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This study examines the selective agglomeration of hydrophobic toner particles from a
repulped paper fiber slurry by adding an immiscible oil that preferentially wets the toner
particles. Effects of cationic starch additives, agitation rate, time, temperature and oil
composition are examined experimentally in terms of the dynamic and steady-state evo-
lution of the particle-size distribution produced. A simple, but effective, population bal-
ance model is solved numerically to simulate the agglomeration process and provides
quantitative relationships between process variables and the effectiveness and rate of
agglomeration. These relations are simple and clear. The process is shown to be con-
trolled by the composite effect of the aforementioned variables on the aggregation and
breakup rates, and the observed behavior is understood in these terms. Practical recom-
mendations for agglomeration, a process potentially useful for deinking toner-printed

paper, are deduced from the results.

Introduction

Selective agglomeration of a single dispersed phase among
many is a crucial step in many solid~liquid processes, such as
coal beneficiation, protein precipitation, and paper deinking.
Selectivity can be achieved by three general methods: manip-
ulation of the electrostatics, such as double-layer collapse and
pH control; polymer flocculation; and, less commonly, by
adding an immuiscible, dispersed liquid that collects solid par-
ticles of like wettability, binding them together with liquid
bridges. The latter process has received sporadic attention
since the early work of Farnand et al. (Farnand et al., 1961;
Sutherland, 1962; Puddington and Sparks, 1975; House and
Veal, 1992), and will be hereafter referred to as oil-assisted
agglomeration. This article is concerned with the application
of this process to deinking toner-printed papers.

Toner-printed paper, produced by laser printers and copy
machines, is an increasingly abundant source of high-quality
secondary fiber; however, its use is limited because effective
removal of the toner is difficult (Ferguson, 1992). One
promising method for toner deinking is to agglomerate the
toner particles after they are released from the sheet in the
repulper by adding a small amount of an appropriate insolu-
ble liquid (Darlington, 1989; Olson et al., 1993; Snyder and
Berg, 1994, 1996). The agitation in the repulper disperses the
immiscible liquid into small drops that collide with the codis-
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persed hydrophobic toner particles and hydrophilic paper
fibers. The oil-like liquid drops will selectively coalesce on
the hydrophobic toner surfaces, activating them for agglom-
eration. When the activated toner particles collide with one
another, they stick through the formation of a liquid bridge.
The presence of a sufficient amount of agglomerating liquid
allows the process to continue until agglomerates
several millimeters in diameter are formed. These can be
removed from the pulp slurry later using screening or cen-
trifugal separation.

A number of recycling mills have used agglomeration on a
trial basis since its introduction at the beginning of the
decade, showing both great promise and significant problems
(Rhodes and Ferguson, 1993). Salient difficulties are (1) the
requirement of current processes that elevated temperature,
50-60°C, be used; (2) a tendency to deposit toner mass on
process equipment; and, most importantly, (3) an inconsist-
ency in agglomeration performance, varying from excellent to
useless, for incompletely understood reasons. The successful
use of agglomeration demands a more fundamental under-
standing of the process.

In previous work, we identified five key variables in ag-
glomeration: time, temperature, agitation rate, oil composi-
tion, and cationic starch concentration (Synder and Berg,
1994, 1996). The present work seeks to expand this by consid-
ering how the overall success of the process results from in-
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teractions of the key variables. Since an effective process
requires the rapid production of an appropriate steady-state
toner particle-size distribution, the problem naturally lends
itself to formulation as a population balance. As the process
conditions are modified, a consequent change in the competi-
tion between aggregation and breakup shifts, altering both
the rate of agglomeration and its ultimate product.

Population balance modeling is a valuable method of ac-
counting for all changes that can occur and the rate at which
they do occur in the state of a population of particles
(Ramkrishna, 1985). Crystallization behavior, drop-size distri-
butions, and aerosol processes are a few applications to which
population balance modeling has been applied. The core
equation is developed by setting the derivative of particle size
with time equal to the sum of all the aggregation and breakup
rates affecting particle size.

To effectively model the process, an unambiguous set of
experimental data is needed for model comparison and vali-
dation. Consequently, the objective of this study is to form a
comprehensive picture of agglomeration deinking by combi-
nation of agglomeration experiments and population balance
model simulations, incorporating the response of the system
to the key process variables of time, temperature, agitation
rate, oil composition, and cationic starch concentration.

