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Abstract  
 
 
Results reported in Part 1 of this series showed that paper strength improvements could 

be optimized by varying pH and the overall content of ionic groups in random 

terpolymers containing a fixed molar ratio of acidic and basic monomeric groups.  

Further treatment of kraft fiber slurries with polyaluminum chloride (PAC), after 

polyampholyte addition, yielded significant strength benefits.  The present paper shows 

how these results can be explained in terms of the streaming potential of glass fibers, 

which were used as a model substrate.  The data suggest that aluminum ions interact both 

with the anionic carboxyl groups of the polyampholytes and with anionic silanol groups 

at fiber surfaces.  The streaming potential of the treated surfaces could be changed by 

varying the pH, the overall density of charged groups of the polyampholytes, the ratio of 

cationic to anionic groups on the polymer, and by post-treatment with poly-aluminum 

chloride. 

____ 
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1.  Introduction 
 
 In Part 1 of this series [1] it was shown that treatment of a bleached kraft fiber 

slurry with amphoteric terpolymers resulted in greater dry-strength, compared with 

treatment of the same fiber slurry with the respective (simple) polyelectrolytes having a 

single charge.  Also it was reported that addition of low amounts of polyaluminum 

chloride (PAC) was generally beneficial to the performance of the polyampholytes as 

dry-strength agents.  By contrast, such treatment reduced the dry-strength when used in 

conjunction with simple polyelectrolytes of either sign of charge.  It was proposed that a 

subtle balance of complexation phenomena, hydrodynamic size, and effective 

electrokinetic charge might account for some of these observations.  In the present article 

we report results of complementary experiments with a model substrate consisting of 

non-porous glass microfibers that help to explain these effects.  In comparison to 

cellulosic surfaces, glass is expected to have a geometrically simpler surface, possibly 

facilitating interpretation of the results, because the possibility of polyelectrolytes 

penetrating into the porous structure in fibers is avoided.  Furthermore, silica (and mica) 

are well-known substrates frequently used in studies of polyelectrolyte adsorption [2-5]. 

They also have been used as models to understand adsorption behaviors onto fibers, as 

well as of interactions between polymer-covered surfaces [6-7]. 

 Streaming potential (SP) measurements provide a powerful tool with which to 

study electrokinetic effects of polymer adsorption onto particles or fibers in aqueous 

suspension.  Relative to some other kinds of electrokinetic measurements, SP tests in 

fiber suspensions are quick and direct, being based on signals that originate at the 

surfaces of the filterable solids [8-11].  When applying such tests to the case of 
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polyampholyte molecules adsorbing onto cellulosic surfaces, various issues ought to be 

considered:  If the adsorbing polyelectrolyte has near-equal numbers of positive and 

negative groups, can it still be effective in altering the measured streaming potential of 

the solids?  Will coverage of the solid surfaces by polyampholytes tend to drive the 

streaming potential toward lower absolute values?  Is it possible to detect evidence of 

molecular rearrangement, with time, so that segments having higher density of positive 

groups eventually are enriched at the polyampholyte-substrate interface?   

Despite the fact that aluminum compounds are widely used in combination with 

polyampholytes for enhancing the dry strength of paper and to promote dewatering 

during the forming process [12-14], little is known about how the presence of aluminum 

compounds affects the electrokinetic effects resulting from polyampholyte treatment of 

fibers in suspension. Therefore, the synergistic effects of PAC with polyampholytes were 

also investigated. 

 Based on past work [15-17] it is reasonable to expect that adsorbed high-mass 

polymers will have a dominant effect on the electrokinetic properties of suspended 

particles or fibers.  Such a dominant influence is consistent with the high affinity of many 

high molecular mass water-soluble polymers with surfaces, over a wide range of 

conditions [18-19].  Because ion-containing polymers of high molecular mass adsorb in 

the form of trains and, most importantly, with loops and tails projecting outwards from 

the surfaces [2-3], their effect on the electrostatic potential at the plane of shear (zeta 

potential) can be quite large as compared not only with the original, uncovered surfaces 

but also to the case of lower molecular weight polymers [16-17].  Past studies have 
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suggested that treatment levels in the range of 1%, based on solid mass, may be sufficient 

to completely obscure the original electrokinetic nature of suspended solids [20-22].  

