
flocculation is an important phenomenon in papermaking, especially heterofloccu-
lation, since most ingredients are added to interact with the pulp fibers. In this
chapter we highlight some examples of heteroflocculation occurring in papermak-
ing, namely the deposition of fillers on fibers [5–8], the deposition of solidified sizing
droplets on fibers [9], the heteroflocculation of fillers with such droplets [10], the
heteroflocculation of clay and latex, which could either happen on a paper machine
when coated broke is returned to the papermaking process or in coating applications,
and, finally, the heteroflocculation of fines and clay [11]. Papermaking is a fast
process, with speeds typically in the range 10–30ms�1. This implies that all
interactions must take place in a very short time and are subject to the high shear
forces operating in a papermaking suspension traveling through a paper machine.
Thus, hydrodynamic particle interactions play a crucial role in papermaking.
Because, in most interactions, polymers or polyelectrolytes are involved as well in
papermaking, we are mainly dealing with polymer-induced orthokinetic hetero-
flocculation.

1.2
Polymer-Induced Orthokinetic Heteroflocculation

As an example let us consider the orthokinetic (shear-induced) deposition of colloids
on fibers, induced by polymers or polyelectrolytes. Usually, the colloids are stable
prior to the addition of polymer. The pulp fibers form flocs also in the absence of
polymers due to mechanical entanglements. These flocs can be broken up by high
shear, resulting in a dynamic equilibrium between floc formation and break-up. The
higher the shear, the fewer is the number of fibers in flocs. Polymers can shift this
dynamic equilibrium towards an increased flocculation [12]. Usually at various
locations on a paper machine the shear is sufficiently high to break up most fiber
flocs, which reform in regions of lower shear. Here we will assume that fibers are
well-dispersed due to high shear.
When polymers are added to a mixture of fibers and colloids subjected to high

shear, several processes can take place:

1. Polymer adsorption on fiber;
2. Polymer adsorption on colloids;
3. Polymer-induced flocculation of fibers;
4. Polymer-induced flocculation of colloids;
5. Polymer-induced deposition of colloids on fibers;
6. Polymer transfer from fibers to colloids;
7. Polymer transfer from colloids to fibers.

Some of these processes can possibly be reversible, resulting in polymer desorp-
tion from fibers and colloids, break-up of fiber flocs and colloidal aggregates and
detachment of colloids fromfibers.Which of these processes actually occurs depends
on the characteristic times of these processes. To be able to make estimates of these
times, we will discuss some of these processes in more detail.
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1.2.1
Polymer Adsorption and Desorption on Fibers and Colloids

The initial polymer adsorption on surfaces can be modeled reasonably well by
considering the polymer coils as tiny spheres. If the kinetics of adsorption are faster
than polymer rearrangement (reconformation) on the surface, the surface will
quickly be covered by a monolayer of random coils (provided there is enough
polymer). Thus an apparent plateau in polymer adsorption will be reached, which
is transient because more polymer can adsorb when the polymers rearrange, and for
fibers that have a porous wall the polymer can adsorb in the interior of the fibers.
However, since papermaking is a fast process, considering the initial adsorption
is usually sufficient. For times shorter than the polymer rearrangement time on
the surface, the kinetics of adsorption can be fairly well described by Langmuir
kinetics [13]:

dqp
dt

¼ kads(no�qp)(1�qp)�kdesqp ð1:1Þ

Here t is time; qp¼G/Gmax is the fractional coverage of polymer on the surface of the
particles, with G being the amount of polymer adsorbed and Gmax that corresponding
to (apparent) monolayer coverage; no is the initial polymer concentration, relative to
monolayer coverage; and kads and kdes are the adsorption and desorption rate
constants, respectively. Equation 1.1 shows that polymer adsorption is initially linear
in time and reaches a plateau at long times. The characteristic adsorption time, tads,
defined as the time where the linear increase intersects the plateau value, and the
characteristic desorption time, tdes, the average time a polymer spends on the
surface, are:

tads ¼ 1
kadsno

; tdes ¼ 1
kdes

ð1:2Þ

The dimensionless polymer concentration can be expressed, for random adsorption
of spherical Gaussian coils of radius ap on fibers, as:

no ¼
103pa2pNAv

0:55MAF
cp ð1:3Þ

Here cp is the polymer concentration (kgm�3), NAv is Avogadro�s number, M the
molecular weight of the polymer and AF is the area of fiber per unit volume. In
papermaking,fibers are typically 1–3mm longwith a diameter of 20–30mmand their
specific surface is about 1m�1, with fiber concentrations typically 10 kgm�3, and
thus AF is of order 10

