
Jaycock advocated increased reliance on
microelectrophoresis – a method for which
there is a strong foundation of careful theoret-
ical work.

Before addressing the issues raised in the
preceding paragraph, it may be useful to
describe the main features of the fibre -pad SP
method, including the manner in which it has
been applied in the case of papermaking
slurry samples.

The streaming potential method
Streaming potential (SP) experiments

involve flow of a liquid past fixed surfaces
and measurement of the flow-induced
changes in an electrical potential. As has
already been pointed out by Jaycock,(1) the
physical phenomena giving rise to SP signals
are the same as those giving rise to the SC sig-
nals discussed in Part 1 of this series.(26)

Whereas, in the case of SC tests, the instru-
ment evaluates an alternating current signal
(which, in principle, also might be detected as
a voltage), the SP test simply measures the
electrical potential difference between two
probes on either side of a flow cell, which
may include a packed bed of particles or
fibres. The voltage resulting from the applica-
tion of a pressure differential across the
sample is compared to the baseline potential
measured in the absence of applied pressure
or vacuum.

In a classical SP, analysis of the material of
interest is in the form of (a) a capillary tube or
a bundle of capillary tubes, (b) a thin “cell”
formed by two flat plates of material, spaced
a short distance apart and sealed at the edges,
or (c), as shown in Figure 1 (next page), a
packed bed that is prepared in advance of the
measurement.(27-32) In the case of either capil-
lary tubes or thin rectangular cells, the
equations needed to relate the SP output volt-
ages to zeta potentials have been solved.(30,32-35)

In the case of packed beds the relationship
between the observed streaming potential and
the zeta potential of the surfaces is difficult to
predict, especially if the particles have irregu-
lar shapes or unknown orientations.(2,35)

As papermakers look for more precise and
effective means of optimizing the addition of
charged chemical additives, the fibre-pad
streaming potential (SP) method stands out as
an especially promising option. 

A key advantage of the SP method, com-
pared to some related methods, is the fact that
measured signals originate directly on the sur-
faces of the fibres from which the paper will
be made. However, the compressible nature
of papermaking fibres has led some
researchers to seriously question the validity
and calibration of results from SP tests. 

In 1995 Jaycock noted that results of SP
tests are expected to be highly dependent on
the density of the fibre pads formed during
the tests.(1) This fact had been demonstrated
repeatedly in earlier studies.(2-5) Nevertheless,
the most commonly used modern devices for
measuring the streaming potential of paper-
making fibre surfaces do not even consider
this parameter.(6-21)

Rather, the SP devices most commonly
used for papermaking applications differ in
some key ways from those that have been
used in fundamental research.(23-25) The present
paper re-examines such issues in the light of
more recent work.

To begin, it is worth quoting from the 1995
article.(1) The second conclusion of that article
reads, “The commercially available streaming
potential devices that rely on pad formation
assume that the Helmholz-Smoluchowski
equation is valid. Evidence examined in this
paper indicates that this is not the case. If the
measured potential in these devices is to
remain proportional to the zeta potential, then
the pad concentration and the dimensions
must remain constant. This would seem
unlikely generally, but particularly if the sam-
ples studied involve pulps with different
drainage characteristics.” 

Furthermore, one could add, it can be
expected that treatment of papermaking fur-
nish with either highly charged additives or
with high-mass flocculating polymers ought
to affect the bulk, permeability, and even the
uniformity of a fibre mat. As an alternative,
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The “fibre-pad streaming
potential” method is becom-
ing increasingly popular at
paper mills and in the
research labs of companies
involved with papermaking
technology. One drawback
of the method, as it is com-
monly practiced, involves a
lack of calibration to more
fundamental quantities, such
as zeta potential. 

Nevertheless, progress
has been achieved with
respect to the precision of
the method, especially at
increased levels of salinity.
Also, one can avoid many
theoretical difficulties by
using the method to deter-
mine endpoints of charge
titrations. 

