PEER REVIEWED

Fundamentals of flotation deinking

THEODORE J. HEINDEL

HE IDEA FOR USING FLOTATION

to remove ink particles

from secondary fibers was

inspired by the flotation sep-
aration processes used in the mineral
processing industry. Flotation deink-
ing was first used well before the
1950s, but it was not until then that
the practice began to gain wider ac-
ceptance in the paper processing in-
dustry (D).

The mineral processing industry
has provided much useful informa-
tion regarding flotation separation in
terms of fundamentals and
overviews (e.g., (2, 3)). The litera-
ture also contains works that sum-
marize the use of flotation in paper
recycling (1, 4-6). However, these
latter reviews focus primarily on ap-
plications and equipment. The pur-
pose of this paper is to review the
current state of flotation fundamen-
tals and show how these fundamen-
tals are used in modeling this com-
plex process.

In flotation deinking, air bubbles
rise through agitated liquids in tanks
containing suspended cellulose pulp
and contaminant particles. The rising
bubbles collect hydrophobic conta-
minant and/or ink particles that typi-
cally fall within the size range of ap-
proximately 20-300 pm in diameter.
The attached particles are then trans-
ported to a froth layer, where they
are easily removed. Although flota-
tion cell designs vary with respect to
geometry, flow configurations, and
operating parameters, they all oper-
ate on similar principles and incor-
porate the fundamental processes of
pulp aeration, mixing to maximize

bubble-particle interaction, and sep-
aration of bubble-particle aggregates
from the bulk mixture.

This paper focuses on the bub-
ble-particle interaction and the for-
mation of a stable bubble-particle
aggregate that can be transported to
the froth layer for removal. To pro-
vide context for a discussion of these
issues, there is a brief summary of
the similarities and differences be-
tween mineral flotation and flotation
deinking. This is followed by de-
scriptions of the four flotation mi-
croprocesses—capture, attachment
by sliding, three-phase contact, and
stability—that serve as components
of overall flotation models. Finally,
the current status of flotation model-
ing is presented.

MINERAL FLOTATION AND
FLOTATION DEINKING
Much of the theoretical and experi-
mental work related to the funda-
mental flotation microprocesses has
been developed explicitly for min-
eral flotation. Nevertheless, many of
these fundamental principles are
also assumed to be applicable to
flotation deinking, as long as one is
aware of the main similarities and dif-
ferences between the two processes.
Table I lists some of the similarities
and differences between flotation
deinking and mineral processing (7).
Deinking differs in that the particle
density is relatively low and can be
comparable to water; deinking sys-
tems typically have a wider distribu-
tion of particle size and characteris-
tics (i.e., surface energy, geometry,
etc.);and pulp suspensions consist of
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given process change would help or
hinder flotation performance before
attempting an expensive mill trial.
Knowledge of flotation fundamentals
can also be used to improve equip-
ment design and performance. This
paper reviews the fundamentals of
flotation separation. Because the use
of flotation in paper recycling was
adopted from the mineral processing
industry, the discussion begins with a
comparison of the similarities and dif-
ferences between flotation deinking
and mineral flotation. The flotation
macroprocess is presented as a func-
tion of four sequential microprocesses:
particle capture (or interception), at-
tachment by sliding, three-phase con-
tact, and stability. These micro-
processes are reviewed in detail, fol-
lowed by a discussion of selected
flotation deinking models.

Application:

Better knowledge of flotation funda-
mentals can enhance deinking perfor-
mance and improve the design of fu-
ture flotation cells.

cellulose fibers that can form a net-
work (7, 8). In addition, both the
contaminants to be removed and the
pulp slurry can be highly heteroge-
neous. These differences result in
much lower separation efficiencies
in flotation deinking than in mineral
flotation (9).

Despite these differences, it is
commonly assumed that the funda-
mentals of flotation separation are
similar for both processes, with the
exception of inertial effects, which
are typically neglected in flotation
deinking. Therefore, the four micro-
processes that are applicable to min-
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Parameter

Particle surface energy

Particle size

Particle density

Particle liberation from stock

Pulp properties

Flotation deinking

Very complex

* Low-energy, hydrophobic adhesives

* Medium-energy, hydrophobic inks

* High-energy, hydrophilic filler and fibers

Broad distribution

Very low, in some cases lower than water

By repulping in the presence of chemicals and surfactants

* Very heterogeneous
* High temperature (40-60°C)
* Possible redeposition of particles

Mineral flotation

Fairly uniform
* High-energy, hydrophilic materials

Broad distribution

Broad distribution, but higher than
water
By grinding without added chemicals

* Homogeneous
* Low temperature
* Redeposition is not important

¢ Fiber networks

Final product characterization By means of
* Paper sheet brightness
* Dirt speck analysis

« Stickies content

Impact of efficiency on
additional processing steps
* Reduce product quality

* Adapted from Schulze (7).