 Figure 1 gives a schematic representation of how a high-mass polyampholyte 

might be expected to rearrange after it is adsorbed on a substrate having a negative 

charge.  Even if the ordering of monomer groups along the macromolecular chain is 

completely random, one still can expect there to be segments that happen to be enriched 

in either positive or negative charged groups [23-24].  Any differences in the reactivities 

of monomeric groups with each other or with contrasting monomeric groups will favor 

further enrichment of charged groups within different segments [25].  While there is a 

need for methods capable of detecting non-uniform distributions of charged groups 

within charged polymers, it is reasonable to look for evidence of such distributions by 

practical experiments.  Thus, in Fig. 1, one can expect segments rich in positively 

charged ionic groups to orient themselves to be close to a substrate of opposite charge 

[26-27].  As shown in the figure, such reconformation can be expected to result in a 

gradual depletion of positive groups, on average, on segments that are extending away 

from the surface.  If the model shown in Fig. 1 is valid, then one ought to expect a decay 

in streaming potential to less positive or more negative values, relative to the initial SP 

values achieved following treatment of the negative surfaces with polyampholyte 

molecules. 
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Fig. 1.  Schematic representation of expected 
conformational changes following adsorption 
of a high-mass, linear polyampholyte in which 
the distribution of charged groups is 
segregated. 

 
 
2.  Experimental 
 
 Experiments were conducted in deionized water prepared with an ion-exchange 

system from Pureflow, Inc.  The poly-aluminum chloride (PAC) was Compozil Eka ATC 

8210 from Eka Chemicals, Paper Chemicals Div.  The product was added on an as-

received basis.  Other inorganic chemicals all were of reagent grade. 

 

2.1  Polymer Preparation and Characterization 

 The compositions of polyampholyte and simple polyelectrolyte samples 

synthesized for this study are shown in Table 1. The preparation and analysis of samples 

A through D, F, and G were described in Part 1 of this series [1].  Preparation and 

analysis of polyampholyte samples H-1 and H-2 likewise were described elsewhere [28].  

Briefly stated, both of these sets of research materials were prepared by free-radical 

polymerization, using ammonium persulfate as a radical initiator.  Reactions were carried 

out at 60 oC with stirring under a nitrogen atmosphere. 
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 Polyampholytes FR-1 and FR-2 were prepared in our laboratories by free-radical 

polymerization with the monomer compositions shown in Table 1. The monomers were 

first dissolved in 100ml deionized water in a three-necked flask equipped with a reflux 

condenser and a bubble sparger, which was used to inject argon at room temperature for 

60 min.  After adding ammonium persulfate, the reaction was allowed to proceed at 85oC 

for one hour.  After cooling, the viscous polymer solution was precipitated in excess 

methanol. The polymer was collected by filtration and dried under vacuum at 40oC for 2 

days.  The chemical structures and charge densities of the polymers obtained were 

confirmed using NMR in D2O solution.  

 
Table 1.  Synthesis of acrylamide-based polyampholytes and simple copolymers 
Sample Polymer 

type 
Basic group *  

(if any) 
Acidic 

group *  
(if any) 

Basic group 
molar 

content (%) 

Carboxylic 
(acidic) 

group molar 
content (%) 

A DMAPAA IA 2.5 2 
B DMAPAA IA 5 4 
C DMAPAA IA 10 8 
D 

 
Ampho-

teric 
DMAPAA IA 20 16 

F Cationic DMAPAA - 5 - 
G Anionic - IA - 4 

H-1 DMAEA IA 5 8 
H-2 DMAEA IA 3.8 9 

FR-1 DMAEMA IA 5 10 
FR-2 

 
Ampho-

teric 
DMAEMA AA 5 5 

DMAPAA  = N-[3-(N’,N’-dimethylamino)propyl]acrylamide ; IA = itaconic acid; 
DMAEA = 2-(dimethylamino)ethyl acrylate; DMAEMA = 2-(dimethylamino)ethyl 
methacrylate; AA = acrylic acid 
 
2.2  Streaming Potential Tests 
 
 Streaming potential experiments, to determine the effects of polyampholytes on 

the electrokinetic nature of the fiber surfaces, were carried out with the SPJ device 

described elsewhere [29].  Briefly stated, 7.5g of fibers and a certain amount of 
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polyampholyte solution (0.1%) were added to 750ml water with background electrolyte.  