With these considerations
in mind, fibre-pad streaming
potential tests can reveal
important information about
the charge-related properties
of fibre suspensions.



The reasons why the fitting parameter f is
required in Equation (1) include:

(a) the fact that the laminar flow does not
have a chance to become fully developed,(30)

(b) unpredictable, but finite overlap of
double-layers on some of the facing surfaces,
especially at the limit of low ionic
strength,(33,36) and 

(c) surface conduction, which is an
unavoidable consequence of the presence of
charged double-layers, even if the solid mate-
rials are good insulators.(27,29,37-38)

Biefer and Mason(4) concluded that surface
conduction was a main contribution to devia-
tions of f from unity in the case of fibres if the
average orientation of pore channels was
allowed to vary from test to test. In addition,
the presence of polyelectrolyte gel layers at
the surfaces can cause some theoretical diffi-
culties in the computation of zeta
potentials.(2,37,39)

As a consequence of some of these effects,
Equation (1) is expected to give increasingly
reliable results as the electrical conductivity
of the solution increases, reducing the relative
importance of surface conductance and also
reducing the extent of overlap of ionic dou-
ble-layers at facing surfaces within the
packed bed.

Pad-Forming SP Devices
For SP work related to papermaking appli-

cations, though fibres sometimes have been
packed into plugs before the measurements,(40-

42) most recent work has involved a new class
of apparatus in which a pad of fibres is repeat-
edly formed on the surface of a screen.(6-20) As
illustrated in Figure 2, the most popular
devices use vacuum to draw a slurry of fibres
toward the screen, and subsequently to draw
filtrate into an upper chamber of the device. 

While some of these devices give output
that bears the label “zeta potential,” it is
important to note, as also mentioned by Jay-
cock,(1) that the reported values are merely the
result of application of Equation (1) with the
cell constant f arbitrarily set equal to one. As
already noted,(1) one would not expect quanti-
tative agreement with zeta potential value
obtained by conventional methods, including
either microelectrophoresis(35) or by extrapo-
lating SP values to zero density of the fibre
pad.(2-5)

Only one author was brave enough to
attempt using a cell constant with this type of
device so that a fibre-pad SP device could
give output that agreed, at least approxi-
mately, with actual zeta potentials.(43) It is
worth noting that Ciriacks and Williams(44)

were apparently successful in calculating
zeta potentials that were independent of
fibre-pad density, but their approach requires
smooth fibres of known dimensions and ori-
entation.

Nevertheless, results still often can be fitted to
the following form of the Helmholtz-Smolu-
chowski equation, in which the fitting
parameter f has been added as a calibration
constant. 

ζ = 4 f π η Ω E / ( ε P ) (1)

In Equation (1) ζ is the zeta potential (usu-
ally expressed in millivolts), η is the viscosity
of the solution, Ω is the electrical conductiv-
ity, E is the measured change in potential
resulting from the application of pressure, ε is
the dielectric constant of the solution, and P is
the differential pressure applied across the
sample. 
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Figure 1 Schematic diagram of packed bed experiment for evaluation of stream-
ing potential

Figure 2 Schematic diagram of pad-forming streaming potential device, as used
in modern papermaking applications



constant f in Equation 1. Depending on the
goals of the study, the factors to maintain as
constant as practical from one test to the next
include:

• The geometry of the apparatus.
• The amount, solids content, freeness of

the fibre slurry sample.
• Procedural factors, such as stirring, the

magnitude of applied pressure, and the
amount of time over which the pressure
difference is applied. 

Despite such measures, it still may not be
possible to know whether observed changes
in SP data resulting from chemical addition
represent real changes in zeta potential. In
particular, chemical coagulants or flocculants
can be expected to affect the packing density
of the fibre pad.(47-48)

The user has to judge whether a given
change of streaming potential is larger than
might reasonably be expected to result from
changes in pad structure. Further study, possi-
bly by means of nonionic flocculants, is
recommended to provide more justification
for such approaches. 