Contaminants that are not removed can
* Damage downstream equipment

By means of
* Chemical analysis

Final product purity is affected

I. Comparison between flotation deinking and mineral flotation.

Fluid
streamline

Stagnation
ine

Bubble

1. All particles within the streaming tube of radius R_will be cap-
tured by (or collide with) the air bubble.
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eral processing are also used to describe the events oc-
curring in a flotation deinking cell.

FLOTATION MICROPROCESSES

The overall flotation separation process is modeled as a
multistage probability process consisting of a sequence
of microprocesses with associated probability values.
This sequence includes (a) the approach of a particle to
an air bubble and the subsequent interception of that
particle by the bubble; (b) the sliding of the particle
along the surface of the thin liquid film that separates the
particle from the bubble and film rupture; (¢) the subse-
quent formation of a three-phase contact between the
bubble, particle, and fluid; and (d) stabilization of the bub-
ble-particle aggregate and its subsequent transport to
the froth layer for removal from the flotation cell. These
microprocesses take place in all flotation equipment.

Probability values for some of these elementary mi-
croprocesses are available in the literature (e.g., (2,
9-12)), as are mathematical descriptions (13-25). Most
of these models assume that the bubble and particle are
spherical. In addition, most of the microprocess analyses
consider the interaction of one particle with one bubble.
Efforts to include the effects of multiple particles inter-
acting with a single bubble (26, 27) or bubble swarms
(26, 28) on the flotation microprocesses complicate the
analysis considerably.

In general, the process of collecting contaminant par-
ticles by bubbles in a pulp slurry takes place in a com-
plex and highly turbulent environment. However, as the
distance separating the particle from the bubble de-



creases, the flow conditions relative
to the bubble-particle pair are typi-
cally idealized and simplified to cor-
respond to unperturbed flow (77).
This allows for considerable simplifi-
cations that are universally employed
in modeling the flotation micro-
processes. The following discussion
reviews the four microprocesses:
particle capture, attachment by slid-
ing, three-phase contact, and stability.

Particle capture
A particle must travel close enough
to a given bubble if it is to be cap-
tured. Some authors refer to this
process as collision or interception
(e.g., (17)). When capture (or colli-
sion) occurs, it does not imply that a
bubble-particle aggregate has formed;
rather, it only means that short-range
forces and thin{film dynamics be-
come significant (to be discussed in
the next section). A critical para-
meter governing the particle ap-
proach to the bubble and subse-
quent capture is R, the radius of the
streaming tube within which the par-
ticle must move so as to be inter-
cepted by the bubble. Capture radius
R is illustrated in Fig. 1.

The corresponding probability of
capture (or collision) P depends on
the particle and bubble radii, R, and
R, respectively, as well as on the as-
sumptions one makes about the flow
field in which the particle moves.
Particles the size of typical ink parti-
cles in a flotation cell experience
negligible inertial forces and tend to
follow the streamlines in the flow
field around the bubble. The proba-
bility of capture is then defined by

Eq. 1.
p— RC 2
k= (R_) 1)

This represents the ratio of (a) the
number of particles (assuming R <
R) within the streaming tube of
cross-sectional area T[Rf that en-
counter a bubble per unit time to (b)

the number of all particles that ap-
proach a bubble in a streaming tube
with cross-sectional area TIR?. The
Stokes number (St) and the bubble
Reynolds number (Re)) are critical in
defining the flow parameters that
characterize P. The Stokes number
represents a ratio of inertial to drag
forces and is defined as

R% pp dpz
9 dg
ppdp2 v B

=Fev 78 2
o )

St=

where d, is the bubble diameter, dp is
the particle diameter, p, is the parti-
cle density, p, is the liquid density, [,
is the fluid dynamic viscosity, and U,
is the bubble rise velocity. For typical
ink particles, the Stokes number is
very small (St << 1) and the inertial
forces have a negligible influence on
particle motion. Hence, there are ba-
sically no impact collisions (i.e., such
as between two billiard balls) be-
tween the particles and bubbles, and
the particles follow the streamlines
in the flow field around the bubble
(Fig. 1). The bubble Reynolds num-
ber in Eq. 2 is defined by Eq. 3.

