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ABSTRACT

The influence of shear, electrolytes, polyelectrolytes (anionic
trash), and surfactants on the colloidal stability of differently
formulated AKD dispersions was investigated. The stability was
tested under shear in a Britt Dynamic Drainage Jar by measuring
particle size distributions and microelectrophoretic mobilities.
Three cationic dispersions were used, stabilised with (1) starch
with low charge density, (2) starch with medium charge density
and a polyaluminum salt, (3) synthetic polymer with high charge
density.

All dispersions showed good to excellent stability to high levels
of shear and electrolytes.

All tested dispersions were influenced by carboxymethylcel-
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lulose, CMC, and flocculation was induced at a CMC addition
giving a z-potential around zero. Dispersions with a higher charge
density formed larger flocs and the floc size was a function of the
ratio dispersion/CMC. The presence of xylan and sodium oleate
only affected the dispersions with high charge density.

Experimental results and theoretical calculations of the rate of
AKD flocculation are in good agreement. The theoretical calcula-
tions are based on Smoluchowski’s equation for collisions
between spherical particles in an uniform shear with a correction
for hydrodynamic and van der Waals forces between the particles.
Calculations indicate that AKD flocculation can compete with
deposition on fines and fibres under papermaking conditions.

INTRODUCTION

Alkylketene dimer, AKD, is one of the most frequently used chemicals in the
paper industry to produce sized papers, papers with a hydrophobic character.
A hydrophobic paper has a good resistance towards water penetration and
the hydrophobicity is also important for good printability.

The AKD wax is dispersed in water most commonly with cationic poly-
mers. The AKD wax exists in the dispersion as small spheres covered with
a charged polymer layer which prevents flocculation through electrostatic
and steric stabilisation. The AKD dispersion is usually added to the thick
stock furnish and the AKD particles are assumed to be retained through
heterocoagulation with the fibre material [1].

Sizing of paper is a combination of several subprocesses. It is believed that
important factors for sizing efficiency are retention, distribution of the AKD
particles on the fibres, spreading and the extent of reaction with the cellulose
[2–4].

The retention of AKD can be affected by an increased level of dissolved
and colloidal substances from the pulp and non retained additives [1,5].
Dissolved and colloidal substances are often referred to as anionic trash [6],
and consist of e.g. hemicellulose, lignin, extractives and dispersants. These
substances can, at high levels, eliminate and even reverse the surface
charge of dispersed AKD particles and prevent attachment to the fibres. This
would lead to an increased level of AKD circulating in the white water
system.

If AKD circulates in the system for a considerable time, the particles
can start to agglomerate. Agglomeration will most probably influence the
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distribution on the fibres. A high temperature and a high pH favour the
hydrolysis of AKD which has also been claimed to induce agglomeration
[7–9]. An inhomogeneous distribution could lead to an inefficient sizing if
AKD does not spread efficiently during drying. Recent results [10] indicate
that spreading of AKD is not as complete as stated earlier [11].

Spreading of AKD can be affected by extractives. Lindström et al. [12]
reported that sodium oleate can be detrimental to AKD sizing. It was pro-
posed that sodium oleate on the fibre surfaces prevents AKD to spread and
react with cellulose. The question of how AKD spreads is important because
if AKD can spread rapidly to a monolayer, some flocculation of AKD
particles could even be preferable since the flocs are easier to retain.

Due to environmental concerns, paper producers tend to minimise their
fresh water consumption. A higher degree of closure leads to elevated tem-
peratures and also increased levels of electrolytes, dissolved and colloidal
substances and non retained additives in the white water. To improve the
AKD sizing efficiency in more demanding white water systems and at higher
machine speeds, dispersions have been designed in different ways [13,14]. A
common procedure is to change the surface charge of the particles by using
different polyelectrolytes. An increased surface charge is aimed at improving
the tolerance towards high electrolyte concentrations, dissolved and colloidal
substances and also to increase size retention.

The aim of this study was to investigate how different conditions in the wet
end affect the colloidal stability of differently stabilised AKD dispersions.
The stability was studied as a function of shear, conductivity, presence of
xylan and carboxymethylcellulose, CMC. Influence of sodium oleate in
absence and presence of air bubbles was studied as well. The kinetics of AKD
flocculation was studied experimentally and theoretically and also compared
to theoretical calculations of particle deposition on fines and fibres.

Of the factors studied it was found that CMC, xylan and oleate could
seriously influence the colloidal stability, while shear and electrolyte
concentration played a smaller role.

EXPERIMENTAL

Materials

Dispersions

Three different dispersions were used in this study, see Table 1.
All the dispersions were prepared from the same AKD wax with a melting

point of 52–53°C. The pH of the dispersions was 3–4. The dispersion B with
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PA, was delivered with a polyaluminium salt (PA) included, primarily to
prevent flocculation during storage.

