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bstract

Results reported in Part 1 of this series showed that paper strength improvements could be optimized by varying pH and the overall content of
onic groups in random terpolymers containing a fixed molar ratio of acidic and basic monomeric groups. Further treatment of kraft fiber slurries
ith polyaluminum chloride (PAC), after polyampholyte addition, yielded significant strength benefits. The present paper shows how these results

an be explained in terms of the streaming potential (SP) of glass fibers, which were used as a model substrate. The data suggest that aluminum

ons interact both with the anionic carboxyl groups of the polyampholytes and with anionic silanol groups at fiber surfaces. The streaming potential
f the treated surfaces could be changed by varying the pH, the overall density of charged groups of the polyampholytes, the ratio of cationic to
nionic groups on the polymer and by post-treatment with polyaluminum chloride.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

In Part 1 of this series [1] it was shown that treatment of a
leached kraft fiber slurry with amphoteric terpolymers resulted
n greater dry strength, compared with treatment of the same
ber slurry with the respective (simple) polyelectrolytes having
single charge. Also it was reported that addition of low amounts
f polyaluminum chloride (PAC) was generally beneficial to the
erformance of the polyampholytes as dry-strength agents. By
ontrast, such treatment reduced the dry strength when used in
onjunction with simple polyelectrolytes of either sign of charge.
t was proposed that a subtle balance of complexation phe-
omena, hydrodynamic size and effective electrokinetic charge
ight account for some of these observations. In the present

rticle we report results of complementary experiments with a

odel substrate consisting of non-porous glass microfibers that

elp to explain these effects. In comparison to cellulosic sur-
aces, glass is expected to have a geometrically simpler surface,
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ossibly facilitating interpretation of the results, because the pos-
ibility of polyelectrolytes penetrating into the porous structure
n fibers is avoided. Furthermore, silica (and mica) are well-
nown substrates frequently used in studies of polyelectrolyte
dsorption [2–5]. They also have been used as models to under-
tand adsorption behaviors onto fibers, as well as of interactions
etween polymer-covered surfaces [6,7].

Streaming potential (SP) measurements provide a power-
ul tool with which to study electrokinetic effects of polymer
dsorption onto particles or fibers in aqueous suspension. Rel-
tive to some other kinds of electrokinetic measurements, SP
ests in fiber suspensions are quick and direct, being based
n signals that originate at the surfaces of the filterable solids
8–11]. When applying such tests to the case of polyampholyte
olecules adsorbing onto cellulosic surfaces, various issues

ught to be considered: if the adsorbing polyelectrolyte has
ear-equal numbers of positive and negative groups, can it still
e effective in altering the measured streaming potential of the

olids? Will coverage of the solid surfaces by polyampholytes
end to drive the streaming potential towards lower absolute val-
es? Is it possible to detect evidence of molecular rearrangement,
ith time, so that segments having higher density of positive

mailto:hubbe@ncsu.edu
dx.doi.org/10.1016/j.colsurfa.2006.11.052
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roups eventually are enriched at the polyampholyte–substrate
nterface?

Despite the fact that aluminum compounds are widely used
n combination with polyampholytes for enhancing the dry
trength of paper and to promote dewatering during the forming
rocess [12–14], little is known about how the presence of alu-
inum compounds affects the electrokinetic effects resulting

rom polyampholyte treatment of fibers in suspension. There-
ore, the synergistic effects of PAC with polyampholytes were
lso investigated.

Based on past work [15–17] it is reasonable to expect that
dsorbed high-mass polymers will have a dominant effect on the
lectrokinetic properties of suspended particles or fibers. Such a
ominant influence is consistent with the high affinity of many
igh molecular mass water-soluble polymers with surfaces, over
wide range of conditions [18,19]. Because ion-containing poly-
ers of high molecular mass adsorb in the form of trains and,
ost importantly, with loops and tails projecting outwards from

he surfaces [2,3], their effect on the electrostatic potential at the
lane of shear (zeta potential) can be quite large as compared
ot only with the original, uncovered surfaces but also to the
ase of lower molecular weight polymers [16,17]. Past studies
ave suggested that treatment levels in the range of 1%, based on
olid mass, may be sufficient to completely obscure the original
lectrokinetic nature of suspended solids [20–22].