4m2m�1. Notice that for ideal coils no is independent of the
molecular weight. For typical polymer concentrations of 1 gm�3, and forM¼ 5MDa
and ap¼ 100 nm, no¼ 0.7.
Since we are considering shear-induced adsorption, the adsorption rate constant

can be approximated from Smoluchowski�s theory [14] for the collision between two
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unequal-sized spheres in shear,modified by Petlicki and van deVen [15] for collisions
between a large spheroid and a small sphere:

kads ¼ gGj
p

ð1:4Þ

Fibers can bemodeled as long slender spheroids.HereG is the effective shear rate the
suspension is subjected to, g the fast collision efficiency and j is the volume fraction
of particles. The factor g accounts for differences between the approximate theory of
Smoluchowski (in which g ¼ 1) and the full hydrodynamic theory. Equation 1.4 is
valid when the polymer is much smaller than the particle. Filler levels in papermak-
ing areusually less than 30%byweight (although there is a trend towards higherfilled
papers), andbecause the density offillers is about twice that offibers and thefibers are
hollow, which increases their effective volume fraction, the volume fraction of fibers
is typically an order of magnitude larger than that of fillers. From Equations 1.4
and 1.2we can conclude thatmost polymersfirst adsorb onfibers, prior to adsorption
onfillers. Polymer dosages are usually below amonolayer coverage onfibers (with the
exception of strength agents), which implies that at the end of the adsorption process
most polymer is on the fibers and little is on the fillers.
The validity of Equation 1.1 can be judged from experimental polymer adsorption

studies. Figure 1.1 shows results from fast PDADMAC adsorption on pulp fibers,
subjected to high shear in aflow loop [16]. An apparent plateau is reached at times less
than 0.5 s. This plateau was independent of polymer dosage and corresponds to a
monolayer of random coils on the fiber surface. At much longer times additional
polymer adsorption takes place, mainly due to polymer penetration in pores.
Figure 1.2 gives another example of the kinetics of polymer adsorption – this time

the adsorption of PEI on pulpfibers [17]. The curve for the lowest PEI concentration is
fitted to Equation 1.1, with n0¼ 3.5, kads¼ 0.2min�1 and kdes¼ 0. The curves for
higher PEI concentrations were modeled by assuming that a fraction of the poly
disperse PEI is small enough to penetrate the pores or the lumen. At higher PEI
concentrations, more low-molecular weight PEI is available for pore penetration [18].

Figure 1.1 Adsorption kinetics of PDADMAC adsorption on pulp
fibers subjected to high shear (adapted from Ref. [16]).
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Polymer desorption is often negligible, especially for high molecular weight
retention aids. Globular polymers have a larger tendency to desorb: PEI was found
to desorb from pulp fibers after increasing the ionic strength [18]; cationic starch was
found to be present in the form of clusters, which were easier to desorb from the
fibers than well-dispersed starch, likely because of large hydrodynamic forces acting
on the large clusters [19].
Some polymers, such as PEO, do not adsorb on pulp fibers. PEO adsorption on

fibers can be triggered by a cofactor, by a process we call association-induced
adsorption [20].

1.2.2
Deposition of Colloids on Fibers Subjected to Shear

As soon as polymer has adsorbed on the fibers, creating patches of polymer on the
fibers, the colloidal particles can deposit on these polymer patches. The kinetics of
colloid deposition on fibers are very similar to those of polymer adsorption on fibers,
discussed above. It can be described by [13]:

dq
dt

¼ k1(n
c
o�q)(1�q)�k2q ð1:5Þ

Here q is the fractional coverage of fibers by colloids, nco the initial colloid concentra-
tion relative to monolayer coverage on fibers, and k1 and k2 are the deposition and
detachment rate coefficients, respectively. In Equation 1.5 it is assumed that blocking
by deposited particles can simply be described by the probability (1� q) that a particle
deposits on a bare area on the fiber. More complex blocking functions have been
formulated [21], but for particle deposition on fibers this simple model adequately