The dispersions were prepared by Eka Chemicals Ltd., Worle, UK. They
were stored at 4.0 ± 2.0°C and were used within 3 months after preparation.

In this paper, the dispersion concentration is given as solids content.

Buffers

The pH7 and pH8 buffer solutions were prepared from KH2PO4 and NaOH
and the pH4 buffer was prepared from potassium hydrogen phthalate and
HCl according to [15]. The chemicals were primary standards and analytical
concentrates from J.T. Baker, The Netherlands.

Polyelectrolyte standards

1000 μeq/l of poly-diallyldimethylammonium chloride, poly-DADMAC
(Mw (weight average) ≈ 300,000, Mütek Analytical, Germany).

Polyelectrolytes

Potassium polyvinylsulfate, KPVS, (esterification degree 97.7%, Mw ≈
240,000, Wako, Japan) was dissolved in Milli-Q water. The charge density
(6.12 meq/g) was determined by titration with poly-DADMAC.

Carboxymethylcellulose, CMC, (Mw ≈ 250,000, Sigma-Aldrich Chemie,
Germany) was dissolved in Milli-Q water. The charge density (3.65 meq/g)
was determined by titration with poly-DADMAC.

A solution of xylan from birchwood (Sigma-Aldrich Chemie, Germany)
was prepared by adding 2.50 g xylan to 50.0 ml of 0.30 M NaOH. The
solution was stirred for two days. It was then diluted to 500 ml with Milli-Q
water and separated into different fractions by filtering through 0.45 μm,
300,000 D and 10,000 D filters (Sartorius, Germany). Chemical oxygen

Table 1 Properties of the AKD dispersions.

Dispersion Stabilising
polymer

Charge density
of polymer

Solids
content %

AKD
content %

A Cationic starch Low 10 7.7
B with PA Cationic starch Medium 13.3 10
C Polyamideamine High 10 8.9
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demand, COD (LCK 214, Dr. Bruno Lange, GmbH, Germany), was used to
determine the xylan content in the fractions.

Sodium Oleate

Sodium oleate (iodine number of free acid 85–95, J.T. Baker, The Netherlands)
was dissolved in Milli-Q water.

Water quality

The Milli-Q water used in the experiments had a resistance of ≥18 MΩ and
was filtered through a 0.22 μm filter.

Methods

Polyelectrolyte titration

Polyelectrolyte titrations were made by using streaming current measure-
ments for end point detection (Mütek PCD 03 pH, Mütek Analytical, Ger-
many). The isoelectric point was set as the end point.

Charge measurements of xylan solutions were made by polyelectrolyte
titration with a photometric detection of the end point (Phototitrator 94,
BASF, Germany) using o-Toluidine Blue (Merck, Germany) as an indicator.

Particle size distribution

A Malvern Mastersizer Microplus (Malvern Instruments Ltd., UK) with a
small volume cell top was used. The relative particle refractive index for AKD
particles was set to 1.15, the imaginary refractive index was set to 0.1 and the
refractive index for the dispersing medium (water) was set to 1.33. The data
were analysed according to a polydisperse model, 5OHD, supplied with the
instrument.

The particle size distribution was presented as PSD D(v. 0.5) and PSD D(v.
0.9), representing a volume weighted particle size for which 50% and 90%
respectively of the sample is below the value given.

The instrument was aligned and the background was measured with Milli-
Q water between each measurement.

Measurement of z-potential

The z-potential was determined by microelectrophoresis detected with
photon correlation spectroscopy. The instrument, Zetasizer 2000 (Malvern
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Instruments Ltd., UK), was calibrated daily with a standard dispersion of
polystyrene latex supplied with the instrument.

Stability tests in Britt Dynamic Drainage Jar

The colloidal stability tests were performed in a Britt Dynamic Drainage Jar,
BDDJ [16], (Paper Research Materials Inc., USA). The BDDJ was equipped
with three baffles and the propeller of the stirrer was placed 3 mm from the
wire. The particle size distribution was measured within 2–3 minutes after the
sample was taken from the BDDJ. The samples were taken by emptying
through the BDDJ bottom tube. The first 100 ml was discarded.

The BDDJ was cleaned with Milli-Q water containing a small amount of
acetone and finally rinsed with Milli-Q water between the runs. In all tests the
total sample volume was 500 ml and the dispersion concentration 75 mg/l,
unless otherwise stated.

Influence of shear

The dispersions were diluted in phosphate buffer (pH7, 2000 μS/cm) and
stirred at 2000 rpm during 45 minutes.

