 3 and

11). Values of adsorbed amounts above 2% are noteworthy in light of the fact that fiber fines

12



had been removed from the fiber suspension (see Experimental), a procedure that is expected to

reduce the overall surface area per unit mass of cellulosic materials.

35-36

Even in the presence of

fiber fines, other papermaking additives such as cationic starch usually do not adsorb efficiently

onto fibers at quantities greater than 2%.’’

4.0
A 5% added Polymer C5A4 B 1o -
on fiber .. pHS5 500 rpm, 5 min Polymer C5A4, 1%
- . Cond. 1000 pS/cm oa N Cond. = 1000 pS/cm
c 530 =) 0.8
R4 = .
° B pH9 3
€& A H7 €
< T 20 2% M D P 3 0.6 °
620 ¢ : 9
] S 7 £ °
22 a - <
S L d
o2 i e . - 04
0 =, N ot - PH3 @
Tl 1.01 E - 2
< I A R Ly o
V- e < 02
. ~. pH11 < o
0.0 Deanrd N seseeesess A
°
0 0.2 0.4 0.6 0.8 1.0 1.2 0.0

PAM Concentration (mg/l)

2

4

6

8

10

12

pH

Fig. 7. Adsorbed amounts of amphoteric polyacrylamide C5A4 onto cellulosic fibers at various

pH values: (A) As a function of final polymer concentration. (B) As a function of pH at the 1%
level of polymer addition.

Figure 7 (B) shows data from adsorption tests carried out with the same polyampholyte
sample over a range of different pH values. As shown, the maximum adsorption took place at a
pH of 5, which was a little lower than the iso-electric pH. As the pH was increased, the adsorbed
amount decreased gradually up to about pH 9, and then it fell rapidly. The decrease in adsorbed
amount also was relatively abrupt as the pH was decreased below 5 to yet lower values.

To understand the data of Fig. 7, note that three different types of charged groups are
expected to govern adsorption under such circumstances. In addition to the carboxyl and amino
groups on the polyampholyte molecules, one also needs to consider carboxyl groups that mainly
determine the charged nature of bleached kraft fibers in aqueous media.”® The latter provide a
net negative charge suitable for adsorption of net cationic polymers. However, the pK, value of
such surface-bound carboxyl groups is expected to be near to 4.4. Since even the maximum

charge density at the surfaces of bleached kraft fibers already is quite low,” it is reasonable to
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expect the charge density of the fibers to become a limiting factor in adsorption, especially as the
pH is decreased below the pK, value of those groups. On the other hand, as pH is increased
above 5, the majority of carboxyl groups already are expected to be in their negative, carboxylate
form. As shown in Part 1 of this series, the predominant pKj, value of the amine groups in the
polyampholytes under consideration was approximately 9. Thus, a steep fall-off in adsorption at
pH values higher than 9 is consistent with increasing neutralization of the amine groups on the
polyampholyte. The iso-electric point of the polyampholyte examined here was 6.0, as measured
in the previous study. In a pH range above 6.0, both the polyampholyte and fibers are expected
to be negative in net charge. However, the polyampholyte still had an ability to adsorb onto
similarly charged fibers. This result coincides with a recent theoretical study with regard to
adsorption of polyampholytes on charged surfaces.'”

Though the results in Fig. 7 may be rationalized in terms of simple adsorption of
individual solubilized macromolecules, one cannot rule out a mechanism in which
polyampholytes form unstable colloidal aggregates that subsequently precipitate onto the
cellulosic surfaces. As shown in Part 1 of this series,’ the turbidities of polyampholyte aqueous
mixtures were maximized and the viscosities were minimized in the neighborhood of the
isoelectric pH. These results suggest a tendency towards a globular macromolecular
conformation and relative insolubility in water at the isoelectric pH. Hence, relative insolubility
can be used as a further way to explain the effect of pH on the adsorbed amount of
polyampholyte. A colloidal deposition mechanism of adsorption also helps to reconcile the
relatively high adsorbed amounts, relative to what would be expected for a flat adsorbed