LgdsP,

Re = m

®)

The bubble surface mobility can
also influence P (10), but it can be
assumed that in flotation deinking,
the bubble is coated with surfactants
and/or other surface contaminants,
and the rising bubble can be approx-
imated as a rigid sphere. By consid-
ering only the long-range hydrody-
namic forces that act on a particle as
it approaches a bubble (i.e., the drag,
gravitational, and buoyancy forces), a
system of equations (2, 28, 29) with
associated initial conditions can be
written for the velocity components
of the particle, whose structure de-

pends in a crucial manner on the na-
ture of the velocity field of the liquid
in a neighborhood of the bubble. For
flow conditions in which Re, << 1,
the fluid flow is described by Stokes
flow, and P can be determined by
Eq.4 (17).

_3[R)?
R=5 (E) (4)

When the bubble Reynolds num-
ber is very large, potential flow con-
ditions exist around the bubble, and
the probability of capture can be ex-
pressed by Eq.5 (17, 30).

R
P 3(5") )

B

In typical flotation cells, Re, is
thought to be in the range of 1 < Re,
< 100. Applying this bubble
Reynolds number range (termed in-
termediate flow), a Stokes number St
<< 0.1, and the assumption of a rigid
bubble surface, Yoon and Luttrell
(17) obtained Eq. 6 by interpolating
between Stokes flow and potential
flow, and then correlating the result-
ing streamlines with experimental
data obtained at various Reynolds
number.

(3 4rRe™ [R,)?
PC_(§+ 15 )(R_) ©

B

More complex correlations for P,
are available in the literature
(31-33).

Attachment by sliding
Not all particles that are captured by
a bubble become attached. In gen-
eral, only particles that are suffi-
ciently hydrophobic are able to at-
tach themselves to the bubble
through the formation of a three-
phase contact with a finite contact
angle (17). Before this three-phase
contact can take place, the liquid
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a @ < (pf:rit

Particle

No attachment

2. Schematic representation of the relationship among @, h . ,and @ . (Note: diagram is not to scale.)

Stagnation

line \‘i<R—>

3.All particles within a streaming tube of radius R_, will attach
to a bubble by sliding. (Note: diagram is not to scale.)

layer between the bubble and particle—which forms as
soon as the particle is captured by a bubble—must thin
sufficiently to rupture. This liquid layer is typically re-
ferred to as a liquid film because thin-film dynamics have
been used to describe the rupture process. Upon liquid
film formation, the particle begins to slide over the sur-
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face of the bubble and resides on it for a finite period of
time, which is generally referred to as the sliding time.
This sliding process subjects the film to a weak surface
deformation, which tends to thin the film out and can
lead to film rupture. For attachment by sliding to occur,
the contact time of the particle with the liquid film must
be greater than the induction (drainage) time of the film
up to the point of rupture.

To study this problem, one must model the motion of
a particle as it slides past the bubble with a thin liquid
layer of thickness b separating the bubble and particle.
The modeling of the process predicts the film thickness
b as a function of the position angle @ of the particle.
Note that both b and @ vary with time ¢ and that @(=0)
= @, which is referred to as the touching angle. The fol-
lowing assumptions are commonly made when modeling
the particle motion during the sliding process (10, 11):
() the particles move in a quasi-stationary manner on an
almost circular path along the bubble surface; (b) the
sliding path L >> b and dL/dt > db/dt;(c) for 0 < p< T/2,
the influence of the fluid boundary layer is negligible;
and (d) as in the computation of P, the tangential com-
ponent of the fluid velocity field can be modeled by the
intermediate flow of Yoon and Luttrell (77).

Particle attachment by sliding over the bubble surface
is probably the single most important microprocess in
the overall flotation macroprocess, and it is also possibly
the most complicated. The sliding motion of a particle is
governed by a force balance as the particle slides over
the bubble. Depending on the assumptions made and the
magnitude of the forces involved, the following forces
may be included in this force balance (2, 10, 34-30):



* The resistive force generated
during the drainage of the liquid
film surrounding the bubble
surface

 The (apparent) weight of the
particle

 The centrifugal force acting on
the sliding particle

* The flow force acting on the
sliding particle close to the bub-
ble wall

¢ The lift force acting on the
particle

¢ The drag force acting on the
particle (which is strongly
dependent on the flow field
about the bubble).