Influence of electrolytes

The electrolyte concentrations, obtained by diluting phosphate buffer pH7
with Milli-Q water, varied between 0.020–10.2 mS/cm (ionic strength 0.16–90
mM). The samples were stirred at 1000 rpm for 60 seconds.

Influence of CMC and xylan

The dispersions were added to CMC solutions in phosphate buffers (0–61
μeq/l CMC, pH7, conductivity range 600–2000 μS/cm at 22°C) and stirred
at 1000 rpm for 60 seconds. For sample B with PA, the concentration was
95 mg/l.

To study the influence of xylan the dispersions were added to a high
molecular fraction of xylan < 0.45 μm (0–76 mg/l xylan, phosphate buffer
pH7, 600 μS/cm) and stirred at 1000 rpm for 60 seconds. Dispersion C was
also tested in xylan solutions of low molecular weight < 10,000 D (0–30 mg/l
xylan, pH7, 600 μS/cm), stirring speed 1000 rpm for 60 seconds.

A test sequence was also performed to estimate the flocculation rate. Three
levels of CMC, 7.5–22 μeq/l were added to dispersion C (phosphate buffer
pH7, 600 μS/cm). The dispersions were stirred at 1000 rpm and samples taken
between 12–120 seconds.
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Influence of sodium oleate

The dispersions were added to sodium oleate solutions (0–0.40 mM) in phos-
phate buffer pH7 and stirred at 1000 rpm for 60 seconds.

The stirring in BDDJ generates air bubbles. These experiments thus give
information on the interactions between a surface active compound and
AKD particles in presence of air bubbles.

Stability tests in a cylinder with a screen plate

To study the interaction between AKD particles and a surfactant in absence
of air bubbles, stability tests were carried out in a 150 ml graduated Plexiglass
cylinder with a screen plate (Figure 1). The holes in the screen plate were 3.0
mm in diameter. AKD dispersions were added to sodium oleate solutions
0–0.40 mM in phosphate buffer pH7 and pH8.

All liquids were degassed by vacuum in ultrasonic bath until no gas bubbles
were visible. The samples were stirred by moving the screen plate vertically

Figure 1 Equipment for stability tests in absence of air bubbles. The top of the
cylinder was plugged during the tests. To stir the samples the screen plate was moved

vertically without breaking the liquid surface.
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without breaking the liquid surface. The equipment was cleaned in the same
way as BDDJ.

RESULTS AND DISCUSSION

Dispersion properties

Since the focus of this work was to study the colloidal stability of different
AKD dispersions, the first step was to select dispersions with a commercially
relevant variation in charge density. The selected dispersions have different
stabilising systems, but they were emulsified from the same AKD wax and
have approximately the same particle size, 0.5–0.8 μm in diameter. Table 2
shows the charge density and the z-potential of the dispersions at different
pH.

Dispersion A has a low, B with PA a medium and C a high charge density.
It is also shown in Table 2 that the charge density of B with PA was

significantly lower at pH7 than at 3–4, most probably because of conversion
of positively charged aluminium species to aluminum hydroxide.

Dispersion A did not show a normal titration behaviour. The streaming
potential decreased at an almost constant rate with the addition of anionic
polymer. The charge density of A could thus not be accurately determined by
polyelectrolyte titration and the results only give an estimate.

Shear

Could high shear forces alone affect the colloidal stability and is there any
difference in shear tolerance between the stabilising systems? One hypothesis
is that the stabilising layer could be sheared off and the waxy surfaces interact
during collisions and induce flocculation.

Table 2 Charge density and z-potential of the AKD dispersions. The figures in the
table are the mean values with 95% confidence intervals.

Dispersion Polyelectrolyte
titration

pH3–4 μeq/g

z-potential
pH3–4 mV

Polyelectroyte
titration

pH7 μeq/g

z-potential
pH7 mV

A 16 12 ± 0.7 26 3.6 ± 0.4
B with PA 270 ± 10 20 ± 0.7 120 ± 3 14 ± 1

C 640 ± 6 67 ± 2 580 ± 20 33 ± 1
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In modern papermaking high shear levels can not be avoided. In fact high
shear is deliberately generated in headboxes to break up flocs in the pulp
suspension. Also the hydrodynamic forces are very important to the perform-
ance of retention aids since high shear increases the collision frequency
between particles, polymers and fibres [17].

BDDJ has been estimated to give shear stresses similar to those existing on
a paper machine. Tam Doo et al. showed that a stirring speed of 1000 rpm in
BDDJ corresponded to maximum fluid shear rate of 6000 s−1 [18].