Use of higher pressure to overcome salt
effects

In addition to the concerns already men-
tioned, SP tests suffer from a loss in amplitude
of the streaming potential value as the level of
salt increases.(20,23,32) The problem is especially
important to deal with, since there are two dif-
ferent mechanisms by which salt acts to
reduce the voltage response of SP instruments.

i) On the one hand, it is well known that
the effective thickness of the ionic double-
layer at a charged surface exposed to aqueous
solution is reduced by the addition of salt.(31)

According to the Debye-Hückel equation,(31)

the effective double-layer thickness is
inversely proportional to the square-root of
the solution’s ionic strength. A thinner dou-
ble-layer means that the counter-ions, which
balance the net charge of the charged surface,
will remain closer on average to that surface.

If one assumes a linear gradient of flow
velocity with distance from the surface, then
it follows that the measured streaming poten-
tial (or zeta potential, in the case of other
methods) ought to decrease by roughly the
same factor. 

Some authors have dealt with this situation
by envisioning a “hydrodynamic slip plane”
and assuming that flow past a charged surface
is able to affect the motion only of those
counter-ions that lie farther away from the
surface, compared to the slip plane.(24,35)

ii) The other main contribution to loss of
absolute value of streaming potential results
from conductive dissipation of the very signal
that one is attempting to measure. The situa-

Given the issues mentioned above, why do
some authors,(7-10,12,14-16) including one of the
present authors(18) expect the fibre-pad SP
method to emerge in the future as one of the
most important tools for evaluating paper
stock? Some reasons for this optimism,
despite an inability to equate SP results with a
more fundamental quantity such as zeta
potential, can be listed as follows: 

(a) The measurements directly sense the
electrical condition of a surface that the user
is interested in – the surface of cellulosic
fibres, including anything that is adsorbed
onto those surfaces.

(b) By use of pad-forming SP devices the
tests are easily repeatable, either about every
minute,(7-15,19) or as often as every two sec-
onds.(17)

(c) It is possible to observe relative
changes, as long as the test conditions make it
reasonable to assume that factors such as pad
density and solution conductivity have not
changed by large amounts. 

In addition, as will be described in a later
section, SP measurements also can be used to
detect titration endpoints.(17,19-20,45)

Practical use of streaming potential data
Paper mill control systems thrive on rela-

tive signals. Evidence of this fact can be
found in the way papermakers calibrate
online signals. The output values usually are
adjusted with arbitrary “gains” and “offsets”
in order to match offline laboratory measure-
ments.(46)

As another example, data from charge
titrations in paper mills is often reported with-
out any units, or just as “ml” of an
unidentified titrant. The user of such data con-
siders only the relative changes, without ever
bothering to express the results in absolute
terms. 

Though such practices can be criticized as
“sloppy,” it is hard to argue that the mill
would run better if someone took the time to
calculate the results in microequivalents per
unit volume of filtrate.

While it is well known that the magnitudes
of zeta potential tend to decrease with
increasing electrical conductivity of solution,
raw SP data is even more sensitive to conduc-
tivity.(19) For instance, if trends in the ratio
∆E/∆P in Equation 1 are used in place of
trends in conventional zeta potential data,(31)

the results would not be very useful for pre-
dicting effects on coagulation phenomena.

Fortunately, by applying Equation 1, one
obtains a relative (or calibrated) value that has
almost the same conductivity-dependence as
zeta potential data derived from other meth-
ods.

To be able to use fibre-pad SP data as a rel-
ative measure of zeta potential, it is necessary
to avoid practices likely to change the cell
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justify application of Equation (1). The idea is
that higher compressive forces acting on the
fibre pad will increasingly be able to over-
whelm the chemical factors affecting how
tightly the fibres are packed. 