Fig. 1 gives a schematic representation of how a high-
ass polyampholyte might be expected to rearrange after it is

dsorbed on a substrate having a negative charge. Even if the
rdering of monomer groups along the macromolecular chain
s completely random, one still can expect there to be segments
hat happen to be enriched in either positive or negative charged
roups [23,24]. Any differences in the reactivities of monomeric
roups with each other or with contrasting monomeric groups
ill favor further enrichment of charged groups within differ-

nt segments [25]. While there is a need for methods capable
f detecting non-uniform distributions of charged groups within
harged polymers, it is reasonable to look for evidence of such

istributions by practical experiments. Thus, in Fig. 1, one can
xpect segments rich in positively charged ionic groups to orient
hemselves to be close to a substrate of opposite charge [26,27].
s shown in the figure, such reconformation can be expected

t
T
d

able 1
ynthesis of acrylamide-based polyampholytes and simple copolymers

ample Polymer type Basic groupa (if any) Acidic gro

Amphoteric DMAPAA IA
Amphoteric DMAPAA IA
Amphoteric DMAPAA IA
Amphoteric DMAPAA IA
Cationic DMAPAA –
Anionic – IA

-1 Amphoteric DMAEA IA
-2 Amphoteric DMAEA IA
R-1 Amphoteric DMAEMA IA
R-2 Amphoteric DMAEMA AA

a DMAPAA: N-[3-(N′,N′-dimethylamino)propyl]acrylamide; IA: itaconic acid; DM
ethacrylate; AA: acrylic acid.
ig. 1. Schematic representation of expected conformational change following
dsorption of a high-mass, linear polyampholyte, in which the spacial distribu-
ion of charged groups becomes polarized.

o result in a gradual depletion of positive groups, on average,
n segments that are extending away from the surface. If the
odel shown in Fig. 1 is valid, then one ought to expect a decay

n streaming potential to less positive or more negative values,
elative to the initial SP values achieved following treatment of
he negative surfaces with polyampholyte molecules.

. Experimental

Experiments were conducted in deionized water prepared
ith an ion-exchange system from Pureflow, Inc. The polya-

uminum chloride was Compozil Eka ATC 8210 from Eka
hemicals, Paper Chemicals Div. The product was added on an
s-received basis. Other inorganic chemicals all were of reagent
rade.

.1. Polymer preparation and characterization
The compositions of polyampholyte and simple polyelec-
rolyte samples synthesized for this study are shown in Table 1.
he preparation and analysis of samples A–D, F and G were
escribed in Part 1 of this series [1]. Preparation and analysis of

upa (if any) Basic group molar
content (%)

Carboxylic (acidic) group
molar content (%)

2.5 2
5 4

10 8
20 16

5 –
– 4
5 8
3.8 9
5 10
5 5

AEA: 2-(dimethylamino)ethyl acrylate; DMAEMA: 2-(dimethylamino)ethyl
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As the pH is decreased below 3, the remaining silanol groups
are expected to become protonated, achieving neutrality at about
2.5 [31]. The family of curves corresponding to treatment with
the moderately low-charge polyampholyte B shows a progres-
Y. Wang et al. / Colloids and Surfaces A

olyampholyte samples H-1 and H-2 likewise were described
lsewhere [28]. Briefly stated, both of these sets of research
aterials were prepared by free-radical polymerization, using

mmonium persulfate as a radical initiator. Reactions were car-
ied out at 60 ◦C with stirring under a nitrogen atmosphere.