The results in Table 3 show that the dispersions are quite tolerant to shear.
There is however some difference between the stabilising systems. Dispersion
C emulsified with synthetic polymer was slightly affected after 15 minutes in
high shear, while dispersion A was unaffected. B with PA withstood high
shear up to 30 minutes.

Electrolyte concentration

The influence of electrolyte concentration was studied in the conductivity
range 0.020–10.2 mS/cm (ionic strength 0.16–90 mM). The results in Figure 2
show that dispersion C was slightly affected at an ionic strength above 15 mM
(∼2 mS/cm). D(v. 0.9) for dispersion C indicates that some aggregates have
been formed while most of the particles remain stable. Steric stabilisation by
the cationic starch probably explains why A and B with PA were unaffected at
ionic strengths as high as 65 mM (∼8 mS/cm).

A normal range for a papermachine is 3–15 mM (10 m3 fresh water per air
dried metric ton pulp), i.e. the lower range studied in this work.

In Figure 3 it is shown that flocculation of AKD particles induced by CMC
(to be discussed in detail below) occurred over a much broader range of
CMC concentrations at high electrolyte concentrations. An increased electro-
lyte concentration decreases the thickness of the electrostatic double layer
surrounding the particles and the particles can move closer together without

Table 3 Particle size distributions of AKD dispersions at different shear times.

Time of stirring at
2000 rpm BDDJ

(min)

A
D(v.0.5)/

D(v. 0.9) μm

B with PA
D(v.0.5)/

D(v. 0.9) μm

C
D(v. 0.5)/

D(v. 0.09) μm

0 0.6/1.1 0.6/1.4 0.6/1.7
15 0.5/1.0 0.6/1.3 0.8/2.2
30 0.5/1.0 0.6/1.5 0.8/3.7
45 0.5/1.0 0.9/7.8 1.0/4.8
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Figure 2 Colloidal stability tests of AKD dispersions at different conductivities. The
experiments were performed in a BDDJ at pH7, 1000 rpm for 60 seconds.

Figure 3 Colloidal stability tests of dispersion B with PA in presence of CMC at
different electrolyte levels. The experiments were carried out at 200, 600 and 2000

μS/cm. The samples were stirred at pH7, 1000 rpm for 60 seconds in BDDJ.
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repelling each other. This gives the possibility for van der Waals forces to
induce flocculation and also for CMC to form bridges between particles.

Anionic trash – CMC and xylan

It is not possible to find one anionic polymer that can serve as a model for
anionic trash. Instead two polyelectrolytes were used, CMC and xylan from
birchwood. CMC often exists in significant concentrations in white water
systems using coated broke. The purpose of using these polymers was to
investigate the influence of high versus low charge density polymers on the
colloidal stability. The charge density of CMC was 3.6 meq/g and the average
Mw ≈ 250,000. Xylan had a charge density of 0.50 meq/g and 65% of the
xylan had a molecular weight less than 300,000 and 20% less than 10,000.

Figure 4 shows the results from the experiments with CMC. The disper-
sions became unstable at a CMC addition bringing the z-potential close to
zero. Additions above the isoelectric point gave electrostatically stable sys-
tems. The AKD dispersions stabilised with cationic starch thus, as expected,
flocculated at lower levels of highly charged anionic polymers than AKD
emulsified with high charge polymers.

The results also show that the maximum floc size is a function of the charge
density of the dispersions. The particles in dispersion A do not have the same

Figure 4 Influence of CMC on the colloidal stability of AKD. The experiments were
carried out in BDDJ at pH7, 1000 rpm for 60 seconds.
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capability to build a large network of AKD particles and CMC, as particles
in B with PA and C with a higher surface charge, see Figure 5.

Xylan did not affect the colloidal stability as efficiently as CMC did. The
results in Figure 6 show that emulsion A was unaffected, while B with PA and
C started to flocculate at a xylan level of 200 mg xylan/g dispersion.

A reason why A was colloidally stable might be that the starch around the
particles has too low charge density to interact with xylan. The more highly
charged polymers in B with PA and C carry enough charge to coagulate with
the higher molecular weight fraction of xylan. Xylan fragments less than
10,000 D did not seem to affect the colloidal stability even for dispersion C,
see insert in Figure 6.

It is interesting to note that a dispersion with a high charge density can be
more sensitive to flocculation than a low charge density dispersion in a white
water containing low charge density anionic trash.

The concentration of 200 mg/g dispersion corresponds to a xylan level of

Figure 5 Optical microphotographs of (1) dispersion A unflocculated, (2) dispersion
A flocculated with CMC, (3) dispersion B with PA flocculated with CMC and (4)

dispersion C flocculated with CMC. The bar is 20 μm.
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2 mg/l at 2 kg AKD per metric ton pulp and 0.5% consistency. A level of
xylan in the range of 50–100 mg/l in the white water of a papermachine using
10 m3 fresh water per metric ton air dried pulp is not unusual.