The pH was adjusted with dilute solutions of HCl or NaOH.  The background electrolyte, 

except where noted otherwise, was sodium bicarbonate (10-4 M) (to stabilize the pH near 

to the neutral point) and sodium sulfate to achieve an electrical conductivity of 1000 

µS/cm (23 oC).  “Salt-free” conditions were similarly prepared, but without sodium 

sulfate.  Streaming potentials were evaluated with an applied pressure of 207 kPa. 

 To avoid complications involving the nanoporous nature of cellulosic fibers, all of 

the streaming potential reported here were obtained with suspensions of glass micro-

fibers, product C-50-R from Lauscha Fibre International of Sommerville, SC.  The fibers 

had a nominal thickness of about 4 µm and were 4 mm in length.  Though such fibers 

have a negative surface charge, as do cellulosic fibers, the surfaces are not fibrillated and 

the fines content in aqueous suspension is negligible.  Previous work showed advantages 

of using such fibers to study the mode of action of dual-polymer dry-strength systems 

[30]. 

 
3.  Results and Discussion 
 
3.1  Effect of Polyampholytes on Streaming Potential of Glass Fibers 
 
 Figure 2 shows the results of an initial test carried out to determine the range of 

treatment levels over which one of the polyampholytes (B) had significant effects on 

streaming potential.  As shown, the untreated fibers at pH=11 had a negative charge, 

which is consistent with previous findings [30-31].  Addition of a solution of the 

moderately low-charge polyampholyte B yielded significant changes in SP over the 

dosage range 0.001 to about 0.03%, based on the dry mass of fibers.  As noted before, the 

charge density and structure of this polymer was confirmed by NMR analysis (see Table 
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1).  Further increases in treatment yielded little further change, which suggests a saturated 

condition of the surfaces [32]. 

 The results in Fig. 2 reveal how adsorption of a net-negative polyampholyte at 

high pH, where fibers also have a net-negative charge, may actually reduce the absolute 

value of streaming potential (SP).  The reduction in the absolute value of SP was 

achieved despite the fact that negative carboxylate groups are expected to dominate the 

charged nature of the polyampholyte, for instance at pH=11.  The effect on SP is 

tentatively attributed to the coverage of the substrate by polymer segments that have a 

lower net charge density, compared to that of glass, and also due to the presence of tails 

and loops of polymer extending outwards from the substrate into the solution phase [16-

17]. 

 Figure 3 shows how polyampholyte treatment at different levels affected the SP of 

glass fibers at different values of pH.  Results for the “blank” confirm the expectation that 

the glass surfaces in aqueous solution is strongly negative above a pH of about 3.  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 progressive shift in 

SP values with increasing dosage.  It appears that a treatment level of 0.6%, based on 

fiber mass, was enough to achieve a limiting value.  At intermediate pH values the 

addition of polyampholyte tended to neutralize the apparent charge of the surfaces, 

achieving near-zero value of SP at high levels of treatment.  The addition of 

polyampholyte under acidic conditions showed greater effectiveness for neutralization of 
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the surface charge of the oppositely charged fiber, which is attributed to a stronger 

electrostatic attraction.   

Previous work has shown various instances in which drainage, retention, sizing, 

or dry-strength results were maximized when the zeta potential of the fiber furnish was 

near to zero, due to adjustments in the amounts of added chemicals [33-37].  The present 

results suggest that the reported effectiveness of polyampholytes as dewatering aids 

[12,38-40] also may be associated with their tendency to reduce absolute values of the 

zeta potential in the papermaking systems to which they are added. 
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Fig. 2.  Effect polyampholyte B dosage, 
as percent by mass on solids, on the 
streaming potential of glass fibers.  
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Fig. 3.  Effect of pH on streaming 
potential for glass fiber suspensions 
treated with different levels of 
polyampholyte B.  