Polyampholytes FR-1 and FR-2 were prepared in our lab-
ratories by free-radical polymerization with the monomer
ompositions shown in Table 1. The monomers were first
issolved in 100 ml deionized water in a three-necked flask
quipped with a reflux condenser and a bubble sparger, which
as used to inject argon at room temperature for 60 min. After

dding ammonium persulfate, the reaction was allowed to pro-
eed at 85 ◦C for 1 h. After cooling, the viscous polymer solution
as precipitated in excess methanol. The polymer was col-

ected by filtration and dried under vacuum at 40 ◦C for 2 days.
he chemical structures and charge densities of the polymers
btained were confirmed using NMR in D2O solution.

.2. Streaming potential tests

Streaming potential experiments, to determine the effects of
olyampholytes on the electrokinetic nature of the fiber sur-
aces, were carried out with the SPJ device described elsewhere
29]. Briefly stated, 7.5 g of fibers and a certain amount of
olyampholyte solution (0.1%) were added to 750 ml water with
ackground electrolyte. The pH was adjusted with dilute solu-
ions of HCl or NaOH. The background electrolyte, except where
oted otherwise, was sodium bicarbonate (10−4 M) (to stabilize
he pH near to the neutral point) and sodium sulfate to achieve
n electrical conductivity of 1000 �S/cm (23 ◦C). “Salt-free”
onditions were similarly prepared, but without sodium sulfate.
treaming potentials were evaluated with an applied pressure of
07 kPa.

To avoid complications involving the nanoporous nature of
ellulosic fibers, all of the streaming potentials reported here
ere obtained with suspensions of glass micro-fibers, product
-50-R from Lauscha Fibre International of Sommerville, SC.
he fibers had a nominal thickness of about 4 �m and were 4 mm

n length. Though such fibers have a negative surface charge,
s do cellulosic fibers, the surfaces are not fibrillated and the
nes content in aqueous suspension is negligible. Previous work
howed advantages of using such fibers to study the mode of
ction of dual-polymer dry-strength systems [30].

. Results and discussion

.1. Effect of polyampholytes on streaming potential of
lass fibers

Fig. 2 shows the results of an initial test carried out to
etermine the range of treatment levels over which one of the
olyampholytes (B) had significant effects on streaming poten-
ial. As shown, the untreated fibers at pH 11 had a negative

harge, which is consistent with previous findings [30,31]. Addi-
ion of a solution of the moderately low-charge polyampholyte

yielded significant changes in SP over the dosage range 0.001
o about 0.03%, based on the dry mass of fibers. As noted before,

F
w

ig. 2. Effect of polyampholyte B dosage, as percent by mass on solids, on the
treaming potential of glass fibers.

he charge density and structure of this polymer was confirmed
y NMR analysis (see Table 1). Further increases in treatment
ielded little further change, which suggests a saturated condi-
ion of the surfaces [32].

The results in Fig. 2 reveal how adsorption of a net-negative
olyampholyte at high pH, where fibers also have a net-negative
harge, may actually reduce the absolute value of streaming
otential. The reduction in the absolute value of SP was achieved
espite the fact that negative carboxylate groups are expected to
ominate the charged nature of the polyampholyte, for instance,
t pH 11. The effect on SP is tentatively attributed to the coverage
f the substrate by polymer segments that have a lower net charge
ensity, compared to that of glass, and also due to the presence of
ails and loops of polymer extending outwards from the substrate
nto the solution phase [16,17].

Fig. 3 shows how polyampholyte treatment at different levels
ffected the SP of glass fibers at different values of pH. Results
or the “blank” confirm the expectation that the glass surfaces
n aqueous solution is strongly negative above a pH of about 3.
ig. 3. Effect of pH on streaming potential for glass fiber suspensions treated
ith different levels of polyampholyte B.
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ig. 4. (A) Effect of the density of ionic groups in polyampholytes on the stream
he polyampholytes have a constant molar ratio of acidic to basic groups. (B)
aving the same molar content of either positive or negative groups. Tests were

ive shift in SP values with increasing dosage. It appears that
treatment level of 0.6%, based on fiber mass, was enough to

chieve a limiting value. At intermediate pH values the addition
f polyampholyte tended to neutralize the apparent charge of the
urfaces, achieving near-zero value of SP at high levels of treat-
ent. The addition of polyampholyte under acidic conditions

howed greater effectiveness for neutralization of the surface
harge of the oppositely charged fiber, which is attributed to a
tronger electrostatic attraction.