Surfactants – sodium oleate

Sodium oleate was chosen as a model substance for surfactants partly
because fatty acids exist to a considerable extent in wood extractives. Surface
active compounds are also occasionally added in the wet end of a paper-
machine to overcome problems with foaming.

In this study, the effect of sodium oleate in the absence and presence of air
bubbles was studied. Since residual air in stock furnishes can not be avoided,
the results from the experiments with air bubbles in the system are more
relevant for practical situations. Comparison of the results could indicate the
role of air bubbles for flocculation.

First we discuss the results from the study when air bubbles were absent. The
z-potential measurements presented in Figure 7 show that oleate adsorbs on
the AKD particles in all dispersions. Dispersion A does not flocculate even at
z-potentials close to zero. There is obviously a steric stabilisation by the starch.

Figure 6 Influence of birch xylan on the colloidal stability of AKD. Two different
molecular weight fractions of xylan ( < 0.45 μm and Mw < 10,000) were used. Tests

were performed in BDDJ, at pH7, 1000 rpm for 60 seconds.
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For B with PA a flocculation occurs. A reasonable explanation is that
enough oleate molecules have adsorbed to promote flocculation due to
hydrophobic interactions. For dispersion C no flocculation is observed. The
z-potential for dispersion C changes very rapidly around zero, which might be
the reason that we do not observe flocculation.

The results from the more practically relevant experiments with air bubbles
present are given in Figure 8. Dispersion A and B with PA have the same
behaviour as with no air bubbles present. For C there is, in contrast to the
case with no air bubbles, a strong flocculation. There are at least two possible
explanations for the instability. The presence of an air/water interface might
promote the interaction of the heavily oleate covered AKD particles such
that the electrostatic repulsion is overcome. Another possibility is that oleate
replaces the emulsifier used as a bridge between the hydrophobic wax and the
stabilising polymer. This would lead to a weaker bond between the wax and
the polymer that could be broken during the high shear. The shear was not of
the same magnitude during the tests with no air bubbles present. Experiments
were also made for dispersion C at pH4. The dispersion was completely

Figure 7 Influence of sodium oleate on colloidal stability of AKD in the absence of
air bubbles at pH7. The experiments were carried out in a graduated cylinder with a

circular screen plate. The samples were stirred for 60 seconds.
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stable. This is expected since there are at this pH no oleate ions present, which
can adsorb on the particle surface.

Some further experiments with surfactants show how sensitive the stabilis-
ing system can be to changes in white water conditions, e.g. pH. Dispersion B
with PA lost its colloidal stability at pH7, see Figure 7. When the same
dispersion was tested at pH8 there was no flocculation, Figure 9. The z-
potential measurements show that the system at pH8 reached much lower
values, which most likely is the reason for the colloidal stability.

The dispersions B with PA and C were visibly aggregated at concentrations
above 0.7–1 mmol sodium oleate/g dispersion in presence of air bubbles, see
Figure 8. This concentration corresponds to a level of 3–4 mg/l sodium oleate
(2 kg AKD per metric ton at 0.5% consistency). A fatty acid concentration in
this range is not unlikely in a papermachine white water system.

Kinetics of AKD flocculation

An interesting and important question is how fast the flocculation between
the AKD particles induced by anionic trash occurs. This flocculation

Figure 8 Influence of sodium oleate and air bubbles on colloidal stability of AKD at
pH7 and pH4. The experiments were carried out in BDDJ, 1000 rpm for 60 seconds.
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rate should be compared with the deposition rate of AKD on fibres and
fines.

The flocculation rate was estimated for normal hydrodynamic conditions
(1000 rpm in BDDJ) by determining the particle size distribution in dis-
persion C at different additions of CMC and stirring times. The result from
this study showed that the particles started to show appreciable aggregation
(D(v. 0.5) > 2.5 μm) after 25 seconds if the CMC concentration was high
enough to induce flocculation, Figure 10. The floc size reached a maximum
of about 30 μm. Larger flocs did not seem to survive the shear applied in the
experiment.

Figure 10 also includes a theoretical calculation of the particle growth with
time. In the calculations floc break-up is not considered.