 
 Figure 4 shows a series of results all obtained at the treatment level of 0.2% 

polymer, based on the mass of glass microfibers.  Results for polyampholyte samples of 

increasing charge density are shown in Fig. 4A.  Despite an eight-fold increase in charge 

density, based on monomeric groups within the series of polyampholytes A through D, it 

is clear that all of the polyampholytes produced similar changes in the streaming potential 

of the glass microfibers.  Nevertheless, the highest-charge polyampholyte, sample D, 

yielded SP values that were more positive below pH=8 and more negative above ca. 
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pH=9, compared to the lesser-charged polyampholytes.  The opposite was true for 

polyampholyte A, the lowest-charge polyampholyte, still noting that the ratio of basic to 

acidic groups on this series of polyampholytes was held constant. 

 Part B of Fig. 4 shows comparative results for polyampholyte sample B and the 

single polyelectrolytes having the same molar proportions of either acidic or basic 

functional groups.  In contrast to treatment with the polyampholyte, the cationic and 

anionic polyelectrolytes (F and G, respectively) yielded streaming potential values that 

were almost independent of pH in the range of about 5 to 9.  Thus, sample F, the cationic 

copolymer, yielded positive SP values at pH values below about 10.  At yet higher pH it 

is expected that most of the tertiary amine groups are not charged.  The anionic 

polyelectrolyte G yielded SP values less negative than that of the untreated glass.  Again, 

the most likely explanation is that polymer segments extending outwards from the glass 

surface tend to dominate the electrokinetic properties, at least partly obscuring the 

original electrokinetic nature of the bare substrate. 
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Fig. 4A.  Effect of the density of ionic 
groups in polyampholytes on the 
streaming potential of glass microfibers 
(0.2 % polymer dosage) at 1000 µS/cm 
conductivity.  The polyampholytes have 
a constant molar ratio of acidic to basic 
groups.  
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Fig. 4B.  Contrast between the effects 
of polyampholyte B versus  poly-base F 
and poly-acid G having the same molar 
content of either positive or negative 
groups.  Tests were performed at 1000 
µS/cm conductivity. 
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3.2  Synergistic Effects of PAC and Polyampholytes  
 
 The effects on streaming potential of the addition of PAC are illustrated in Fig. 5 

for pH=5, considering the same polymer solutions discussed before.  As a generalization, 

the streaming potentials in the presence of polyampholyte solutions were affected to a 

greater extent by the PAC addition, compared to those obtained in the presence of simple 

polyelectrolyte solutions.  Thus, in Fig. 5A, increasing PAC addition caused a change 

from negative to positive streaming potential for systems treated with polyampholytes A 

through D.  At pH=5 the polyampholytes of higher density of ionic groups (increasing by 

factors of 2 in the order A through D) tended to start out with less negative streaming 

potentials and end up at higher positive streaming potentials, even exceeding the 

streaming potential resulting from the addition of the cationic polyelectrolyte.  By 

contrast, the system with the cationic polyelectrolyte, sample F, appeared unaffected by 

PAC addition.  The system involving sample G, the anionic polyelectrolyte, became 

somewhat less negative with increasing addition of PAC, but the net sign of potential 

remained negative. 

 Results in Fig. 5B pertain to tests carried out with sufficient sodium sulfate so that 

the conductivity was 1000 µS/cm.  The screening effect of the added salt is evident in the 

much smaller range of values on the vertical axis scale.  Though the results generally are 

consistent with the same explanations given in the previous paragraph, there is one 

puzzling feature.  That is, at zero PAC addition the system treated with the cationic 

polyelectrolyte F had a negative value of streaming potential.  The best explanation for 

this observation is that aluminum species were able to interact with silanol groups at 

uncovered areas on the fiber surfaces, making the system more positive.  This 
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interpretation is consistent with supplementary tests carried out with glass fibers and PAC 

addition in the absence of organic polymers. 

