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sures the speed of movement of fines
under an applied electric field. Al-
though a microelectrophoresis in-
strument is a very useful tool, its
major drawback is that it is an off-
line, time consuming  manual instru-
ment.

Therefore, on-line charge analy-
ses have been needed over the years.
Recently, several evaluation studies
of new on-line streaming potential
sensors have been published. An on-
line zeta potential sensor utilizes the
streaming potential principle, which
consists in forming a pulp pad, pump-
ing white water through the pad,
and measuring the electrical charge
of streaming potential across the
pad. The zeta potential is calculated
from the Helmholtz-Smoluchowski
equation.

Crill made a comparison between
the data obtained from her on-line
sensor, the fiber charge analyzer
(FCA),  and an off-line mobility
meter (5). Both measurements had
good correlation but the magnitude
of the FCA was 100 times larger
than that of the mobility meter. Crill
noted that the FCA numbers were
relative and could be compared only
within a given system.

In Penniman’s experiments, a cat-
ionic wet-strength resin was added
to bleached kraft pulp  (6). On-line
streaming potential and off-line elec-
trophoresis compared closely and
responded in a similar manner. How-
ever, the cationic demand observed
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In the past decade, we have made
wet-end analyses on more than

10 paper machines to improve paper
machine performance and paper
quality  (1–4). Realizing that the zeta
potential is one of the most impor-

tant process parameters, we have
accumulated data using a microelec-
trophoresis instrument and recom-
mended the optimum zeta potential
range to papermakers in our mills
when required. The instrument mea-
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from the chemical addition vs. the
zeta potential plot was four times
larger in streaming potential data
than in microelectrophoresis data.

Scott added various cationic
chemicals to anionic pulp furnishes
and compared the responses of two
on-line sensors (labeled Sensor 1 and
Sensor 2) with standard off-line mi-
croelectrophoresis measurements
(7–8). All sensors showed similar
changes to chemical treatments, but
the magnitude of charge was quite
different among them. The absolute
value of electrophoresis data was
about 20 percentage points lower
than that of on-line Sensor 1. He at-
tributed the lower magnitude of the
off-line data to the time elapsed in
preparing samples. But his theory
did not explain why the zeta poten-
tial magnitude measured by stream-
ing potential Sensor 2 was 10 times
larger than that measured by Sen-
sor 1.

We also had  similar experiences a
few years ago in our laboratory and
had concluded at that time that on-
line streaming potential data were
only relative and of a limited value in
a given system. Even so, we had ex-
pected that an on-line sensor could
monitor variations in the furnish
charge and hence predict a wet-end
upset. As a test, we installed an on-
line zeta potential meter on a com-
mercial paper machine. But the large
difference in magnitude of on-line
data from the previously accumu-
lated microelectrophoresis data was
very confusing to papermakers in a
mill and was difficult to interpret.

Generally, any instrument must
be calibrated with standard material
before it is to be used. A microelec-
trophoresis instrument, for example,
is usually calibrated with a titanium
dioxide suspension of known zeta
potential. On the other hand, there is
no standard sample for adjusting a
streaming potential instrument. As
the instrument measures the subtle
changes of streaming potential in the
range of a few millivolts, it is very
sensitive to environmental condi-

tions. However, it is installed on a
paper machine wet-end, where con-
ditions are the most severe in a mill.
When zeta potential fluctuations are
observed, it is difficult to tell whether
these are caused by a process upset
or because of instrument failure, as
there is no suitable method to cali-
brate and confirm the validity of the
on-line instrument.

Even if the data are validated, a
paper machine wet-end is a very com-
plicated process, and the process dis-
turbances that give rise to the zeta
potential fluctuations are not well
understood. Therefore a numerical
method needs to be developed to elu-
cidate the effects of process param-
eters on furnish charges.

Objectives

The purposes of this study are as
follows:

1. To develop a method to calibrate
an on-line streaming potential sen-
sor

2. To analyze the charge of various
furnish components in a labora-
tory

3. To determine the effects of pro-
cess parameters on zeta potential
variation on a commercial paper
machine by statistical analysis.

Calibration of streaming
potential sensor

Streaming potential principle
The streaming potential is converted
to zeta potential by the Helmholtz-
Smoluchowski equation, given the
specific conductance and the tem-
perature of the sample. The viscos-
ity and dielectric constant is
calculated as a function of the tem-
perature. The Helmholtz-Smolu-
chowski equation is given below:

ζ = 4πηλE/εP (1)

where
ζ  =  zeta potential

η  =  viscosity

λ  =  conductivity

E =  streaming potential

ε  =  dielectric constant

P = hydrodynamic pressure.

In conductivity measurements, an
electric pressure is applied to elec-
trodes and the electric current flow-
ing between two electrodes
immersed in a electrolyte solution is
measured. In streaming  potential
measurements, the white water flows
through the formed pulp pad under
the applied hydraulic pressure, and
the electric pressure generated be-
tween two electrodes positioned on

1.  Effect of alum addition on the charge of model newsprint furnish (pH 6)
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both sides of the pulp pad is detected.
Conductivity and streaming poten-
tial are completely different proper-
ties yet they are similar in the way
that each uses two electrodes.