The prediction was calculated according to a model for orthokinetic
collision in uniform shear, with a correction for the collision efficiency [17,19]

−ln(N/N0) = K N0αSht (1)

The theoretical prediction is based on a very elementary view of binary
collisions between spherical particles in a fluid shear. N0, the initial number of

Figure 9 The z-potential and particle size distribution at different levels of sodium
oleate in absence of air at pH7 and 8. The experiments were carried out in a graduated
cylinder with a circular screen plate used for moderately stirring the sample without
breaking the liquid surface. The liquids were degassed by vacuum before the

experiments.
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particles, was calculated by division of the total volume of AKD, Vtot, with
the volume of a single AKD particle with a radius of 0.4 μm. Vtot was
calculated by dividing the AKD concentration, 0.075 kg/m3, with the AKD
density, 910 kg/m3. N is the actual number of particles at time t, K is the rate
constant for collisions and αSh is the collision efficiency constant in fluid
shear. The rate constant K is calculated from the expression

K = 4/3 G(a1 + a2)
3 (2)

where G stands for the uniform shear rate, and a1 and a2 are the radii of
spheres involved in the collision.

The collision efficiency factor, αSh, is calculated according to Han et al. [19],
and takes into account hydrodynamic repulsion and van der Waals attrac-
tion. The hydrodynamic repulsion exists since the water between the particles
has to be moved out of the way before a collision can occur. It is especially
unlikely for particles differing widely in size to collide with each other, since a
very small particle will follow the streamlines around a large particle. The
collision efficiency factor can be as small as 10−5 for collisions between par-
ticles differing very much in size and having low attraction forces between
each other. In the calculations presented in Figure 10 αSh = 0.1 was used [19].

In figure 10 the particle growth is expressed as diameter. The medium
diameter, d, was calculated from the expression

d = 2(3 Vtot/4 π N)1/3 (3)

The results in Figure 10 clearly show that the calculations give a very
reasonable estimate of the observed flocculation rate.

To try to answer the question if flocculation of AKD can occur before AKD
is deposited on the fines and fibres in a pulp suspension, we must calculate the
flocculation rate and the deposition rate for AKD at typical white water
conditions. The results presented in Figure 10 give us the confidence that such
calculations should be at least qualitatively correct.

The calculations were made assuming an AKD dosage of 2 kg/metric ton
air dried pulp to a 5 kg/m3 pulp suspension with a fines content of 5%. A
concentration of 4.75 kg/m3 and a hydrodynamic radius of 30 μm were used
for fibres [17]. For fines the concentration was 0.25 kg/m3 and two different
fines radii, 1 and 2 μm were used in the calculations. The AKD dispersion was
0.01 kg/m3 and the radius was 0.40 μm. The AKD flocculation time and
deposition time to the fibre materials were estimated at two levels of shear,
100 and 6000 s−1. The time, t1/2, is the time at which half of the AKD particles
have either formed doublets or been deposited to fines or fibres.
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There are numbers of simplifying assumptions in the calculations e.g. the
fibres and the fines are assumed to be smooth with no protruding fibrils. The
results from the calculation in Table 4 show that AKD flocculation is likely to
occur at least on the same time scale as deposition to the fines and fibres.
Although the calculated time for AKD deposition to the fibres is probably
overestimated, the results indicate that the deposition to the fibres is slower
compared to fines. Fines obviously play an important role in the retention of
AKD.

Figure 10 Mean particle size of single particles/aggregates of AKD particles
(dispersion C) at different concentrations of CMC and stirring times (1000 rpm). The
theoretical particle growth with time was calculated assuming an uniform shear of

6000 s−1.

Table 4 Theoretical estimates of flocculation and deposition times.

Size ratio t1/2 G = 100 s−1 t1/2 G = 6000 s−1

AKD/AKD 1 800 30
AKD/FINES (1 μm) 0.4 100 10
AKD/FINES (2 μm) 0.2 2000 200
AKD/FIBRES (30 μm) 0.01 50,000 900
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SUMMARY AND CONCLUDING REMARKS

The colloidal stability of AKD dispersions at typical white water conditions
has been studied. The following was concluded:

• CMC influenced the colloidal stability of all dispersions tested. Xylan and
oleate influenced the colloidal stability of AKD dispersions of medium
and high charge density. Shear and electrolyte concentration had a smaller
influence.

• Experimental studies and theoretical calculations of AKD flocculation
showed good agreement. Theoretical calculations indicate that AKD
flocculation occurs on the same time scale as deposition on fines and
fibres.

The methods used in this study, a combination of BDDJ and particle size
measurements and microelectrophoretic mobilities, are easy to use and can
give valuable information about the properties of AKD dispersions that have
to be fulfilled to suite a specific wet end system.

It should perhaps be pointed out that in this paper we have not addressed
the questions of AKD retention, spreading and the reaction with cellulose.

Investigations of the colloidal stability of AKD in white water samples
are in progress, as are experiments at different temperatures with AKD
dispersions made from waxes with different melting points.