 Results similar to those shown in Fig. 5 also were obtained in solutions having a 

pH of 4.  Briefly stated, the effects due to PAC addition were less important at the lower 

pH.  A likely explanation is that there aluminum species have a lower tendency to 

polymerize and adsorb onto fiber surfaces at the lower pH value [41-44]. 

 

-300

-200

-100

0

100

200

300

Poly-aluminum Chloride Dosage  (%)

St
re

am
in

g 
Po

te
nt

ia
l  

(m
V)

0                          0.01                      0.1        1.0

pH=5, no salt

A
B
C
D
F
G

 
Fig. 5A.  Effect of PAC addition at 
increasing levels to salt-free glass fiber 
suspensions treated at the 0.02% level 
with ionic polymers at pH=5. 
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Fig. 5B.  Effect of PAC addition at 
increasing levels of salt-containing 
glass fiber suspensions (1000 µS/cm) 
treated at 0.02% with ionic polymers at 
pH=5.  

 
 Results shown in Fig. 6 help to answer one of the questions that was raised in the 

introduction, namely, whether there is evidence of molecular rearrangement following 

initial adsorption of polyampholytes onto fibers.  As shown in Fig. 6A, the streaming 

potentials of systems treated with polyampholyte B through D in the absence of salt all 

showed decays of streaming potential toward more negative values with increasing time.  

Such results are consistent with a rearrangement favoring more of the cationic ionic 

groups facing the fiber surfaces.  Such a rearrangement is expected to result in a 

disproportionate density of negatively charged macromolecular groups facing outwards, 
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consistent with the experimental results.  No significant decay in streaming potential was 

observable in the case of the cationic polyelectrolyte F, or the lowest-charge 

polyampholyte A.  Results in Fig. 6B show the same general trends in the case of tests 

carried out in the presence of sodium sulfate. 
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Fig. 6A.  Effect of time on the 
streaming potential of glass fibers 
freshly treated with ionic polymers at 
pH=5 in the absence of sodium sulfate. 
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Fig. 6B.  Effect of time on the 
streaming potential of glass fibers 
freshly treated with ionic polymers at 
pH=5 in the presence of sodium sulfate 
(1000 µS/cm).  

 
 Figure 7 shows results of a follow-up test in which the ratio of acidic to basic 

groups (polyampholytes H-1 and H-2) was varied.  The molar compositions of these 

polyampholytes are shown in Table 1.  Polyampholyte H-1 with a ratio of 5 amine groups 

to 8 carboxyl groups was compared with polyampholyte H-2 with a ratio of 3.8 amine 

groups to 9 carboxyl groups.  As shown, the largest differences in charge effects were 

encountered at relatively low pH.  Thus, below about pH=6, the sample that was richer in 

amine groups yielded SP values that were less negative. 
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Fig. 7.  Streaming potentials vs. pH for 
glass fibers treated with polyampho-
lytes having different ratios of 
monomeric groups: Polyampholytes H-
1 and H-2 with a ratio of amine groups 
to carboxyl groups of 5:8 and 3.8:9, 
respectively.  
 
 In a further confirmation of the explained effect of the charge balance, two 

polyampholyte samples were prepared with the level of tertiary amine groups held 

constant, but with a two-fold difference in the proportion of carboxyl groups 

(polyampholyte samples FR-1 and FR-2).  As shown in Fig. 8, a doubling of the carboxyl 

group content so that it was twice the level of amine groups shifted the resulting 

streaming potentials to lower values, especially at pHs above 6.  As in the case of the 

polyelectrolyte F (see Fig. 3B), the polyampholyte FR-2 yielded SP values that were 

almost pH-independent in the pH range between about 5 and 9.  By contrast, FR-1, the 

polyampholyte having the high level of carboxyl groups, yielded strongly pH-dependent 

streaming potential values over the same pH range.  To help explain the contrast between 

results in Figs. 7 and 8, the following hypothesis is offered:  It is proposed that the amine 

groups on the charged polymers need to be present at a certain level in order to achieve 

efficient adsorption onto a negatively charged substrate.  It is further proposed that the 

resulting streaming potential will be highly dependent on the level of carboxyl groups, 
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due to the polarization that occurs when polyampholytes adsorb onto a charged substrate 