Figure 1.2 PEI adsorption on pulp fibers subjected to shear in a
beaker, for various PEI dosages shown in the figure (mg g�1

fiber); pH 6 (after Ref. [17]).
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Because the polymer adsorption is close to the particle deposition time
(cf. Equations 1.2 and 1.8), both processes take place simultaneously. However,
colloids can only deposit on polymer patches on the fibers, that is, after polymer
adsorption has occurred. Notice that Equation 1.7, combined with Equation 1.1 for
polymer adsorption predicts that at short times the deposition increases quadrati-
cally (q/ t2).When polymers are added before thefillers, qp and thus the deposition
efficiency is constant and does not depend on time; in such cases the initial kinetics
are linear in time.
Equation 1.7 has been validated for several particles depositing on fibers, such as

CaCO3particles, either non-treated or coated by cPAM [4] or by poly(propylene imine)
dendrimers [6], for positive clay particles depositing on negative fibers, for negative
clay particles depositing on positive (PEI-treated) fibers [25, 26], for the deposition of
fines on fibers [27], for the deposition of latex particles and for the deposition of
cationic and anionic AKD particles on cPAM-coated fibers [9]. Figure 1.3 shows the
results for the deposition of positively charged CaCO3 particles, in the absence of any
retention aids, togetherwith comparisonswith Equation 1.5. In the calculation for n0,
close packing was assumed, since particle detachment will lead to denser than
random packing.
For CaCO3 particles, particle detachment leads to a dynamic equilibrium between

deposition and detachment. In the absence of retention aids the bond between
colloids and fibers is weak and retention on a paper machine is low.
Figure 1.4 presents results for cationic latex particles for various particle sizes.

Because the addition level was the same for all latexes, this results in different
dimensionless latex concentrations, which are expressed relative to close packed
monolayers. The figure shows that the deposition is a strong function of particle
size – in agreement with theoretical predictions for model systems. This is because
the hydrodynamic collision efficiency g depends strongly on the size ratio of colloid to
fiber diameter. Small particles tend to go around fibers in a large orbit, resulting in
large minimum separation distances, for which colloidal forces are weak. Large

Figure 1.3 Deposition kinetics of CaCO3 particles on pulp fibers
subjected to shear for various dosages (indicated in the figure).
Wiggly lines are experimental observations and smooth curves
are best fits to Equation 1.5, with k1¼ 1.4� 10�2 s�1 and
k2¼ 1.1� 10�3 s�1 (after Ref. [4]).
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In the last two examples, particle detachmentwas absent (k2¼ 0). This is because of
the relatively low shear in laboratory experiments, which is not typical of papermak-
ing, where usually a dynamic equilibrium is established between deposition and
detachment.Often, even in the absence of retention aids, particle deposition onfibers
occurs (e.g. when electrostatic repulsion is screened by the high ionic strength of
processwater orwhen positive particles such as precipitatedCaCO3 are used), but the
bond strength between the colloid and fiber is weak, resulting in large detachment
rate constants. The role of a retention aid is then mainly in strengthening the bond,
thus reducing the detachment rate constant.
As we have seen, in most cases polymer adsorbs preferentially on fibers. This is

obviously not true when the polymer does not adsorb on the fiber, in which case only
adsorption on colloids occurs. This is the case for PEO, which does not adsorb on

Figure 1.5 (a) Part of a fiber, fully coated by polystyrene latex particles; (b) after annealing.

Figure 1.6 Deposition of AKD particles stabilized by CMC on pulp
fibers induced by cPAM as a function of time, for various
cPAM dosages. [AKD]¼ 10 mg g�1 fiber (after Ref. [9]).
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most types of fibers. Interestingly, after the PEO adsorbs on the colloids, the colloidal
particles can deposit on the fibers, a process we call asymmetric polymer bridg-
ing [31]. Polymer adsorption is a competition between enthalpy, which favors
adsorption, and entropy which tries to prevent it. When adsorbing on colloids, the
polymer has attained a new conformationwith lower entropy and the enthalpy gain of
adsorption on fibers is now sufficient to overcome any additional entropy loss. As an
example of asymmetric polymer bridging Figure 1.7 shows kaolin clay deposition on
fibers by PEO. Without PEO, no deposition occurs. In asymmetric bridging the
deposition efficiency equals: a¼ q2, q2, being the polymer coverage on the colloidal
particles. One thus predicts that the deposition efficiency increases with polymer
dosage and reaches a maximumwhen all the colloids are fully coated by PEO. This is
indeed observed (inset of Figure 1.7).
An additional interesting observation is that the deposition is transient and the