From the force balance, a system
of ordinary differential equations can
be written in terms of (¢,/h). These
equations govern the variation of the
disjoining film thickness with re-
spect to the position of the (sliding)
particle and the associated initial
condition h(Q) = b If ., denotes
the critical thickness that the film
must reach in order for rupture to
occur, then the critical position angle
@, is defined as the largest touching
angle @ (<90°) for which b = h_.
will be achieved at a position angle
@, such that @ < @_, < Ti/2. Figure
2 depicts the relationship that exists
among @, A ,and @_ . Note that the
process of the particle sliding past a
bubble surface does not guarantee
formation of a bubble-particle aggre-
gate.

Knowledge of film drainage and
rupture is important in this micro-
process to estimate the particle in-
duction time, T, or the critical film
thickness at which rupture occurs,
h_..- Thinfilm dynamic models have
been used to identity the critical film
thickness (19, 21, 22, 37-39), and
there is continued interest in this
subject because questions still re-
main regarding which forces are im-
portant to film rupture (37).

The probability of attachment by
sliding, P, is then defined from

knowledge of the touching angle
and the sliding time. If the touching
angle, @, is less than the critical po-
sition angle, @ , the sliding time will
be sufficient for particle attachment.
Therefore, all particles that satisfy @,
< @ will attach to a bubble, and
those particles that “touch” the bub-
ble with @. > @ will not. Referring
to Fig. 3, P is typically described to
be the ratio of the area inscribed by
the limiting radius R (the radius
from the stagnation line to the line
corresponding to the touching angle
associated with @ ) to the area in-
scribed by the sum of the bubble,
particle, and critical film thickness
R, + Rp + h_.). Since we can expect
h_ . << Rp, it is common to write P

crit

as given in Eq.7 (10, 11, 17).

2
P | - Rcrit (7)
=" R*R)

Relating R to @, Eq.7 can be
written as

P, = sin? g (8)

crit

The critical position angle @__ is
thought to be a complex function of
the system parameters (i.e., bubble
and particle radius, turbulent energy
density, etc.) that can be determined
only by numerically solving the sys-
tem of ordinary differential equa-
tions that govern the adhesion-by-
sliding process (10). Some authors
have proposed expressions for @
and/or expressions for the particle
induction time, T, (17, 33, 40-42).
For example, Yoon and Luttrell (77)
propose

~(45+8R&™ug]|
3R,(RRY) |
9)

P sin?[Zarctan e

for intermediate flow conditions.
However, the bubble rise velocity, VS
and the particle induction time, T,

must be known before P can be de-
termined.

Three-phase contact
Once the thin film surrounding a
bubble has ruptured, a relatively
large three-phase contact (TPC) be-
tween the liquid, particle,and bubble
must form within a sufficiently short
time span (T ,,.) to provide a strong
enough force of attachment to pre-
vent the bubble-particle aggregate
from immediately separating. This
aggregate formation is schematically
represented in Fig. 4, where 0 repre-
sents the contact angle measured in
the liquid.

If T, denotes the average lifetime
for turbulent vortices within the
flotation cell, then the time required
to form a three-phase contact and
create a bubble-particle aggregate
must satisfy T,,. < T . Schulze (10)
has used an exponential distribution
of the approximate form

-1
P.c0O1l- exr(TTPC) (20)

for the probability of extension of
the three-phase contact P, .. How-
ever, it has been shown that to
within about 1%, P, =1 over a wide
range of particle sizes (10). Indeed,
many authors imply that £,, . = 1 and
omit this term from the overall prob-
ability of flotation (7, 14, 17, 25, 34,
35, 38), which seems justified.

Stability
Once a bubble-particle aggregate
forms, it must remain stable on its
journey to the froth layer if it is to be
removed from the system. It is gen-
erally accepted (2, 10, 24, 43) that
bubble-particle stability can be de-
termined by performing a force bal-
ance on the particle attached to the
bubble. Figure 5 summarizes these
forces.