[26-27].  The present results provide only partial support of this hypothesis. 
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Fig. 8A.  Streaming potential – pH 
behavior of glass fibers treated with a 
polyampholyte having equal amounts 
of cationic and anionic groups 
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3.3  Discussion of Glass as a Model Substrate 
 

 In the Introduction it was noted that the glass fibers employed in the present work 

were non-porous and of much simpler geometry, relative to typical papermaking fibers, 

which tend to be both porous and fibrillated.  As a consequence, in the present study, one 

would not expect to observe effects attributable to polymer diffusion below the outermost 

surfaces of the substrate.  In light of these considerations, it is interesting to compare the 

present results to those obtained in a separate study, in which bleached hardwood kraft 

fibers were employed as a substrate [45].  At addition levels of 0.08% and 0.2% of 

polymer, with respect to cellulose, the streaming potential results corresponding to 

polyampholyte treatments were very similar to those shown in Fig. 4A of the present 

report.  This similarity was observed despite the fact that the streaming potential of the 

untreated glass substrate was much more negative than the cellulosic fibers, throughout 
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the range of pH investigated.  It is possible that, at the addition levels used, there was 

sufficient charged polymer present in order to obscure effects that might have arisen due 

to the porous and fibrillated nature of papermaking fibers.  Questions of this nature 

provide motivation for future research. 

 
4.  Conclusions 
 
1. Depending on the details of monomeric composition, adsorption in aqueous 

suspension of random polyampholytes 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 of streaming potentials is 

consistent with the fact that gains in dry-strength, fine-particle retention, and the rate 

of dewatering often are achieved as the electrokinetic potential of furnish solids is 

reduced towards zero. 

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 (PAC) to polyampholyte-treated glass fiber 

suspensions had a disproportionately large effect, compared to similar addition to 

fibers suspensions that had been treated with polyelectrolytes of similar charge 
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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 polyampholytes, 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 polyampholytes 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 treatment 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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FIGURE CAPTIONS 
 
Fig. 1.  Schematic representation of expected conformational change following 
adsorption of a high-mass, linear polyampholyte in which the distribution of charged 
groups is segregated. 

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

Fig. 3.  Effect of pH on streaming potential for glass fiber suspensions treated with 
different levels of polyampholyte B. 

Fig. 4A.  Effect of the density of ionic groups in polyampholytes on the streaming 
potential of glass microfibers (0.2 % polymer dosage) at 1000 µS/cm conductivity.  The 
polyampholytes have a constant molar ratio of acidic to basic groups. 

Fig. 4B.  Contrast between the effects of polyampholyte B versus  poly-base F and poly-
acid G having the same molar content of either positive or negative groups.  Tests were 
performed at 1000 µS/cm conductivity. 

Fig. 5A.  Effect of PAC addition at increasing levels to salt-free glass fiber suspensions 
treated at the 0.02% level with ionic polymers at pH=5. 

Fig. 5B.  Effect of PAC addition at increasing levels of salt-containing glass fiber 
suspensions (1000 �S/cm) treated at 0.02% with ionic polymers at pH=5. 

Fig. 6A.  Effect of time on the streaming potential of glass fibers freshly treated with 
ionic polymers at pH=5 in the absence of sodium sulfate. 

Fig. 6B.  Effect of time on the streaming potential of glass fibers freshly treated with 
ionic polymers at pH=5 in the presence of sodium sulfate (1000 �S/cm). 

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

Fig. 8A.  Streaming potential – pH behavior of glass fibers treated with a polyampholyte 
having equal amounts of cationic and anionic groups 

Fig. 8B.  Streaming potential – pH behavior of glass fibers treated with polyampholytes 
in which the anionic groups were doubled by use of a di-functional carboxylic monomer 