particles leave the fibers with time. This is due to a flattening of PEO, which increases
the electrostatic repulsion between fibers and clay particles. Adding PEO to clay prior
to adding it to fibers, and allowing time for the PEO to flatten onto the clay, leads to no
deposition (Figure 1.7).

1.2.3
Polymer Transfer

Aswe have seen,when adding polymer to amixture offibers and colloids subjected to
shear, most polymer ends up on the fibers, because the effective volume fraction of
fibers is usually much larger than that of colloids. However, polymer can also be

Figure 1.7 Deposition of clay on fibers, induced
by PEO. In the absence of PEO or for clay
pretreated with PEO for 30 min or longer, no
deposition takes place. Because PEO does not
adsorb on fibers, this is an example of
asymmetric polymer bridging, in which PEO first
adsorbs on clay, prior to clay deposition on fibers.

Deposition efficiencies observed for various PEO
dosages are shown in the inset and agree with
theoretical predictions. With excess PEO,
deposition is independent of PEO dosage, since
excess PEO does not adsorb on fibers (adapted
from Ref. [31]).
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The non-retained fillers end up in the whitewater that is returned to the paper
machine. In the short circulation loop, these fillers can flocculate and later can
become incorporated as aggregates in the sheet. To avoid this, one must operate the
papermachine at a very high first pass filler retention, so that few fillers end up in the
whitewater. If one wants a high level of filler loading in the sheet, filler aggregation is
desirable and one can operate the papermachine with a low first pass filler retention,
giving fillers with transferred polymer time to flocculate in the short circulation loop.

1.2.4
Time Dependence of Deposition and Detachment Rate Coefficients

We have seen that many processes can lead to a time dependence of the deposition
and detachment rate coefficients, such as polymer transfer and polymer rearrange-
ment. In addition, in papermaking the shear is continuously changing as a fiber
suspension passes through pipes, screens, pumps, headbox, slice and drainage
section, which also leads to a time dependence of these rate coefficients. Some
changes are reversible, most are not. An example of a reversible change is the
deposition and flocculation of particles by cPAM, after enough time has past to reach
a steady state distribution of polymer on all surfaces. By increasing the shear, particles
detach from fibers and aggregates break up, because detachment and break-up rate
constants increase with shear more strongly than deposition or flocculation rate
constants. When the shear is reduced, the deposition and flocculation return to their
previous level. The shear dependence of the extent of flocculation is of crucial
importance in papermaking. Flocs usually break up according to their size, because
the hydrodynamic forces exerted on them increase proportionally with surface area.
Thusflocs offibers aremore easily broken up thanflocs offines orfillers, whereas the
detachment of fillers from fibers is themost difficult, because of the small size of the
filler. These differences allow the retention of fillers on fibers to occur with minimal
fiber floc formation, making it possible to have at the same time both good retention
and good paper uniformity. It follows that it is important to have the right time-
dependence of deposition and detachment rate constants. If polymers are not
sufficiently strong to keep the particles attached to fibers under high shear, one can
make use of microparticulate retention aid systems, usually consisting of a cationic
polymer (such as cPAM or cationic starch) and a nanocolloid (such as montmoril-
lonite or silica). The nanocolloids form a bridge between two polymer patches on two
particles, thus bridging them together, and in the process modifying both the
detachment rate constant and the deposition rate constant. An example is shown
in Figure 1.9, for the deposition of CaCO3 particles on fibers by cPAM, added first,
followed by bentonite (whose main ingredient is montmorillonite, consisting of
0.9 nm thin platelets) [8]. After cPAM addition the amount of fillers on the fibers
reaches about 75mg g�1 (after a small overshoot), which corresponds to a dynamic
equilibrium between deposition and detachment. After 2min the shear was in-
creased to 5000 rpm, resulting in much reduced deposition, which tends toward a
new equilibrium with a larger deposition and a much larger detachment rate
constant. When subsequently bentonite is added, the detachment rate is much
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reduced, leading to a large increase in deposition (close to 100%). With time the
detachment rate constant decreases, possibly due to a poisoning of bentonite with
cPAM. This example shows that with the right chemical additives the kinetics of
deposition and detachment can be controlled and optimized for a particular mill
application.
For some polymers, such as PEO, the detachment rate increases with time even at