Materials and Methods
Materials

Toner spheres were obtained from the unprinted toner
powder for an Apple Laser Writer, The manufacturer (Canon
U.S.A,, Inc., Lake Success, NY) gives the toner composition
as 55-65 wt. % styrene acryl copolymer (in approximately a
1:1 mole ratio), 30-40 wt. % magnetite (Fe,0,), and 1-3 wt.
% salicylic acid chromium chelate. The toner comes as a
powder of approximately spherical, 10-15 uwm diameter pri-
mary particles, as observed in scanning electron micrographs.
The toner has an advancing contact angle in water of approx-
imately 90° and a receding angle of 70° (Snyder et al., 1993).
Reserve osmosis-treated water was used for all experiments,
with a conductivity equivalent to 10~5-M NaCL

Cationic starch was STA-LOK 400 (A. E. Staley Manufac-
turing Co., Decatur, IL), a potato starch derivatized with
quaternary ammonium groups with an average of one such
group for every 30 to 35 glucose units (0.30% nitrogen). These
groups maintain a positive charge at all pH and salt condi-
tions. Aqueous solutions of 1,000-ppm cationic starch were
prepared by boiling 1% dry starch in water under vigorous
agitation for 30 min, and diluting to obtain 1,000 ppm.

To investigate the effect of oil composition, the behavior of
a pure oil was compared to that of an oil /surfactant blend.
The pure oil was analytical grade n-hexadecane (Sigma
Chemical Co., St. Louis, MO) used in previous experiments
and shown to be effective when cationic starch is not present
(Snyder and Berg, 1994). The oil /surfactant blend is based on
a commercial formulation discovered by researchers at Betz
Paperchem, Inc., and given in a series of patents (Richmann
and Letscher, 1992-1994). The formulation is known to over-
come the effects of cationic starch, through its solubility of
starch molecules (Snyder and Berg, 1996). Furthermore, the
blend is able to fuse the toners together at temperatures above
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40°C, as we have observed from electron micrographs taken
of toner agglomerates. The oil /surfactant blend we used is 50
vol. % n-hexadecane and 50 vol. % Triton X-15 (Union Car-
bide, Darien, CT), an octylphenol-polyethyleneoxide contain-
ing an average of 1.5 ethylene oxide units per molecule. The
blend was a true solution since Triton X-15 is miscible with
n-hexadecane. We measured an interfacial tension between
the pure oil and water with the drop-weight method (Adam-
son, 1990), and found it to be 52 dyne/cm, while that of the
oil/surfactant blend with water was 26 dyne/cm.

Methods

To perform an agglomeration experiment the following
procedure was used: (1) the dispersed toner, dispersed drops,
cationic starch (if used), and water were combined, adding
the dispersed drops last, until a total volume of 200 mL of
dispersion was created with 0.033 vol. % toner, 0.035 vol. %
oil, either 0, or 1,000 ppm cationic starch. The temperature
was controlled to between 23°C and 55°C by the addition of
an appropriate amount of hot water. The dispersion was im-
mediately placed in an insulated, stirred vessel and the exper-
iment begun. (2) For all runs without cationic starch it was
found that a steady-state size distribution was formed within
5 min, and so agitation was continued for 5 min; for runs with
cationic starch, time studies were carried out, with runs last-
ing as long as 60 min. (3) At the end of an agglomeration
experiment, the entire contents of the vessel were poured onto
three stacked sheets of 12.5-cm Whatman-grade 41 filter pa-
per mounted in a Biichner funnel. A vacuum pump con-
nected to a sidearm flask provided suction. The filter paper
with agglomerates was dried for study with image analysis. (4)
Image analysis was performed on the agglomerates to deter-
mine the particle-size distribution. Detailed descriptions of
these steps follow.