ACKNOWLEDGEMENT

We wish to thank AssiDomän AB and Eka Chemicals AB for the financial
support of this project. We also want to thank Ms. Ruth Dunleavey, Eka
Chemicals Worle, for preparing the dispersions and Dr. Jan Lidén,
AssiDomän Kraftliner, Dr. Agne Swerin, AssiDomän Skärblacka, Dr. John
Nicholass, Eka Chemicals Worle, Dr. Michael Persson, Eka Chemicals
Rollsbo and M.Sc. Erik Lindgren, Eka Chemicals Rollsbo for valuable dis-
cussions. Ms. Margareta Lind, AssiDomän Skärblacka, and Mr. Ralf
Dürholz, AssiDomän Kraftliner are thanked for their valuable contributions.
Finally we want to thank Dr. Ingemar Berglund for the linguistic revision of
the manuscript.

Colloidal Stability of Alkyl Ketene Dimer (AKD) Dispersions

12th Fundamental Research Symposium, Oxford, September 2001 411



REFERENCES

1. Lindström, T., “Some Fundamental Chemical Aspects on Paper Forming”,
Fundamentals Pmkg. (Baker & Punton, Ed.)/Trans. 9th Fundamental Res. Symp.
(Cambridge), 1: 311–412 (1989).

2. Nahm, S. H., “Direct Evidence for Covalent Bonding between Ketene Dimer
Sizing Agents and Cellulose”, Journal of Wood Chemistry and Technology, 6(1):
89–112 (1986).

3. Ödberg, L., Lindström, T., Liedberg, B., Gustavsson, J., “Evidence for Beta-Keto
Ester Formation During the Sizing of Paper with Alkylketene Dimers, Tappi J.,
70(4): 135–139 (1987).

4. Bottorff, K.J., Sullivan, M.J., “New Insights into the AKD Sizing Mechanism”,
Nordic Pulp and Paper Research Journal, 8(1): 86–95 (1993).

5. Moyers, B.M., “Diagnostic Sizing-Loss Problem Solving in Alkaline Systems”,
Tappi J., 75(1): 111–115 (1992).

6. Linhart, F., Auhorn, W.J., Degen, H.J., Lorz, R, “ ‘Anionic trash’: controlling
detrimental substances”, Tappi J., 70(10): 79–85 (1987).

7. Isogai, A., Taniguchi, R., Onabe, F., “Sizing mechanism of alkylketene dimers
Part. 4. Effects of AKD and ketone in emulsions on sizing”, Nordic Pulp and
Paper Research Journal, 9(1): 44–48 (1994).

8. Marton, J., “Aspects of Alkaline Sizing: Alkyl Ketene Dimer in Mill Furnishes”,
Tappi J., 74(8): 187–1991 (1991).

9. Marton, J., “Practical Aspects of Alkaline Sizing. On Kinetics of Alkyl Ketene
Dimer Reactions: Hydrolysis of Alkyl Ketene Dimer”, Tappi J., 73(11): 139–143
(1990).

10. Tiberg, F., Seppänen, R., “AKD sizing – spreading mechanism and influence on
paper properties”, Nordic Pulp and Paper Research Journal (accepted).

11. Lindström, T., Söderberg, G., “Mechanism of Sizing with Alkylketene Dimers.
(1). Studies on the Amount of Alkylketene Dimer Required for Sizing Different
Pulps”, Nordic Pulp and Paper Research Journal, 42(1): 26–33, (1986).

12. Lindström, T., Söderberg, G., “On the mechanism of sizing with alkylketene
dimers. Part. 3. The role of pH, electrolytes, retention aids, extractives, Ca-
lignosulfonates and mode of addition on alkylketene dimer retention”, Nordic
Pulp and Paper Research Journal, 2: 31–38 (1986).

13. Walkden, S.A., “Sizing with AKD – Review of Trends, Theories, and Practical In-
Mill Application and Troubleshooting”, TAPPI Neutral/Alkaline Pmkg. Short
Course (Orlando) Notes: 67–70 (1990).

14. Walkden, S.A., “Alkaline Sizing Today with Ketene Dimer Emulsions”, TAPPI
Annual meeting (New York) proceedings: 1–2 (1989).

15. Handbook of Chemistry and Physics, 62nd edition 1981–82, CRC Press Inc.
Florida, USA, Section D, p. 126.

16. Britt, K.W., Unbehend, J.E., “New Methods for Monitoring Retention”, Tappi J.,
59(2): 67–79 (1976).

17. Alince, B., “Time Factor in Pigment Retention”, Tappi J., 79(3): 291–294 (1996).
18. Tam Doo, P.A., Kerekes, R.J., Pelton, R.H., “Estimates of Maximum

R. Mattsson, J. Sterte and L. Ödberg

412 Session 2: White Water Circuits



Hydrodynamic Shear Stresses on Fiber Surfaces in Papermaking”, Journal of
Pulp and Paper Science, 10(4): J80–88 (1984).