a fixed shear rate (cf. Figure 1.7). This also happenswhen PEO is usedwith a cofactor,
although in this case the decrease is slowed down. This type of deposition is
irreversible (because in a flattened conformation, PEO is unable to bridge particles).
Reducing the shearwill not lead to a redeposition. Increasing the shearwill accelerate
the detachment.

1.3
Heteroflocculation Among Colloids

Apapermaking suspension can contain many types of colloids. Many additives are
added in the form of colloids, such as fillers, internal sizing agents and color
pigments. As already mentioned, other colloids can come from ingredients in the
wood, such as pitch, or from residual particles left over from recycled paper or from
reslushed broke, which might contain clay and latex particles (so-called white
pitch). Clearly, all these particles will interact hydrodynamically and colloidally.
Most colloidal particles in a papermaking suspension are negatively charged, but
positively charged particles can be present as well, such as PCC (precipitated
calcium carbonate) and solidified sizing droplets, coated by cationic starch. PCC

Figure 1.9 Kinetics of precipitated CaCO3 (PCC) deposition on
pulp fibers, with cPAM (added first) and bentonite, added after
an increase in shear. The addition mimics that on a paper
machine where bentonite is added last, near the headbox, under
high shear conditions (adapted from Ref. [8]). PCC addition
was 200 mg g�1 fiber.
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loses it positive charge when exposed too long to process water [34], whereas starch-
stabilized sizing agents appear to retain their positive charge [10]. Most other
colloids are negative, such as ground calcium carbonate (GCC), pitch, ink particles,
most latexes, and so on. Some particles can be positive or negative, depending on
pH, such as clays or titanium dioxide. At papermaking pHs these particles are
commonly negatively charged, although clays are amphoteric, consisting of plates
with negative faces and positive edges. It is commonly believed that negatively
charged particles heteroflocculate with positive particles but, surprisingly, this is
not always the case. An example is the interaction between negatively charged
calcium carbonate and solidified AKD droplets, stabilized by cationic starch.
When these particles interact, cationic starch is transferred from AKD to CaCO3,
resulting in starch-induced homoflocculation of CaCO3 and homoflocculation of
AKD, because of the loss of its stabilizer. Little or no heteroflocculation occurs [10].
Transient doublets of CaCO3 andAKD are formed, but these are broken up in shear,
transferring starch from AKD to CaCO3 in the process.
Heteroflocculation can lead to several types of aggregates, depending on the

size ratio a2/a1 of the particles and the relative particle concentrations ci. When
a2� a1, heteroflocculation is similar to the deposition of small particles on fibers
(cf. Figure 1.10a), with the difference that the small particles can induce flocculation
of the large ones at partial coverages. In principle this can occur for pulpfibers aswell,
but because the fibers are large and subjected to shear the hydrodynamic forces are
large enough to break up doublets offibers. Formuch smaller colloids, thismight not
happen.
Evenwhen the size ratio is of order unity, one type of particle can stabilize the other

by coating it completely, provided c2� c1 (Figure 1.10b). When the sizes and
concentrations are similar, large flocs can be formed in which particles of type 1
and type 2 alternate (Figure 1.10c).
When n2� n1 aggregates of type a or b in Figure 1.10 will be formed and the

heteroflocculationwill stopwhenparticles of type 1 are fully coated by particles of type
2. The kinetics of heteroflocculation can then be well described by Equation 1.5, with
q being the fractional coverage of the particles of type 1 by the other ones (type 2) and
n0 being the dimensionless concentration of the particles in excess (type 2), relative to