Toner was dispersed by adding 1 g of toner powder to 1 L
of water and mixing in a 3.8-L Waring blender at 15,000 rpm
for 2 min. The oil and oil /surfactant blend dispersions were
created by adding 70 uL of the liquid to 20 mL of water and
sonicating for 20 s at 40% power on a 250-W Branson probe
sonicator (model 250; Branson Ultrasonics Corp., Danbury,
CT). Centrifugal size analysis on a Horiba CAPA-500 (Horiba
Ltd., Kyoto, Japan) showed the diameter of the drops formed
to be predominantly between 0.5 and 1.5 um. The ratio of
the volume of oil to the volume of toner is an important vari-
able for oil-assisted agglomeration, and our previous work
showed that the most effective ratio for toner powder is 1:1
(Synder and Berg, 1994). Therefore, this was used in all ex-
periments.

Temperature was maintained by keeping the dispersion
well-insulated during a run. One and a half centimeters thick
foam insulation encased the agglomeration vessel. Tempera-
tures reported are starting temperatures; temperature gradu-
ally fell in the vessel in an exponential manner, in accord
with Newton’s law of cooling, with a characteristic decay time
of 107 min.

The vessel used for agglomeration was a Virtis “23” Ho-
mogenizer (Virtis Corp., Gardiner, NY) of spherical-type
shape, 7 cm high and 9 cm in diameter. It had five baffles
built into the walls, evenly spaced and protruding 0.5 cm. The
vessel was made of glass that was hydrophobized by Scotch-
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guard (3M, St. Paul, MN) fluorocarbon coating to reduce ad-
hesion of oil and toner to its surface. Agitation was provided
by a vertical shaft. There were four stainless-steel blades, one
opposite pair on the end of the shaft and the other oppositely
mounted pair 1 cm above the end. Looking axially along the
shaft, the blades were set apart 90°. Each blade was 2 cm
long and 1 cm wide, rectangular with rounded corners, and
angled 30° from horizontal. Impeller motion directed liquid
flow downwards along the shaft.

We found that the useful range of rotational rates was from
900 to 2,900 rpm. Below 900 rpm, insufficient churning of the
bulk liquid occurred for it to mix well and allow agglomera-
tion. Although speeds up to 23,000 rpm were available, our
experiments showed no advantage in increasing shear above
2,900 rpm, as described in the results and discussion section
on the effect of shear rate. To determine the shear rate cor-
responding to a given rpm, a thermocouple was inserted into
liquid and the temperature monitored under agitation. The
rise in temperature with time indicated the mechanical en-
ergy dissipated in the water; ¢, the energy dissipated per unit
mass, is then calculated by dividing the energy consumption
by the mass of water. The square root of the ratio of € to the
kinematic viscosity of water provides G, a measure of the
average rate of shear.

Image analysis was done with a Wild M420 Makroskop
(Wild Heerbrugg Ltd., Heerbrugg, Switzerland) macroscope
attached to an MTI 65 video camera (DAGE-MTI, Inc.,
Michigan City, IN). Output from the camera went into a
Data Translation (Data Translation, Inc., Marlboro, MA)
frame-grabber board. NIH Image freeware, version 1.60b7
(National Institute of Health, Bethesda, MD), was used to
analyze the images and obtain particle size counts. To collect
the image data, 100 X total magnification was used, providing
a 0.8-by-1.0-cm image area. The advantage of high magnifica-
tion is the ability to observe the smallest particles; the disad-
vantage is the small sample area on the filter paper. At the
used magnification, the smallest measurable particle size is
21 pm. We took numerous samples of the filter paper at
randomly selected locations. A minimum of 500 particles was
counted for a sample; typically 1,000 were observed. For sam-
ples with a very high degree of agglomeration, we imaged all
the particles that were found on the sheet. The data that
resulted consisted of a list of particle areas observed by im-
age analysis, and this was fed into KaleidaGraph (Synergy
Software, Warrington, PA, Version 3.0) and from each parti-
cle area an equivalent “circular” particle diameter was ex-
tracted by calculating the diameter of a circle of equivalent
area: diameter = (4 =area /).

For determining statistics on the particle-size distributions,
the characteristic size was calculated as the diameter of a
particle of average volume. This is the diameter of the parti-
cle of average mass and provides a good measure of where
the bulk of the toner resides in the size spectrum. Thus, the
average volume, 7, is calculated as

Z”i”i

l_)== Zni > (1)

i

and the corresponding average particle diameter, d, is then
given by

1482 June 1997 Vol. 43, No. 6

_ {6\
d=(——ﬁ) 2

Standard deviation and skewness were calculated similarly.