monolayer.
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Figure 8 shows results that are closely related to those in Fig. 7, except that a fresh batch
of hardwood fibers was used. Excellent agreement was obtained between the results shown for
the C5A4 sample in Figs. 7 and 8. For the other two polyampholyte samples no results are
shown above pH 7 because the SC endpoints were not sufficiently distinct. The most important
differences between the respective polyampholyte samples were observed at a pH value of 3.
Surprisingly, the adsorbed amounts did not correspond in a clear way to the respective cationic
charge densities of the adsorbing polymers. Rather, the trend is roughly consistent with how the
polymers interacted with PVSK at pH 3, as was shown in Fig. 4. Again, such results suggest that
charge interactions are not the only factor governing the stoichiometry of interaction. Rather,
future work should also consider structural factors such as details that pertain to random or block
polymer distributions of different polyampholyte samples.

To rationalize the contrasting results corresponding to pH=3 in Fig. &, it is useful to note
that sample C5A4 was the most cationic of the three polyampholytes, having the highest ratio of
basic to acidic groups. The negative charge of cellulosic fibers becomes weaker with decreasing
pH.*®* Thus, it is reasonable to expect adsorption of C5A4 at pH=3 to be limited by a build-up
of positive charge. The findings in Fig. 8 also help to support one of the conclusions of Part 1.'
Namely, it is reasonable to expect that adsorptive interactions of polyampholytes are dominated
by polymer segments located towards the outer edges of a dissolved macromolecule, and charged
groups within the interior of a polyampholyte have a tendency toward 1:1 stoichiometric
interactions. These tendencies can be expected to amplify the effects of differences in ratios of

basic to acidic groups.

15
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Fig. 8. Adsorption of the amphoteric polyacrylamide onto cellulosic fibers using different
polyampholytes.
4. Conclusions

1. A new procedure for streaming current (SC) titrations was found to be effective for
quantifying solution concentration of amphoteric acrylamide-based terpolymer samples.
Measurements at high pH (aimed at detecting only the carboxyl functional groups) and
low pH (aimed at detecting only the amine functional groups) were in excellent
agreement with each other.

2. Increased accuracy of SC titrations involving the polyampholytes was achieved when
using a longer equilibration time, rather than using a typical automatic titration rate,
consistent with relatively slow macromolecular rearrangements.

3. Adsorbed amounts of the polyampholytes onto cellulose tended to be maximized near to,
but not quite equal to their iso-electric points. Maximum adsorption favored conditions
where the net charge of the polyampholyte was relatively low and opposite in sign to that

of the substrate surface.
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4. Polyampholytes with negative net charge also adsorbed onto negatively charged fibers,

though at lower amounts compared to cases in which the net charges were opposite.
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FIGURE CAPTIONS

Fig. 1. Concentrations of poly-DADMAC at the titration endpoint corresponding to the initial
amphoteric polyacrylamide (sample C4A4) concentrations at pH 11: (A) Effect of different salt
concentrations; (B) Effect of different titration procedures.

Fig. 2. Concentrations of poly-DADMAC at the titration endpoint corresponding to the initial
amphoteric polyacrylamide (sample C4A4) concentrations at pH 11 in different salt
concentrations using the manual titration method

Fig. 3. Concentrations of PVSK at the titration endpoint corresponding to the initial amphoteric
polyacrylamide (sample C4A4) concentrations at pH 3: (A) Effect of different titration
procedures; (B) Effect of salt.

Fig. 4. Concentrations of PVSK at the titration endpoint corresponding to the initial amphoteric
polyacrylamide concentrations at pH 3 using different polyacrylamide products.

Fig. 5. Adsorption of the amphoteric polyacrylamide onto cellulosic fibers. (A) Effect of
adsorption time. (B) Effect of stirring rate.

Fig. 6. Adsorption of the amphoteric polyacrylamide onto cellulosic fibers: Effect of
conductivity.

Fig. 7. Adsorbed amounts of amphoteric polyacrylamide C5A4 onto cellulosic fibers at various
pH values: (A) As a function of final polymer concentration. (B) As a function of pH at the 1%

level of polymer addition.

Fig. 8. Adsorption of the amphoteric polyacrylamide onto cellulosic fibers using different
polyampholytes.
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