Assuming spherical particles, the
gravitational force (Fig. 5a) is speci-
fied by

VOL. 82: NO. 3 TAPPI JOURNAL | 19



DEINKING

To bubble
center

Bubble

l

Idealized, undeformed
bubble surface

\

Line joining the bubble
and particle centers

4.Three-phase contact between the bubble, particle, and liquid regions.

_4
R=3TRA0

(11)
where P, is the particle density,and g
is the acceleration due to gravity.

The static buoyancy force that
acts on the particle (Fig 5Sb)—assum-
ing that the entire particle is im-
mersed in the liquid (24)—is de-
fined by Eq. 12.

F=3TRP,g
where p, is the liquid density.

The buoyant and gravitational
force can be combined to obtain an
expression for the apparent particle
weight

(12)

4
e =3 TR (P,-P) 9 (13)

For the detaching force due to

fluid drag (Fig. 50),
_4

173 RSP a,

where expressions for the fluid ac-

celeration a._ depend on both the

structure and intensity of the turbu-

lence within the flotation cell. For

aggregates where the particle size is

smaller than the bubble size, it has

(14)
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been determined that the fluid ac-
celeration can be related to the en-
ergy dissipation in the tank by Eq. 15
(10).

1.9¢2/3

%= RaR) (15)

where € is the turbulent energy den-
sity.

The force generated by the capil-
lary pressure in the gas bubble that
acts on the contact area of the at-
tached particle (Fig. 5d) is given by

_ 20
F,=mR? (F

- 2R, p, %sinzm (16)
B
where 0 is the surface tension and w
is the angle specified in Fig. 5.
The capillary force exerted on the
three-phase contact line (Fig. 5¢) is

F.= —2nR o sinw sin+06) (17)

where 0 is the contact angle.

Finally, the hydrostatic pressure
force (Fig. 5f) of the liquid of height
z, above the contact area radius r
(= Rpsinoo in Fig. 5f) is

Fye= TTRZP, g Z;sinw (18)

Therefore, the net detachment
force that acts on a bubble-particle
aggregate is given by

detach: l:wt + Fd + Fc (19)
while the net attachment force is
given by

F

attach

F+F

ca hyd

(20)

The stability of bubble-particle
aggregates is then characterized by
comparing the net detachment force
with the net attachment force by the
following dimensionless parameter,
with £, =0 and I, replaced by the
maximum capillary force £ (10).

Fdetach

=

attach

Bo' = (21)

where
. p 213
— P
Fietaci™ 4R (Appg * (RF,+—RB)”3)
+3Rp(%CI ~2R, pf%sinz(n—g) 22)
B

and

- ; 6l )
F o= 603|n(n—§) sm(n+§) (23)

In Eq. 22,App= P,- P, As cited in
Schulze (10),taking into account the
experimental results of Plate (44), a
reasonable form for the probability
of stability P is

1
1- ex;:(l - B_o') (24)

Recent studies suggest that once
a bubble-particle aggregate forms
through attachment by sliding, the
bubble has a strong grip on the par-
ticle, which tends to resist breakup
(45). However, these results contra-
dict observations made by equip-
ment manufacturers concerning tur-

P_

stab



bulence (46). Additionally, flotation-
cell product literature describes re-
gions in most flotation cells where
turbulence is reduced to promote
the formation of stable bubble-parti-
cle aggregates (47-52). If these ag-
gregates also collide with other ag-
gregates on their way to the froth
layer, the bubble-particle aggregate
can be destroyed, with the particles
falling back into the suspension. The
influence of turbulence on destruc-
tion of bubble-particle aggregates
has recently been studied by Julien
Saint Amand (53).

FLOTATION MODELING

The microprocess probabilities are
used to model the overall flotation
macroprocess. The mineral flotation
literature states that the simplest
studies addressing the floatability of
a particular ore involve at least 25
clearly identifiable variables, and a
full-scale study could require consid-
eration of at least 100 variables (3).
However, there is little information
about the interactions among these
variables. Considering that flotation
deinking involves a more complex fi-
brous suspension, additional vari-
ables should be considered in a full-
scale study of flotation deinking.

Because experimental studies
and system trials can be very expen-
sive, there has been considerable ef-
fort to mathematically model the
flotation process to predict separa-
tion efficiencies and general trends
before full-scale experiments are per-
formed. These models typically in-
corporate the various microprocess
models within an overall flotation
model.