Each experimental point was the average of from two to six
experiments. Variations between identical runs were rather
large; thus the need for averaging. Relative error of the aver-
age particle diameter was typically 12%.

Modei Description

The population balance model was developed by writing
equations to account for the growth and breakup of aggre-
gates. We started from the method described by Hounslow et
al. (1988) and then rewrote the equations using volume frac-
tion as the independent variable instead of number density,
as Hounslow et al. used. We first used number density in our
simulations, but model convergence was too slow and showed
great improvement with volume fraction as the independent
variable. No difference in results between the methods was
found. The essence of the method is to discretize the spec-
trum of particle sizes into » bins such that the size bins are
spaced geometrically, and then simultaneously solve the n
differential equations. The physics of the process, of course,
remains in the rate expressions used for aggregation and
breakup.

The basic equation can be expressed in words as follows:
(change in time of aggregates at size i) = (rate of gain in size
i by aggregation of particles smaller than size i)+ (rate of
gain in size i by breakup fragments produced by the breakup
of particles larger than size i)—(rate of loss in size i by ag-
gregation of particles in size i to form aggregates larger than
size i) —(rate of loss in size { by breakup of particles in size i
to fragments smaller than size i).

The aggregation-rate expression is drawn from the litera-
ture, following the expression of Camp and Stein (1943),
which is cast in number density. Adding the aggregation effi-
ciency, a, which represents the number of collisions that re-
sult in aggregation over the number of theoretically occurring
collisions (Ayazi Shamlou and Titchener-Hooker, 1993), and
converting to volume fraction as the independent variable,
we obtain the following expression for the increase in volume
fraction in the i+ j bin from aggregation events between
particles in the i and j bins:

dx,,; 4 e\vV2f1 1 3
—_— = V] — —_+ — B oWBYx.x..
dt 3 ( V) v; * v; (U' b ) xixj. (3

H

The breakup rate expression has to account for the inher-
ently complex breakup process. Unlike aggregation, several
mechanisms of breakup can occur in the same system (Ayazi
Shamlou and Titchener-Hooker, 1993). We followed other
investigators, such as Grabenbauer and Glatz (1981) and
Chen (1992), and used a single power-law relation to express
the increasing tendency of the particles to break up as they
get larger. We experimented with other forms for the breakup
rate dependence on particle size, particularly with an expo-
nential dependence, but the results did not fit the experimen-
tal data. The expression we used is
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This shows the rate of loss of particles in bin i by breakup. B
is the (dimensional) breakup rate constant, while [(d,/d,)—1]"
accounts for the dependence of the breakup rate on the size
of the breaking particle. The expression is written so that the
breakup rate is by definition zero for particles in the smallest
size bin. The exponent, v, is left as a parameter in the model.

To specify the breakup rate completely, we must also de-
scribe the size of the breakup fragments formed. As well
known in the literature, particle breakup can occur by split-
ting and erosion, which represent the extremes of a contin-
uum (Ayazi Shamlou and Titchener-Hooker, 1993). In split-
ting, particles form a few large fragments; in erosion, abla-
tion removes small particles from a large particle’s surface.
We decided to use the simplest possible expression that al-
lows either of these mechanisms to occur. We allowed a par-
ticle to break up only into two daughter particles. Then we
accommodated both splitting and erosion by including a pa-
rameter, p, that is the ratio of the mass of the smaller breakup
particle to the particle mass. Therefore, if p = 0.5, particles
only split into equal halves; if p =0.01, particles split into
one with 99% of the mass and the other with 1% of the
mass. We obtained close fits to experimental data with this
expression.