Figure 1.10 Examples of flocs formed by heteroflocculation.
(a) Large disk-shaped particle coated by small colloids; (b) colloid
of type 1 (gray) surrounded by colloids of type 2 (black); (c) floc
consisting of alternating particles of types 1 and 2.
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monolayer coverage on the other particles (type 1). The deposition rate constant in
this case is:

k1 ¼ a
4gG
3

(a1 þ a2)
3n1 ð1:10Þ

When a2� a1, Equation 1.10 reduces to Equation 1.6, with j¼j1. Alternatively we
can describe the heteroflocculation as:

dn1
dt

¼ dn2
dt

¼ � 4
3
agG(a1 þ a2)

3n1n2 ð1:11Þ

An example of heteroflocculation between large and small particles is that between
clay and cationic latex. Kaolin clay fully coated by polystyrene latex (a2¼ 65 nm) is
shown in Figure 1.11. At lower latex dosages, less than required for full coverage, the
latex acts as a cationic polyelectrolyte, flocculating the clay. This can be seen in
Figure 1.12, where the stability ratioW¼ 1/a, is shown as a function of latex addition,
together with the electrophoretic mobility of the clay.
It can be seen that the latex particles reverse the charge of the clay. The deposition

efficiency and the stability ratio are one around the point of zero charge of the clay,
implying that the latex acts as a charge modifier, similarly to highly charged
polyelectrolytes, such as PDADMAC and PEI [35]. At excess latex, the clay particles,
covered by latex as seen in Figure 1.11b, become stable again.
Similar behaviorwas found for otherfillers, such as PCC.PCC is positively charged,

but reverses its charge in tap or process water [34]. Figure 1.13 shows results for the
flocculation efficiencya (¼ 1/W) for both positivePCC(indistilledwater) andnegative
PCC (in tap water). For positive PCC no heteroflocculation with cationic latex occurs,
but latex destabilizes negative PCC in the same way as negative clay, shown above.
Again the point of zero charge coincides with the fast flocculation regime.
An anomalous behavior was found with cationic PSB latex (Figure 1.14). No

heteroflocculation between (positively charged) PCC and cationic PS latex occurs, as

Figure 1.11 Kaolin clay, used as filler in papermaking. (a) Bare clay
particles; (b) clay fully coated by cationic polystyrene latex
(130 nm diameter). Scale bars: 10 and 1mm, respectively.

1.3 Heteroflocculation Among Colloids j15



Figure 1.12 Stability ratio (a) and electrophoretic mobility (b) of
kaolin clay as a function of latex addition for two types of latex
(PSþ, cationic polystyrene, diameter 130 nm and S/Bþ, cationic
polystyrene butadiene, diameter 120 nm).

Figure 1.13 Stability ratio (a) and electrophoretic mobility (b) of
precipitated calcium carbonate (PCC) as a function of polystyrene
latex addition, in distilled water (DW) and in tap water (TW).
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Figure 1.14 Stability ratio (a) and electrophoretic mobility
(b) of precipitated calcium carbonate (PCC) as a function of
polystyrene and PSB latex addition.

perhaps expected. Although both types of latex particles deposit on positive PCC (as
can be concluded from the increase in electrophoretic mobility), PS does not bridge
PCC particles together. However, cationic PSB latex does cause PCC to flocculate.
Both PS and PSB latex were made in our laboratory in the absence of emulsifiers,

using the cationic comonomer diethylaminoethyl methacrylate (DEAEMA) and
subjected to flash evaporation. As such there should be no �free charge,� which
could interfere with the deposition [28]. The electrophoretic mobility increases with
latex addition, implying that PSB latex deposits onPCC, thus increasing its charge. So
far the reason for the anomalous heteroflocculation is unknown. A possible expla-
nation is that the soft PSB latex particles adhere more strongly to PCC, due to
flattening and an increase in contact area, than to the hard PS latex particles. When
two PCC particles with latex particles deposited on them collide in shear, they could
form a doublet of PCC particles, bridged by a latex particle. For PS latex, the bridge is
too weak to withstand the shear, leading to the break-up of the doublet, but the
stronger PSB latex bridge could survive, leading to a permanent doublet.

1.4
Heteroflocculation of Fines and Colloids

So far we have only considered the interactions among colloids and between fibers
and colloids, both in the absence and presence of polymers.Other important particles
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