The complexity of the flotation
microprocesses has prevented the
development of a flotation model
based on first principles. However, in
what has become a common as-
sumption, Schuhmann (54) assumed
that the individual microprocess
probabilities for a given particle are
not correlated. Therefore, the overall

a: Gravitational force (Fy)

Bubble

Fg Particle

c: Drag force (Fy)
Bubble

F4 Particle

e: Capillary force on 3-phase
contact line (F ;)

Bubble Fa ¢

Particle

b: Buoyancy force (F,)
Fy Bubble

Particle

d: Capillary pressure force (Fg)
Bubble

[ Particle

f: Hydrostatic pressure force (Fyyq)

Fhyd
Bubble fp

Particle

5. Stabilizing and destabilizing forces that act on a bubble—particle aggregate.

probability that a stable bubble-par-
ticle aggregate will form and be lifted
to the froth layer can be written as
PoveraII: Pc Pasl P'I'PC Pstab: Pc Pasl Pstab (25)
Additionally, on the basis of min-
eral flotation experimental evidence,
the flotation process is thought to be
analogous to a chemical reactor,
where the overall rate of particle re-
moval is expressed as a first-order re-
action in the form (55):

X (particles) +Y (bubbles)

moved particles represent a small
volume—then the rate of change in
solids is proportional to the concen-
tration. Therefore, flotation is as-
sumed to be governed by Eq. 27 (2,
10, 12, 13, 30, 53, 55-59)

dc. —kc

dt
where ¢ is the particle concentra-
tion, and k& is the rate constant in-
volving the physical, chemical, and
surface properties of the system. The
form of this equation suggests that
given a long enough flotation time,

(27)

- Z(floated aggregates) (26) all particles will eventually be re-

If the bubble concentration is
constant—and assuming that the re-

moved, which is typically not ob-
served in practice. Many expressions
for the rate constant are available in
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the literature (e.g., (17, 25, 35, 53,
55, 60)), and these may depend on
the specific system being studied.
Employing the overall probability
of particle removal,P . Schulze (2,
9, 10) has written Eq. 27 in the form

df
—n":—ZP nf nf

dt overall” 'B" p (28)
where nli corresponds to the number
of free particles per unit volume
available to attach to bubbles, n}fs is
the number of bubbles per unit vol-
ume available for particle attach-
ment, and Z is related to the bub-
ble-particle collision frequency. In
the absence of bubble-particle colli-
sion frequencies specific to flotation
deinking, a reasonable first estimate
for Z can be represented by Eq. 29
23)

_ 5 84/9 5
Z2=2"" > (vflf3pf’3) (Rp+ RB)

X(RJI;UQA pg/3 + R]éé‘UQA péBUB) 1/2 (29)

where v, is the (fluid) kinematic vis-
cosity, App =p,- P, and Ap, = p,- P,
Other forms of the collision fre-
quency are also available in the liter-
ature (e.g., (13, 61-63)). Note that
Eq. 29 differs from the expression
presented in a previous work by
Heindel and Bloom (64) by a factor
of n,n ,where n, and n_are the total
number of bubbles and particles per
unit volume, respectively. The origi-
nal expression from Heindel and
Bloom (64) was adopted following
the work of Schulze (9, 16). How-
ever, as recently pointed out by
Julien Saint Amand (53), the Z term
introduced in Eq. 28 should not have
the n,n_term because it accounts for
the collisions between free bubbles
(n)) and free particles (n;), which
are already incorporated into Eq. 28.
Therefore, an)n}‘s is a true collision
frequency, with units of numbers per
unit time per unit volume.
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Equations 27 and 28 represent a
kinetic- or population balance-type
model where, in this case, the popu-
lation of free particles are modeled.
The idea of a kinetic or population
balance equation was extended by
Heindel and Bloom (43, 64) to in-
clude a forward and reverse reaction.
This model has the form

anf
P - _ fnf a
—P = ning + k,na

T (30)

where n} represents the number of
bubbles with attached particles in
the unit volume. The first term on
the right-hand side represents the
overall probability that a free particle
will successfully attach to a bubble
that is initially free of particles. The
second term is a measure of the
probability that a bubble-particle ag-
gregate will become unstable and
split to yield a “new” free particle.
This term has not been explicitly in-
cluded in previous flotation models
G.e., (2, 10, 12, 30, 53, 56, 60)).The
kinetic constants &, and &, are posi-
tive numbers described by the vari-
ous microprocess probabilities and
the collision frequency:

k=Z PR, PR

PC "stab

(1)

sl
k2 =Z Pdestab: Z’(l - Pstab) (32)

where Z is given by Eq. 29. Based
on dimensional considerations, &,
should have units of 1/time, giving
the second term on the right-hand
side of Eq. 30 the units of number
per time per unit volume, which is
consistent with the other terms. This
kinetic constant has a slightly differ-
ent form than that previously pre-
sented by Heindel and Bloom (64).
Since P (or P_)is a true proba-
bility and is unitless, an additional
term has to be included in &,, which
we call Z' and has units of 1/time.