These equations are nondimensionalized by using the vari-
ables, 7, B, and p, which are the nondimensional time,
breakup rate, and ratio of breakup rate to aggregation rate,
respectively. These are given by

= aVGt, )
_E 6)
B - G ’
_B )]
p—-a—l;’

do,.; 41 1 a3

e P [CRTO
dx; d; . Y ©
ar - Pla, T

The model simulation used 30 bins, each bin twice the size
of the previous one. We thereby covered a 10> range in parti-
cle diameter, from 10 um to 10,000 pm. The resulting sys-
tem of nonlinear differential equations is of the form

dT é}l k);A,,kx X+ Z B,x;, (10a)

with initial condition
x0)=x,; (10b)
AIChE Journal June 1997

for dynamic simulations. This simplifies for the steady-state
case to

u'M:s

n n

Z X%+ 2 Bix;. (1D
j = ji=1

The key information comes in the coefficients A, a third-
order tensor that contains the aggregation information, and
B;;, a second-order tensor that contains the breakup informa-
tion. Both of these are formed at the beginning of the simula-
tion, as they depend only on model parameters and then
remain fixed during the course of the problem solution.

The population balance model was solved by a program
written for Matlab 4.2.1 (The MathWorks, Natick, MA).
Numerical solution was obtained using a 4th-to-5th-order
Runge-Kutta method or a nonlinear equation solver. Simula-
tion times for steady-state problems were usually about 30 s
on a PowerMac 7100/66; the dynamic solutions took longer,
especially as steady state was approached, running as long as
30 min. The input consisted of values for the parameters «,
B, and V, which are used to calculate p, v, and p. The latter
three are the only independent parameters in the model.
Using these as input, the evolution of the particle-size distri-
bution in time (Eqgs. 10a, 10b) or just the steady-state parti-
cle-size distributions (Eq. 11) is produced, depending on the
mode in which the model is operated, to produce a smooth
size distribution. Statistics were calculated from the simula-
tion results in the same manner as they were from the experi-
mental data.

Results and Discussion
Experiments

The experiments clearly showed a strong effect of agitation
rate on the particle size obtained. Figure 1 shows a plot of
average particle diameter vs. shear rate, comparing the be-
havior of the pure oil and the oil /surfactant blend. Agglom-
erate size in both cases falls with increasing shear rate in an
approximately linear fashion over the range of shear rates
examined. Increasing shear rate increases both the frequency
of collision and the likelihood of particle breakup. However,
as Figure 1 shows, the tendency to break up predominates.
Equally important, we see that at all shear rates, the pure oil
produces larger agglomerates than the oil /surfactant blend.
Since these data are collected at a low temperature where no
fusion of the toner particles occurs (Snyder and Berg, 1996),
liquid bridges alone hold the aggregates together. The
strength of these is directly proportional to the interfacial
tension (Newitt and Conway-Jones, 1958; Pietsch, 1990).
Therefore, we expect the agglomerating liquid with the higher
interfacial tension to produce stronger agglomerates, and
indeed this is what we observe. In fact, we find a direct pro-
portionality between the interfacial tension and size of the
agglomerates; the pure oil has both twice the interfacial ten-
sion and twice the average particle diameter. This is expected
from previous work (Newitt and Conway-Jones, 1958; Pietsch,
1990). The results indicate the importance of agglomerate
strength for successful agglomeration.

It should be noted that the results presented in Figure 1
represent the trends only over the shear range accessible with
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Figure 1. Average particle diameter vs. shear rate in the
aggregation vessel.

G =1,000 s~ corresponds to 900 rpm; G = 2,500 s ! corre-
sponds to 2,900 rpm.

our experiment; lower shear rates did not provide adequate
mixing, while higher rates were not tested, as these were con-
sidered unrealistic for typical agglomeration and, in addition,
it is clear that little additional size reduction could be ex-
pected in any case since the aggregates are already made quite
small at the highest shear rate used. Certainly, if the graph
were extended into very low shear, we would see a reduction
in aggregate size as we enter a region where mixing was in-
sufficient to bring the particles together.

Figure 2 shows the effect of temperature on pure oil and
the oil/surfactant blend compared. Dramatically different
behavior is observed. While the pure oil produces agglomer-
ates of a fixed size at all temperatures, we see a large in-
crease in particle size produced with the oil /surfactant blend
as the temperature is raised. We previously examined the ag-
glomerates formed at a high temperature for both types of oil
with electron microscopy and found the oil /surfactant blend
to fuse the primary toner particles into a much larger, cohe-
sive toner sphere, thereby significantly augmenting the aggre-
gate strength. This increase in aggregate strength fosters the
formation of larger particles, emphasizing its importance.
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Figure 2. Average particle diameter vs. temperature.