There are many factors that af-
fect the sensitivity of the streaming
potential instrument. Among them,
the  surface conditions of electrodes
and the electrical circuit efficiency
to amplify the generated streaming
potential are considered to be the
main factors. It was assumed that if
we measure conductivity and stream-
ing potential with the same elec-
trodes and amplifier, both
conductivity and streaming potential
would be affected to the same extent

by the conditions of electrodes and
circuit. Then the streaming poten-
tial would be calibrated by measur-
ing conductivity with streaming
potential electrodes.

Calibration procedure
The calibration procedure is as fol-
lows.

1. Sodium chloride solutions of dif-
ferent concentrations were pre-
pared.

2. The conductivity of the sodium
chloride solutions was measured
with the standard laboratory con-
ductivity meter.

3. The same solutions were mea-
sured with the standard on-line
conductivity meter. The meter
consisted of electrodes and an
amplifier, and was calibrated by
adjusting the amplifying gauge.
The number of the gauge was de-
fined as F1 and was called the
amplifying factor.

4. The on-line conductivity meter
was separated into electrodes and
the amplifier. The amplifier was
connected to the streaming poten-
tial electrodes. The streaming po-
tential electrodes were immersed
in the sodium chloride solutions
and conductivity was measured.
This “hybrid conductivity meter”
was calibrated by adjusting the
amplifier gauge. The amplifying
factor was defined as F2. The com-
ponents of the “hybrid conductiv-
ity sensor” were as follows:
[Electrodes of streaming poten-
tial] →[Amplifier of conductivity
meter].

5. When F2>F1, the streaming po-
tential electrodes were evaluated
as not sensitive enough and should
be amplified further. When
F2<F1, the electrodes were re-
garded too sensitive and the am-
plifying factor should be reduced.
When F2=F1, the electrodes had
a suitable sensitivity and there was
no need for compensation. In ei-
ther case, the streaming potential
adjustment factor (A) was calcu-
lated as A=F1/F2.

The adjustment factor (A) was intro-
duced into the original equation as:

z = 4phlE/eP × 1/A (2)

where
ζ  = zeta potential

η  = viscosity

λ  = conductivity

E  = streaming potential

ε  = dielectric constant

P  = hydrodynamic pressure

A  = adjustment factor.

2.  Effect of PEI addition on the charge of newsprint model furnish (pH 6)
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3.  Comparison of streaming potential with electrophoresis

ZETA POTENTIAL BY ELECTROPHORESIS, mV
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Charge analysis of pulp furnish
in the laboratory – I

Comparison of on-line and off-
line measurements
The pulps were sampled from the
stuff box of the paper machine and
were used in this experiment. Each
pulp consistency was 3% and the pulp
was not washed before use  because
anion trash contained in the white
water of the pulp was known to af-
fect wet-end performance and we
wanted to simulate the wet-end phe-
nomena of a commercial paper ma-
chine. Model newsprint furnishes
were prepared by blending 15%
chemical pulp, 35% mechanical pulp
and 50% deinked pulp and were di-
luted to 0.5% consistency with mill
water.

Sulfuric acid and sodium hydrox-
ide solution were used for adjusting
the initial pH to 4.5 and 6.0, respec-
tively. Various cationic chemicals
such as alum, dry-strength resin
PAM (low molecular weight poly-
acrylamide), retention aid (high mo-
lecular weight PAM), and PEI
(polyethyleneimine, a low molecular
weight and highly charged polymer)
were added to the pulp suspension
in each experiment. The streaming
potential was measured every 1 min
by an on-line sensor. A sample was

taken, filtered to remove fibers by
100-mesh wire, and measured for
zeta potential by an off-line electro-
phoresis meter. The same experi-
ments were performed using a paper
machine headbox furnish.

Figure 1 shows the change in zeta
potential when alum was added to
the model furnish with initial pH 6.0.
The on-line and off-line data corre-
lated well. When observed carefully,
the magnitude of on-line data was
slightly smaller than off-line data
when the alum addition level was
less than 2%. This result is the oppo-
site of that found by Scott (7–8). In
his study, the magnitude of on-line
data was always larger than off-line
data.

The PEI addition experiment to
the newsprint model furnish gave
similar results (Fig. 2). We per-
formed a total of 11 experiments by
the same method. To determine the
general relationship, all of the ex-
perimental data were plotted in Fig.
3. In the zeta potential range of less
than –10 mV, the magnitude of on-
line data was smaller than off-line,
and the on-line data were virtually
constant. In the zeta potential range
of –10 mV to the isoelectric point,
the on-line data and off-line data
were almost the same and had a lin-
ear relationship.

The electrophoresis instrument
measured only the fines fraction that
was separated with a 100-mesh
screen. Cationic chemicals added to
papermaking furnish first react with
the soluble anionics. They then re-
act with fines and fillers because they
have a large specific surface area.
Off-line data responded from the be-
ginning to chemical addition because
they measured only the fines charge.
On the other hand, the streaming
potential instrument measured the
whole-pulp charge including fibers
and fines. The contribution of the
fines’ charge to the total charge in
the on-line measurement was
smaller than found by the electro-
phoresis method. Until the cationic
chemical reaction with the fines was
completed, the total charge did not
change markedly. When more
chemical was added to the furnish, it
became adsorbed on the long fiber
surface and the whole-pulp charge
increased. Figure 3 shows that the
alum reaction with solubles and fines
was completed at a zeta potential of
–10 mV.