Use of the SP method for charge titrations
Many of the theoretical difficulties associ-

ated with the fibre-pad SP method disappear
in cases when the method is being used to
determine the endpoint of a charge titration.
This type of titration is also part of a patented
system for online evaluation of furnish charge
in papermaking applications.(45)

The device used in those applications was
designed to carry out an independent measure-
ment cycle each two seconds, making it
possible to complete a titration within about a
minute. In cases where the initial value of SP
was negative, a dilute solution of poly-diallyl-
dimethylammonium chloride (poly-DADMAC)
was added gradually by means of a positive
displacement pump. The endpoint was taken
as the amount of added titrant at the point
where the SP value, determined by interpola-
tion of the data, was equal to zero.

Figure 3 shows some typical results for
charge titrations carried out with the SPJ
device, comparing a bleached hardwood kraft
furnish with a mixed-office-waste (MOW) fur-
nish. Though the titrations are in many
respects similar to those discussed in Part 1 of
this series, some characteristic differences are
worth noting. 

i) First, the fibre-pad SP method yielded
more reproducible “initial” data, in the
absence of titrant. The reproducibility of such
tests was excellent, as long as the stock sam-
ple was highly uniform. 

ii) Second, the full impact of titrant addi-
tion on the output values could be sensed
much more quickly, compared to streaming
current (SC) experiments. 

iii) Third, essentially all titrations can be
carried out to an endpoint where the stream-
ing potential becomes equal to zero. In other
words, even at high levels of salt there were
no cases where the system failed to respond in
a sensible way to the addition of titrant.

In interpreting the results shown in Figure
3, it is worth noting that the point at which the
SP value equals zero is not expected to coin-
cide with the adsorption capacity of the
surface for oppositely charged polymer. The
reason is that the titrant molecules, if present
in excess in the solution, will tend to over-
compensate for the amount of charge at the
surface of cellulose, which usually can be
described as having only a low to moderate
density of negative ionic groups.(49-50)

Past studies have shown that exposure of
surfaces to an excess of polyelectrolyte,
opposite in charge to the surface, can easily
result in reversal of the zeta potential.(51) Many

tion can be compared to what happens when
one starts a car; the draw of current will
momentarily depress the difference in voltage
at the two terminals of the battery, causing the
headlights to dim. 

Likewise, during an SP experiment, the
conductivity of the solution itself provides a
path by which a current can flow in response
to the difference in electrical potential caused
by the fluid motion past the charged surface.
Current that flows through the solution phase
reduces the potential evaluated between the
electrical contacts.

In order to address these concerns, and
also to overcome some signal problems
resulting from the generation of bubbles by
the use of vacuum during SP measurements,(18)

a modified type of test unit was designed and
tested.(19)

The “SPJ” device uses pressurized air,
rather than vacuum, to form the pad. The sam-
ple of fibre slurry is first placed inside a
sealed jar, where it is stirred continuously
throughout the experiment. Application of a
known pressure of air causes the slurry to
flow towards the lower surface of a screen,
and a pad of fibres begins to form on that
screen. 

Highly reproducible results were achieved
with pulp slurry samples having a range of
electrical conductivity between about 20
µS/cm and 20 mS/cm.(19-20) Within this range
the relative standard deviation of repeat tests
was 0.5% to 20%.

It is worth noting that higher applied pres-
sure also can be expected to reduce the
relative importance of chemically-induced
changes in fibre pad density, thus helping to
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Figure 3 Results of titrations in which a highly charged cationic polymer solution
was added to suspensions of papermaking fibres at an intermediate level
of salt.



effects of two different types of cationic addi-
tives. 