19. Han, M., Lawler, D.F., “The (Relative) Insignificance of G in Flocculation”,
Journal American Water Works Association, 84(10): 79–91, corrected version
(1992).

Colloidal Stability of Alkyl Ketene Dimer (AKD) Dispersions

12th Fundamental Research Symposium, Oxford, September 2001 413



COLLOIDAL STABILITY OF ALKYL
KETENE DIMER (AKD) DISPERSIONS.

INFLUENCE OF SHEAR, ELECTROLYTE
CONCENTRATION, POLYELECTROLYTES

AND SURFACTANTS

Rosa Mattsson1,2, Johan Sterte1 and Lars Ödberg1,3

1Department of Chemical Technology, Luleå University of Technology
2Development Department, AssiDomän Kraftliner

3AssiDomän Corporate R&D

Mirjam Sterner AssiDomän

Do you think that this agglomeration actually occurs in real white water?

Rosa Mattsson

Yes, I think so. First of all you must approximately hit the iso-electric point it
agglomeration should occur in real white water. Looking at the results it
seems that AKD stabilized with a high charge density polymer are the easiest
to flocculate with polyelectrolytes with a low charge density; which exist in
the real white waters, so I think so.

Lars Wågberg Mid-Sweden University

What would an optimum stabilizer look like? A higher charge density would
give a better deposition adsorbtion on the fibre, but a higher charge density
would also give a larger sensitivity towards ammonic polymers in solutions?
If you were to choose how would you decide on an optimum stabilizer?

Rosa Mattsson

If I would like to have a stable AKD which is not aggregated in the white
water I would choose AKD dispersions stabilized with a cationic starch with
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a quite low charge density because they seem to be more stable in this system
because the charge is reversed at high levels of polyelectrolytes.

Lars Wågberg

Yes, but on the other hand you would get a less efficient deposition on the
fibres wouldn’t you?

Rosa Mattsson

Yes, I would but I might escape problems with scaling and impurities in the
paper and as far as I know the AKD retention is quite low if you look at the
real situation, around 30–40%. It really would be good to increase that reten-
tion and I don’t have an idea how you should improve that, just looking at the
stabilizing polymer systems that we have today.

John Roberts Department of Paper Science, UMIST

Which of these two mechanisms, AKD flocculation or fibre flocculation do
you think would lead to higher levels of retention?

Rosa Mattsson

We have been looking at that quite recently and I don’t want to answer that
today. I will be giving a presentation at the PIRT meeting in Prague so I will
present that there

John Roberts

Following on from that, in terms of the sizing efficiency, would you expect
that to be better if you had fibre-AKD flocculation rather than flocculation
of the AKD particles themselves?

Rosa Mattsson

You can guess that by yourself I think, can’t you?

John Roberts

Well . . . you can always be surprised.
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Simon Champ BASF

In the experiments that you did you used the Britt Dynamic Drainage Jar and
then studied particle sizing with the Malvern particle analyser. How did you
connect those two? Because you’re shearing and then removing a sample,
then diluting and measuring the particle size. It could be that if flocculation is
irreversible there is no problem, effectively you are removing shear and then
are diluting, I don’t know if you have studied this effect in your results.

Rosa Mattsson

I used fairly low concentrations of AKD so I didn’t have to dilute them to
measure them in the Malvern and you are right, there could be some second-
ary flocculation because I took the samples from the Brit Jar to measure the
particle size in the Malvern, and so there is a time in between where this
flocculation could occur but I really don’t think so. If you look at the results
for CMC you can see that you have a really nice distribution of aggregate
sizes which would not occur if secondary flocculation was important.

Simon Champ

In the paper you have one shear rate, but did you study different shear rates?
Obviously if you have different shear rates and your results are different, then
that infers that it is the shear rate which is governing the flocculation rather
than anything that you do subsequently.

Rosa Mattsson

No, I didn’t look at different shear levels when I looked at the flocculation.
The shear level of 1000 rpm in the Britt Jar is a very high level of shear, its
estimated up to 6000 sl and that is a fairly realistic shear level that would exist
on a paper machine.

Simon Champ

If your results are independent of the shear rate, then your results may be
affected by your size measurement with the Malvern, but I don’t know. It is
something in which I have an interest in.

12th Fundamental Research Symposium, Oxford, September 2001

Colloidal Stability of Alkyl Ketene Dimer (AKD) Dispersions



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [432.000 648.000]
>> setpagedevice