One of the important tasks of wet-
end chemistry is to improve the first-
pass retention. Almost all long fibers
are retained on the paper machine
wire, and part of the fines can pass
through the wire in the sheet form-
ing process. Thus more fines should

4.  Effect of alum on cationic demand of newsprint model furnish (pH
6)

5.  Effect of alum on the zeta potential of TMP, SBKP and DIP
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6). It was interesting to note that
even after the polymer addition was
decreased, the zeta potential re-
mained high and did not drop imme-
diately. This was due to the residual
effects of polymers remaining in the
recirculating white water system.

Newsprint paper machine trial
Next, we moved the sensor to the
newsprint paper machine. In addi-
tion to the zeta potential, every
minute we monitored other process
parameters such as pH, conductiv-
ity, chemical addition, pulp flow rate,
pulp freeness, basis weight, mois-
ture, and so forth and made a com-
puter database.

During two days trial, zeta poten-
tial changed between –40 mV and –5
mV (Fig. 7). Pulp freeness, pulp flow
rate, and alum addition also varied.
Important process variables were
extracted by multi-regressional
analysis from the accumulated data
base.

The most critical process variable
was found to be the flow rate of TMP
(Fig. 8). Its correlation coefficient
was negative, which meant that the
increase of TMP decreased the zeta
potential. The coefficient of alum
addition was positive, which was in-
terpreted to mean that alum addi-
tion increased the zeta potential.
These results fitted well with our
previous laboratory studies.

However, coefficients of TMP
freeness and kraft woodpulp free-
ness were negative. This suggested
that the zeta potential increased
when pulp was beaten.  We had un-
derstood that when pulp was refined,
the surface area increased and zeta
potential decreased. The results of
multi-regressional analysis were the
opposite of our expectation. To elu-
cidate these unexpected results,
other laboratory experiments were
performed.

Charge analysis of pulp furnish
in the laboratory  – II

Effects of beating
Bleached softwood kraft pulp and
hardwood kraft pulp were beaten
and were diluted at 0.5% consistency.
To these pulp samples PEI was
added and the zeta potential was
measured by the on-line sensor in
the laboratory (Fig. 9 and 10). Be-
fore PEI was added, the magnitude
of the zeta potential was slightly
smaller in beaten pulp than in un-
beaten pulp. This was the same re-
sult as that obtained with the
newsprint paper machine trial. How-
ever, when PEI was added, unbeaten
pulp responded to a greater extent
that beaten pulp. Beaten pulp
showed larger cationic demand than
unbeaten pulp (Fig. 11).

Next, TMP was fractionated into
a long fiber fraction and a fines frac-
tion. These two fractions were
blended again to prepare samples as
fiber:fines = (100:0), (50:50), (25:75).
The magnitude of the zeta potential
measured by the streaming poten-
tial sensor was slightly larger in the
long fiber sample than in the short
fiber sample. But with the PEI addi-
tion, the long fiber fraction re-
sponded more strongly than the
short fiber fraction (Fig. 12).

These experiments revealed that
when pulps were beaten and no cat-
ionic chemical was added, the mag-
nitude of the zeta potential decreased
slightly. But when cationic chemical
was added, the refined pulp showed
a very large cationic demand. This
was attributed to the specific sur-
face area of the pulp components. A
streaming potential sensor is a very
suitable tool to perform these ex-
periments because it can measure
the zeta potential of whole pulp.

Conclusion

1. A new calibration method for an
on-line zeta potential instrument
was developed. The magnitude of
on-line data correlated well with
off-line electrophoretic data. The
slight deviation observed between
the two measurements in the spe-
cific range showed the absorptiv-
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ity difference of cationic chemi-
cals in furnish components.

2. The properly calibrated on-line
instrument was first installed on
a fine paper machine, and next on
a newsprint paper machine. When
cationic retention aid was added
to the fine paper machine, the zeta
potential increased from minus to
plus, as expected. However, even
after the polymer addition was
decreased, zeta potential did not
drop immediately. This was due
to the residual effects of polymers
remaining in the recirculating
white water system.

3. In newsprint paper machine
monitoring, the zeta potential var-
ied between –40 mV and –5 mV.
Other process variables also fluc-
tuated during that time. By com-
puter multi-regressional analysis
of accumulated data, pulp free-
ness and TMP furnish ratio were
found to be the most critical pro-
cess variable.

4. This was further elucidated in
laboratory studies. When pulps
were beaten and no cationic
chemical was added, the magni-
tude of the zeta potential de-
creased slightly. But when

cationic chemical was added, re-
fined pulp showed a very large
cationic demand. This was attrib-
uted to the specific surface area
of pulp components.

These findings should contribute
to improved zeta potential control in
the near future. TJ
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