The furnish used in these tests was
bleached hardwood kraft, having a Canadian
Standard Freeness of 270 ml. The pH was
approximately 6, and sufficient sodium sul-
fate was added in order to achieve an
electrical conductivity of 1.05 mS/cm. This is
a typical level of conductivity for a paper mill
with only a low to moderate level of water-
system closure.(55)

As shown in Figure 4, the addition of a
cationic acrylamide copolymer - a retention
aid - to a bleached hardwood kraft pulp sus-
pension caused an immediate “spike” in the
measured streaming potential. Remarkably,
the peaks tended to be even sharper, com-
pared to similar results shown earlier when
the same kind of pulp was treated with poly-
DADMAC.(20)

Because the acrylamide copolymer has a
mean molecular mass of several million
grams per mole, such results cannot easily be
explained in terms of gradual penetration of
the polymers into the pore structure of the
fibres. Rather, as in an analogous case dis-
cussed elsewhere,(21) the effect is probably
related to changes in the adsorbed conforma-
tion of the adsorbed molecules. Further work
is needed to test such a hypothesis.

Figure 5 shows results of similar tests,
except that papermaker’s alum, a solution of
Al2(SO4)3, was used as the titrant. Two
aspects of these results are worth noting. 

i) First, there is only slight evidence of
charge decay, following the initial response of
the system to each addition of cationic addi-
tive. Such results suggest that the system
achieves a stable condition, with respect to
adsorption of aluminum species, within sec-
onds of addition of the alum to the stirred
suspension. 

The stability of the streaming potential sig-
nal, subsequent to alum addition, also
suggests a pervasive effect of the additive,
permanently neutralizing at least part of the
anionic charge of dissolved and colloidal
materials in the system. The ability of alum to
neutralize anionic charges, even when it is
added to weakly alkaline furnish, has been
shown by others.(56-57)

ii) A second point worth noting is fact that,
under the conditions of testing, practical addi-
tion levels of alum failed to achieve a
streaming potential of zero. 

Such results are consistent with the work
of Strazdins,(58) who showed that although
alum can be effective for reduction of excess
anionic charges in a paper mill furnish, it is
not usually very effective for developing high
positive values of zeta potential. In addition,
near to a pH of 6, cationic aluminum species
will tend to precipitate as neutral products,
such as Al(OH)3.(59-60)

studies have demonstrated multiple reversals
of charge when a surface is exposed to suc-
cessive treatments with oppositely charged
polyelectrolytes, especially if rinsing and dry-
ing steps are interposed.(52-54)

Such results are consistent with a some-
what three-dimensional conformation of
adsorbed polymer, in which an excess of
loops and tails of the latest-added polymer
extend outwards into the surrounding solu-
tion, thus dominating the electrokinetic
signal.(51-52)

Observations concerning charge decay
Some of the most intriguing results

obtained by fibre-pad SP methods have been
those that involve charge-decay phenom-
ena.(8,20) Some new results of this type are
shown in Figures 4 and 5, contrasting the
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Figure 4 Example of streaming potential decay following each addition of cationic
retention aid to a suspension of bleached hardwood kraft fibres.

Figure 5 Results showing little evidence of streaming potential decay following
addition of aluminium sulphate (papermaker’s alumn)



rowed” filtrate was returned to the SPJ device,
and the procedure was repeated for the next
aliquot of titrant. 

As reported earlier,(19) the amount of
cationic titrant needed to neutralize the sur-
faces of fibres in a mixed slurry was about
three times larger than the amount of titrant
needed to neutralize the surfaces of fibre fines
in the same mixture. 

To interpret these findings, it is useful to
consider the sponge-like nature of papermak-
ing fibres.(39,62) As was demonstrated earlier in
Figure 4, the measured charge properties
immediately begin to revert, following the
addition of cationic polymer.(19)

Depending on the molecular mass of the
titrant, it is reasonable to expect progressive
diffusion to the bulk of a fibre. In this way, the
surface of the fibre can revert towards its ini-
tial state of charge. By contrast, fibre fines
and other fine particles in the furnish can be
expected to become more quickly saturated
with the cationic polymer. 