Previous work has shown various instances in which
rainage, retention, sizing or dry-strength results were maxi-
ized when the zeta potential of the fiber furnish was near to

ero, due to adjustments in the amounts of added chemicals
33–37]. The present results suggest that the reported effective-
ess of polyampholytes as dewatering aids [12,38–40] also may
e associated with their tendency to reduce absolute values of
he zeta potential in the papermaking systems to which they are
dded.

Fig. 4 shows a series of results all obtained at the treatment
evel of 0.2% polymer, based on the mass of glass microfibers.
esults for polyampholyte samples of increasing charge den-

ity are shown in Fig. 4A. Despite an eight-fold increase in
harge density, based on monomeric groups within the series
f polyampholytes A–D, it is clear that all of the polyam-
holytes produced similar changes in the streaming potential of
he glass microfibers. Nevertheless, the highest-charge polyam-
holyte, sample D, yielded SP values that were more positive
elow pH 8 and more negative above ca. pH 9, compared to
he lesser-charged polyampholytes. The opposite was true for
olyampholyte A, the lowest-charge polyampholyte, still not-
ng that the ratio of basic to acidic groups on this series of
olyampholytes was held constant.

Fig. 4B shows comparative results for polyampholyte sample
and the single polyelectrolytes having the same molar propor-

ions of either acidic or basic functional groups. In contrast to

reatment with the polyampholyte, the cationic and anionic poly-
lectrolytes (F and G, respectively) yielded streaming potential
alues that were almost independent of pH in the range of about
–9. Thus, sample F, the cationic copolymer, yielded positive

z
e
b
[

tential of glass microfibers (0.2% polymer dosage) at 1000 �S/cm conductivity.
rast between the effects of polyampholyte B vs. poly-base F and poly-acid G
rmed at 1000 �S/cm conductivity.

P values at pH values below about 10. At yet higher pH it is
xpected that most of the tertiary amine groups are not charged.
he anionic polyelectrolyte G yielded SP values less negative

han that of the untreated glass. Again, the most likely expla-
ation is that polymer segments extending outwards from the
lass surface tend to dominate the electrokinetic properties, at
east partly obscuring the original electrokinetic nature of the
are substrate.

.2. Synergistic effects of PAC and polyampholytes

The effects on streaming potential of the addition of PAC are
llustrated in Fig. 5 for pH 5, considering the same polymer
olutions discussed before. As a generalization, the stream-
ng potentials in the presence of polyampholyte solutions were
ffected to a greater extent by the PAC addition, compared to
hose obtained in the presence of simple polyelectrolyte solu-
ions. Thus, in Fig. 5A, increasing PAC addition caused a change
rom negative to positive streaming potential for systems treated
ith polyampholytes A–D. At pH 5 the polyampholytes of
igher density of ionic groups (increasing by factors of 2 in
he order A–D) tended to start out with less negative streaming
otentials and end up at higher positive streaming potentials,
ven exceeding the streaming potential resulting from the addi-
ion of the cationic polyelectrolyte. By contrast, the system
ith the cationic polyelectrolyte, sample F, appeared unaffected
y PAC addition. The system involving sample G, the anionic
olyelectrolyte, became somewhat less negative with increasing
ddition of PAC, but the net sign of potential remained negative.