While temperature has no effect on the size of agglomerates
produced from pure oil, high temperature drastically in-
creases the size of oil/surfactant agglomerates by fusing them
together into aggregates of high strength.
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Figure 3. Average patticle diameter vs. time; oiV
surfactant blend with 1,000 ppm cationic
starch at 23, 37, and 47°C.

Increasing temperature increases particle size by strength-
ening the agglomerates, but the entire aggregation process
still requires 30 min or more to reach full-size, steady-state
agglomeration.

Figure 3 depicts the results when cationic starch is present.
We have done extensive work on the effect of cationic starch
on agglomeration, first identifying it as a key agent for con-
trolling the course of agglomeration'(Snyder and Berg, 1994),
and then examining how it affects agglomeration (Snyder and
Berg, 1996). Cationic starch, or other cationic polyelectrolyte,
is generally present in paper furnishes as a retention aid to
bind filler particles into the paper web or to size the paper,
and a significant amount redissolves in the repulper (Marton
and Marton, 1976). The conclusion of the latter investigation
clearly indicated that cationic starch adsorbs to toner, pure
oil, and oil/surfactant interfaces, providing a barrier to coa-
lescence of the interfaces. However, the oil /surfactant inter-
face possesses the important property of engulfing the
cationic starch adlayer, and thereby removing its steric bar-
rier to coalescence and providing the possibility of engulfing
the adlayer on the toner as well. This has been proven by a
combination of adsorption, electrokinetic, wettability, and ad-
layer thickness measurements (Snyder and Berg, 1994, 1996).
Since the pure oil has no ability for adlayer engulfment, ag-
glomeration is effectively prevented by high concentrations of
cationic starch, such as the 1,000 ppm used here.

Figure 3 shows agglomeration in the presence of cationic
starch when the oil /surfactant blend is used. First of all, we
notice that the time needed to reach the maximum particle
size is at least 30 min, much longer than the 3 min observed
when cationic starch is not present. The explanation is that
cationic starch reduces the agglomeration rate by reducing
the rate at which droplets and toner particles coalescence.
The number of collisions per time is the same, but the effi-
ciency of collisions, «, is reduced, because of the stabilizing
effect of the cationic starch adsorption (Snyder and Berg,
1996). This reduction not only slows agglomerate growth, it
also reduces the steady-state particle-size distribution be-
cause this exists where the aggregation and breakup rates
balance, and therefore lowering the aggregation rate shrinks
the steady-state size distribution.

The effect of temperature in Figure 3 is similar to that in
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Table 1. Average Relative Deviation and Skewness for
Experimental Distributions*

Rel. Dev., s/d Skewness, k
0-ppm cationic starch 1.72+£0.08 9.36+1.39
1,000-ppm cationic starch 2.00+0.09 17.62+1.64
All experimental runs 1.83+0.06 12.80+1.06

*A significant increase in both occurs when cationic starch is present. The
variations reported are the standard errors.

Figure 2: increasing temperature with the oil/surfactant blend
produces stronger agglomerates, and thereby increases the
ultimate particle-size distribution. Clearly, in Figure 3, the
sizes obtained are much smaller than in Figure 2 at the same
temperature, showing the potent effect of cationic starch,
even though the oil/surfactant blend possesses some ability
to operate in its presence. In a practical sense, Figure 3 indi-
cates the importance of using long run times when agglomer-
ating with high levels of cationic starch.

To facilitate meaningful comparison of the model and the
experimental results, the full experimental size distributions
were examined. The distributions making up the individual
data points in Figures 1-3 had significant variation and were
not well-suited to a least-squares fitting of each size distribu-
tion by the model. Instead, three statistics of the experimen-
tal data were used: the average particle diameter, d, the
relative deviation of particle sizes, s/J, and the skewness, «.
The variations of d with experimental conditions were of
course significant; however, s/d and « generally exhibited no
trends with experimental conditions. Therefore, the average
values of s/d and «, and knowledge of d, were found to con-
tain the information needed for predicting a particular size
distribution. The only exception to this is the significant dif-
ference in both s/d and k between runs with and without
cationic starch. Table 1 presents the characteristic relative
deviation and skewness for both the cationic starch and non-
cationic starch experiments. The presence of cationic starch
increases the relative deviation by 16% and the skewness by
88%. Thus, it causes the formation of broader distributions,
with a tendency for several large particles to be present amidst
a great number of small particles. We believe this results from
cationic starch acting unevenly on toner particles, completely
preventing some from coalescence and less drastically retard-
ing the coalescence of others. Such behavior could result from
uneven adsorption of cationic starch; for instance, some ton-
ers may have different surface chemistry, depending on the
material exposed predominantly on its surface, with some
materials more favorable to cationic starch adsorption and
hence more conducive to the development of electrosteric
stabilization.