This term could be thought of as a
collision rate between bubble-parti-
cle aggregates and the “thing” that
makes the aggregate unstable, like a
turbulent eddy or another bubble-par-
ticle aggregate. Current research is
directed toward quantifying this
term.

A more detailed model of the
flotation process has been proposed
by Schulze (2, 12), whose model in-
cludes a system of partial differential
equations that govern free and at-
tached particles in the system and ac-
counts for particle advection and dif-
fusion, as well as particle source and
sink terms within the system. How-
ever, no attempt has been made at
solving this system of partial differ-
ential equations.

Models of the flotation separa-
tion process can be very simplistic
or very complicated. However, all
models have the goal of predicting
the trends observed in practice. If
this is accomplished, the models can
be used to predict changes in system
performance when one or more sys-
tem parameters are changed. How-
ever, current operating conditions—
and any changes to these conditions
resulting from a change in the de-
sired parameter—must be known.
Values of selected parameters (i.e.,
turbulent energy density, surface ten-
sion, etc.) can be estimated, but the
utility of the resultant predictions
will depend on the accuracy of these
estimates.

SUMMARY
Flotation deinking is such a compli-
cated process that it may seem fortu-
itous that it actually works in a recy-
cle mill. The initial research into
flotation fundamentals was carried
out by the mineral processing indus-
try, and existing flotation deinking
models are based on this early re-
search. A review of the similarities
and differences between mineral
flotation and flotation deinking
demonstrates that the flotation fun-



damentals apply to both processes.
The overall macroprocess of
flotation deinking can be explained
in terms of four sequential micro-
processes: particle capture, attach-
ment by sliding, three-phase contact,
and stability. This paper reviews all
four microprocesses and then out-
lines various models of the overall
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a, = fluid acceleration

Bo =Eqg.21

c = particle concentration
dp = particle diameter

d, = bubble diameter

cles attached

for particle attachment

able to attach to bubbles

asl

P_.._= probability of destabilization

destab

ng = the number of bubbles per unit volume with parti- T,
n, = the number of bubbles per unit volume available T,

n = total number of particles per unit volume B
nf = the number of free particles per unit volume avail-

P_ = probability of attachment by sliding O =
P = probability of capture (or collision)

NOMENCLATURE
POverall overall probability of particle removal
= probability of stability
P, = probability of three-phase contact
R, = bubble radius

B
R, = capture radius

stab

F.cn= Net attachment force R, = critical radius corresponding t,,
F, = capillary force on three-phase contact line Re, = bubble Reynolds number
F.n = maximum capillary force R, = particle radius
F, = buoyancy force r, = radius specified in Fig. 5
F, =drag force St = Stokes number
F..q= Net detachment force t =time
F = gravitational force Z =Eq. 29
F. = hydrostatic pressure force Z' = collision rate between a bubble—particle aggregate
F, = apparent particle weight and the “thing” that makes it unstable
F. = capillary pressure force z, = liquid height specified in Fig. 5
g = acceleration due to gravity ¢ = turbulent energy density
h = film thickness (distance separating the particle ~© = contact angle
from the bubble) M, = liquid dynamic viscosity
h, = initial film thickness v, = liquid kinematic viscosity
hcm = critical film thickness when rupture occurs P, = bubble density
k  =rate constant p, = particle density
k, =Eqg.31 p, = liquid density
k, =Eg.32 Ap, =Py —P,
L = sliding path length Ap, =p,—p,
n, = total number of bubbles per unit volume o = surface tension

= particle induction time

= time required to form a three-phase contact
= average lifetime of a turbulent vortex

= bubble rise velocity

@ = position angle

@, = critical touching angle when rupture occurs

largest touching angle such that attachment by slid-
ing will still take place

@ = touching angle
w = angle specified in Fig. 5

TF’C

V)
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