Results in Fig. 5B pertain to tests carried out with sufficient
odium sulfate so that the conductivity was 1000 �S/cm. The
creening effect of the added salt is evident in the much smaller
ange of values on the vertical axis scale. Though the results
enerally are consistent with the same explanations given in the
revious paragraph, there is one puzzling feature. That is, at

ero PAC addition the system treated with the cationic poly-
lectrolyte F had a negative value of streaming potential. The
est explanation for this observation is that aluminum species
41–44] were able to interact with silanol groups at uncovered
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ig. 5. Effect of PAC addition at increasing levels: (A) to salt-free glass fiber sus
lass fiber suspensions (1000 �S/cm) treated at 0.02% with ionic polymers at p

reas on the fiber surfaces, making the system more positive.
his interpretation is consistent with supplementary tests car-

ied out with glass fibers and PAC addition in the absence of
rganic polymers.

Results similar to those shown in Fig. 5 also were obtained
n solutions having a pH of 4. Briefly stated, the effects due
o PAC addition were less important at the lower pH. A likely
xplanation is that there aluminum species have a lower tendency
o polymerize and adsorb onto fiber surfaces at the lower pH
alue [41,44].

Results shown in Fig. 6 help to answer one of the questions
hat was raised in Section 1, namely whether there is evi-
ence of molecular rearrangement following initial adsorption
f polyampholytes onto fibers. As shown in Fig. 6A, the stream-
ng potentials of systems treated with polyampholyte B–D in
he absence of salt all showed decays of streaming potential

owards more negative values with increasing time. Such results
re consistent with a rearrangement favoring more of the cationic
onic groups facing the fiber surfaces. Such a rearrangement is
xpected to result in a disproportionate density of negatively

b
l
d

ig. 6. Effect of time on the streaming potential of glass fibers freshly treated with io
f sodium sulfate (1000 �S/cm).
ns treated at the 0.02% level with ionic polymers at pH 5; (B) of salt-containing

harged macromolecular groups facing outwards, consistent
ith the experimental results. No significant decay in streaming
otential was observable in the case of the cationic polyelec-
rolyte F, or the lowest-charge polyampholyte A. Results in
ig. 6B show the same general trends in the case of tests carried
ut in the presence of sodium sulfate.

Fig. 7 shows results of a follow-up test in which the ratio
f acidic to basic groups (polyampholytes H-1 and H-2) was
aried. The molar compositions of these polyampholytes are
hown in Table 1. Polyampholyte H-1 with a ratio of 5 amine
roups to 8 carboxyl groups was compared with polyampholyte
-2 with a ratio of 3.8 amine groups to 9 carboxyl groups. As

hown, the largest differences in charge effects were encountered
t relatively low pH. Thus, below about pH 6, the sample that
as richer in amine groups yielded SP values that were less
egative.
In a further confirmation of the explained effect of the charge
alance, two polyampholyte samples were prepared with the
evel of tertiary amine groups held constant, but with a two-fold
ifference in the proportion of carboxyl groups (polyampholyte

nic polymers at pH 5: (A) in the absence of sodium sulfate; (B) in the presence
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Fig. 7. Streaming potentials vs. pH for glass fibers treated with polyampholytes
having different ratios of monomeric groups: polyampholytes H-1 and H-2 with
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of streaming potentials is consistent with the fact that gains
in dry strength, fine-particle retention, and the rate of dewa-

F
i

ratio of amine groups to carboxyl groups of 5:8 and 3.8:9, respectively.

amples FR-1 and FR-2). As shown in Fig. 8, a doubling of the
arboxyl group content so that it was twice the level of amine
roups shifted the resulting streaming potentials to lower values,
specially at pHs above 6. As in the case of the polyelectrolyte
(see Fig. 3B), the polyampholyte FR-2 yielded SP values that
ere almost pH-independent in the pH range between about
and 9. By contrast, FR-1, the polyampholyte having the high

evel of carboxyl groups, yielded strongly pH-dependent stream-
ng potential values over the same pH range. To help explain
he contrast between results in Figs. 7 and 8, the following
ypothesis is offered: it is proposed that the amine groups on the
harged polymers need to be present at a certain level in order to
chieve efficient adsorption onto a negatively charged substrate.
t is further proposed that the resulting streaming potential will
e highly dependent on the level of carboxyl groups, due to
he polarization that occurs when polyampholytes adsorb onto
charged substrate [26,27]. The present results provide only
artial support of this hypothesis.