It is worth noting that the explanation
given in the preceding paragraph is different
from that given elsewhere to explain similar
cases.(63-64) For instance, it has been argued that
smaller particles can interact “more rapidly”
with titrant, compared to larger fibres. How-
ever, given the slow diffusion rates of these
solid particles, compared to molecular diffu-
sion rates,(65) it is difficult to place much
confidence in such a mechanism. 

In addition, it has been shown that hydro-
dynamic factors often favour more rapid
interactions between fibres and various
adsorbing species by convection, compared
to diffusion-controlled mechanisms of colli-
sion. (65)

Salt and molecular mass affect titration end-
points

The ability of the SPJ device to carry out
titrations over a wide range of salt concentra-
tion made it possible to obtain the results
shown in Figure 6. A series of moderate-
mass, highly cationic poly-DADMAC solutions
were used as the titrants. 

As reported earlier(20) higher amounts of
the cationic polymer were required to reach
the neutral endpoint as the salt was increased.
In addition, the amount of poly-DADMAC
required to reach zero streaming potential
also increased with decreasing molecular
mass. 

Both of these findings are consistent with
migration of some of the polymer into the
interior porosity of kraft fibres. As shown by
others,(66-67) some of the pores are so small that
polymers above a certain molecular mass are
effectively excluded. The effect of salt is con-
sistent with a tendency of charged polymers
to adopt less extended molecular conforma-
tions as the ionic strength increases.(68) These

Comparison with micro-electrophoresis
Some early results reported by Jaycock

and Pearson(61) have sometimes been cited to
justify a claim that fine particles in a paper
machine system are representative of the
charge condition of the furnish as a whole.

A classical micro-electrophoresis (ME) test
is conducted by placing a very dilute suspen-
sion of fine particles in a capillary cell,
applying a known voltage gradient, and then
noting the velocities of the particles. The cited
article showed remarkable agreement
between such ME tests, compared with SP
results. The latter tests, as we have seen, sense
the charged condition of the fibre surfaces,
including some contribution of fine particles
that happen to be attached to those fibres
caught in the fibre mat. 

It is worth noting that the cited study(61)

involved an extrapolation procedure, varying
the fibre pad density in a systematic way, as
recommended by previous workers.(5)

Such an agreement cannot normally be
expected when using modern pad-forming SP
devices.(6-20) As noted in Jaycock’s 1995 arti-
cle,(1) the ME method is probably the most
reliable and best understood of the various
electrokinetic tests that have been applied to
samples from paper mills.

Recent work in our lab showed cases
where ME results and SP results differed
sharply.(19) Experiments were carried out in
which two types of titration were carried out
simultaneously. 

On the one hand, the SPJ device was used
to evaluate the streaming potential of the fibre
surfaces as a function of added poly-DAD-
MAC. After each aliquot of titrant, the
operation of the device was momentarily
paused, allowing some of the filtrate to be
tested by the ME method. Thereafter, the “bor-
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Figure 6 Effect of salt concentration and the molecular mass on the amount of
poly-DADMAC adsorbed at the point of zero streaming potential.
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factors need to be taken into consideration
when interpreting results of SP titrations.

Conclusions
1. The streaming potential method pro-

vides a sensitive way to detect changes in the
charge condition of fibre surfaces in paper-
making furnish.

2. Relative changes in observed streaming
potentials can provide useful information
about zeta potentials, especially if factors
likely to affect a calibration constant are held
constant. Results should be corrected for elec-
trical conductivity of the solution by applying
Equation (1), even if the constant f remains
undetermined.

3. Carrying out SP tests under increased
differential pressure has the potential to
increase the precision of the results, espe-
cially at increasing concentrations of salt
ions. In addition, higher pressure is expected
to overcome some chemical-induced differ-
ences in the density of fibre-pads collected on
a screen surface in successive experiments
with the same batch of fibre slurry.

4. Theoretical problems related to the
absolute value of the results, in terms of zeta
potential, can be largely ignored when the
method is used as a means of detecting the
endpoints of charge titrations.
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