Population balance model

In dimensionless form, the model has three independent
parameters: the relative rate constant of breakup to aggrega-
tion, p, the breakup rate exponent of particle volume, », and
the volume fraction of a breakup daughter particle to the
parent, p. The effect of the first is to control the average
particle size produced; the second determines the spread in
the particle-size distribution; and the third most influences
the shape, and hence, the skewness of the distribution. Fig-
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Figure 4. Comparison of the experimental data to the
best fit of the population-balance model.

ure 4 presents a fit of one experimental size distribution by
the model. The experimental size distribution is relatively
smooth, and thus we expect a close fit by the model, and
indeed this is what is found. The fits obtained by matching d,
s/d, and k as closely as possible produced very satisfactory
results, such as those shown in Figure 4.

Figure 5 shows the time-evolution of size distributions pre-
dicted by the model for sample conditions. Clearly, a smooth
increase in particle size occurs until steady state is reached.
A plot of average particle size vs. time shows that the growth
exhibits a slightly sigmoidal behavior,

In order for the population-balance model to correctly fit
the experimental data, the three parameters, p, », and p,
must be properly chosen. The best fits are obtained when
p =05, indicating that particle breakup occurs predomi-
nantly by a splitting mechanism, and therefore not by ero-
sion. Furthermore, v is found to be either 0.735 when 1,000
ppm cationic starch is present or 0.884 when it is not present,
indicating that the particle breakup rate is proportional to
the particle diameter to a power somewhat less than 1; 0.735
for 1,000 ppm cationic starch, 0.884 for 0 ppm cationic starch.
All changes in particle size are accounted for by changes in
p, the ratio of aggregation rate to breakup rate constants.
Thus, as experimental conditions vary, it is p that varies,

1
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Figure 5. Evolution of particle-size distributions in time
predicted by the population-balance model for
typical conditions.
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Figure 6. Population-balance model: average particle
diameter vs. relative rate constants of aggre-
gation and breakup, p, holding », and p con-
stant.

Two values of v are compared, v = 0.884 and v = 1. The fit
lines are d = kp~ ¥, where k is a constant.

changing the particle size, while v and p remain essentially
constant,

When only p varies, it is readily related to the average
particle diameter:

d=kp ", 12)

where k is a constant with units of length. For » = 0.884 (no
cationic starch present), k =1.86X10"¢ m. When v =1, the
simple inverse relationship obtains; in our systems, however v
is slightly less than 1, so the average diameter falls more
steeply with p. Figure 6 shows the effect of varying p on d.

Table 2 presents the relationships between the model pa-
rameters and the size distribution statistics. It is observed that
p controls the particle size, v controls the spread of particle
sizes at steady state, and p controls the skewness of the
distribution, but not in a simple manner. Intuitive physical
reasoning supports all these relationships: the balance of ag-
gregation and breakup rates determines the ultimate particle
size, the sensitivity of the breakup rate on particle size deter-
mines the compactness of the distribution about its average,
and reducing the size of the daughter particle formed on
breakup increases the number of smaller particles while leav-
ing a few large ones.

While p, the ratio of the breakup and aggregation rates,
determines the steady state particle size, the absolute value
of aVG determines the time needed to reach steady state.
Since V and G are fixed in an experiment, it is « that effec-

Table 2. Principal Relationships Between Model Parameters
and Size-Distribution Statistics™

Model Size-Distribution
Parameter Statistic Relationship-
p d: d=kp~¥
v s/d s/d=kv%?
P K Complex;as p{, « 1

*The relationship obtains when the other two model parameters are held
constant.
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Figure 7. Time to reach steady-state average particle
diameter vs. aggregation, «.