ig. 8. Streaming potential–pH behavior of glass fibers treated with: (A) a polyampho
n which the anionic groups were doubled by use of a di-functional carboxylic mono
ochem. Eng. Aspects  301 (2007) 33–40

.3. Discussion of glass as a model substrate

In Section 1 it was noted that the glass fibers employed in
he present work were non-porous and of much simpler geome-
ry, relative to typical papermaking fibers, which tend to be both
orous and fibrillated. As a consequence, in the present study,
ne would not expect to observe effects attributable to poly-
er diffusion below the outermost surfaces of the substrate.

n light of these considerations, it is interesting to compare
he present results to those obtained in a separate study, in
hich bleached hardwood kraft fibers were employed as a sub-

trate [45]. At addition levels of 0.08 and 0.2% of polymer,
ith respect to cellulose, the streaming potential results cor-

esponding to polyampholyte treatments were very similar to
hose shown in Fig. 4A of the present report. This similarity
as observed despite the fact that the streaming potential of

he untreated glass substrate was much more negative than the
ellulosic fibers, throughout the range of pH investigated. It is
ossible that, at the addition levels used, there was sufficient
harged polymer present in order to obscure effects that might
ave arisen due to the porous and fibrillated nature of papermak-
ng fibers. Questions of this nature provide motivation for future
esearch.

. Conclusions

1) Depending on the details of monomeric composition,
adsorption in aqueous suspension of random polyam-
pholytes onto glass microfibers generally resulted in
streaming potentials that were less negative or more positive
than that of the bare substrate at the given levels of pH, but
not as positive as when the fibers were exposed to a cationic
polyelectrolyte having similar density of amine groups. This
tendency of the polyampholytes to reduce absolute values
tering often are achieved as the electrokinetic potential of
furnish solids is reduced towards zero.

lyte having equal amounts of cationic and anionic groups; (B) polyampholytes
mer.
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2) Polyampholytes having a fixed ratio of basic to acidic groups
showed a remarkable degree of similarity, with respect to
streaming potentials, despite an eight-fold difference in
the overall molar content of charged groups. Subtle trends
within the family group included a tendency of the higher-
charged polyampholytes to shift the streaming potential to
more positive values at low pH and more negative values at
pH above the isoelectric point.

3) Addition of polyaluminum chloride to polyampholyte-
treated glass fiber suspensions had a disproportionately
large effect, compared to similar addition to fibers suspen-
sions that had been treated with simple polyelectrolytes of
similar charge density and molecular mass. The effect of
PAC raising the streaming potential to less negative or more
positive values was greatest in the case of polyampholytes
having the highest-charge density. The effect is attributed
to complex formation between aluminum ionic species and
carboxylate groups within the polyampholytes.

4) The change with time of the streaming potential of
glass microfibers, following their treatment with polyam-
pholytes, supports a hypothesis that the macromolecules
rearrange themselves in response to the original net
charge of the substrate. An enrichment of cationic
groups at the polyampholyte–substrate interface results
in a net depletion of cationic groups facing outwards
towards the solution phase, consistent with a shift towards
less positive or more negative streaming potentials with
time.

5) By varying the ratio of basic to acidic groups in polyam-
pholytes it was possible to shift the streaming potential–pH
responses in predictable ways. In many, but not all cases,
the streaming potentials of fiber systems following treat-
ment with polyampholytes were almost linearly dependent
on pH throughout most of the pH range between the pKa
values of the acidic groups and the pKb value of the basic
group. Though the significance of this finding is not yet fully
understood, it is clear that charge ratios can be used as an
additional tool for the optimization of these chemicals in
papermaking systems.
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