The fit line is time = 4.8/a. Thus, the time to reach full ag-
gregation is inversely proportional to the aggregation effi-
ciency. Typical conditions for other parameters were used:
v=0884; p=05,G=1500s""; p=04.

tively fixes the time for full agglomeration. This is shown in
Figure 7. When experimental determination of the time
needed to reach steady state is available, a can be numeri-
cally evaluated when V' and G are known. Analyzing our ex-
perimental data, we find for the case when cationic starch is
not present, a = 0.04, since steady state is found to be
achieved in about 3 min. In 1,000-ppm cationic starch, a =
0.004 or less, corresponding to 30 min or more needed to
reach the steady state, as shown in Figure 3. Thus, 1,000 ppm
cationic starch reduces the collision efficiency of aggregation
by at least an order of magnitude, even in the presence of the
oil /surfactant blend.

By combining the model results with the observed experi-
mental trends, quantitative relations can be found between
agglomeration response and operating variables. For in-
stance, using the linear trends of particle size with shear in
Figure 1, the general equation is

d-= klo'(kZ_G)' (13)

The best fit values give k; =9.13x107¢ m?-s>-kg~! and &,
=2,910 s~ 1. Equation 13 shows that the average particle di-
ameter is directly proportional to the oil-water interfacial
tension, o . Since both the crushing strength and the tensile
strength for liquid bridge agglomerates are also found to be
linearly proportional to o (Newitt and Conway-Jones, 1958;
Pietsch, 1990), we conclude that the average agglomerate di-
ameter is directly proportional to particle strength, as given
by o. To develop a relation between B, the absolute breakup
rate constant, and the particle strength, o, we combine Egs.
6, 7, 12 and 13 to find

(14)

Since v and p are found to be constant for the agglomera-
tion systems studied here, the population-balance model in-
dicates that changes in p are the only way to influence the
steady-state particle-size distribution. Furthermore, we have
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seen that the aggregation rate alone controls the rate at which
agglomeration proceeds to its steady-state configuration.
Therefore, all of our experimental variables can be shown to
affect either the aggregation rate, a (cationic starch), or the
breakup rate, 3 (oil composition, temperature, agitation rate).
Time does not affect either of these directly, of course, but
the time needed for full agglomeration depends on a.

Conclusions

We have demonstrated how and why process conditions and
ingredients control the success of oil-assisted agglomeration,
using the collection of dispersed toner particles as our model
system. By combining experimental investigations with a pop-
ulation-balance model, a series of simple equations were
found to express the dependence of the particle-size distribu-
tion on time, temperature, agitation rate, oil composition, and
cationic starch presence. The experimental data followed a
universal curve where a single parameter, here taken as the
average particle size, predicts the particle-size distribution.

The population balance model is simple but still captures
the important physics of the process. It contains only three
parameters, but produced agreement with experimental-size
distributions. The ratio of breakup to aggregation contains
the essential information on which successful agglomeration
depends. Cationic starch affects this by reducing the aggrega-
tion rate through lowering the collision efficiency, and so both
slowing the rate of agglomeration and its ultimate size. The
factors temperature, agitation rate, and oil composition inter-
act by controlling the breakup rate, and through this, influ-
encing the agglomerate size-distribution. The simple relation
between particle size and aggregation and breakup rates was
quantitatively expressed.

In a practical sense, this study stresses the need to reduce
agitation rate as much as feasible during agglomeration, the
need to allow long times when high levels of cationic starch
are present, and the need to develop oil formulations that
yield the strongest agglomerates. From a phenomenological
consideration, we have demonstrated how oil-assisted ag-
glomeration operates and how it can be effectively modeled,
observing relatively simple relations between the important
quantities to provide a clear conception of the underlying
physics of the process.
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Notation

i, j, k= indices for bins
k,ky, k,,etc.= constants obtained from data fitting; dimensions as
given in the text
s= the standard deviation of a particle-size distribution,
pm
t=time, s
v;= characteristic particle volume for bin i
V= volume fraction of aggregating particles in fluid

x;= volume fraction of all dispersed particles in bin i

v=exponent expressing dependence of breakup rate on
pazrticle diameter; also kinematic viscosity of fluid,
m°/s
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