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The mathematical models of acrylonitrile - butadiene- styrene (ABS) latex coagula- 
tion processes that show the effect of major operation variables on the particle-size 
distribution of recovered resins were derived- to provide a guideline for process improve- 
ment to reduce the content of fine particles in the product. Kinetic equations for the 
coagulation and breakup of particles taking place in a turbulent flow field were incoipo- 
rated into the population balance models for batch and continuous processes. A dimen- 
sional analysis for the process models leads to two dimensionless groups, and q,, 
that represent the relative intensity of the coagulation and breakup phenomena. The 
q c / ~ b  ratio is designated as a design variable for controlling the particle-size distribution 
in the steady-state operation of the coagulation processes. This role is demonstrated by 
numerical simulation where increasing the ratio shifted the particle-size distribution to- 
ward large particles. The estimates of q,/q, obtained for a set of batch experiments also 
confirm that fine particles can be reduced by setting the operation variables to increase 
the ratio. 

Introduction 
An acrylonitrile-butadiene-styrene (ABS) latex coagula- 

tion process is a postprocessing stage in the manufacturing of 
ABS resins where the particles are recovered from colloidal 
latex prepared by emulsion polymerization. Figure 1 shows 
the atmospheric coagulation process being operated at 
Yochon plant of LG Chemical Ltd. in Korea. Since the sur- 
faces of the colloidal particles in the latex are negatively 
charged by adding emulsifiers in the polymerization step, the 
latex forms a stable colloidal solution by electrostatic repul- 
sion between particles. The particles begin to coagulate into 
bigger flocs in the coagulator where the repulsive forces are 
weakened by sulfuric acid added as a coagulant. The coagu- 
lated particles overflow into the aging tank and form bigger 
and more stable flocs at an elevated temperature. The slurry 
from the aging tank is further processed in the dehydrator 
and the dryer to the final ABS resin product. 

A major concern in the field operation of the process is the 
excessive content of fine particles in the slurry coming out of 
the aging tank. The fine particles may be lost in the down- 
stream recovering process, or may cause troubles in process- 
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ing the recovered resin powder into pellets. Thus, major ef- 
forts for process improvement have been directed to the re- 
duction of fine particles in the coagulated slurry. A prerequi- 
site to solving these problems is to comprehend the effect of 
process operating conditions on the final particle-size distri- 
bution. 

The purpose of this study is to derive the mathematical 
models of ABS latex coagulation processes from which one 
can infer the effect of operation variables on the particle-size 
distribution of recovered resins. The major operation vari- 
ables include the slurry content of latex feed, coagulant 
dosage, agitation speed, residence times, and temperature. 
The model is expected to provide a guideline for process im- 
provement to reduce the content of fine particles in the prod- 
uct. 

To attain the goal we start with kinetic expressions for co- 
agulation and breakup phenomena taking place in a turbu- 
lent flow field. The kinetic equations are then incorporated 
into the population balance models for batch and continuous 
processes. The process models, when converted into a dimen- 
sionless form, have two sorts of dimensionless groups, 7, and 
vb, which characterize the relative intensity of the coagula- 
tion and breakup as affected by the operation variables. 
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Figure 1. Atmospheric ABS latex coagulation process. 

Hence the vc/qb ratio acts as a design variable for controlling 
the particle-size distribution in the steady-state operation of 
the process. This role is demonstrated by numerical simula- 
tion and batch experiments. 

Process Modeling 
Kinetic equations 

The surfaces of colloidal particles in ABS latex are charged 
with negative ions, and thus keep stable distribution due to 
electrostatic repulsion between the particles. The addition of 
coagulants decreases the repulsive forces and brings about 
the coagulation of particles. The coagulation takes place 
through the following two steps: (1) a transport step in which 
particles are brought into the close proximity of each other; 
and (2) a coalescence step in which the close particles are 
bound together by short-range interfacial forces. Transport 
mechanisms are usually provided by Brownian motions or ve- 
locity gradients formed by fluid shear. Coalescence results 
from complicated interaction among hydrodynamic forces, 
electrostatic forces, and van der Waals forces, among others. 

The time evolution of the size distribution in a coagulating 
population of particles is customarily described by (Valioulis, 
1986; Gillespie, 1972) 

where n ( v )  denotes a distribution function for the number 
concentration of particles of volume v (i.e., n(v )dv  is the 
number concentration of particles of volume between v and 
v + d v ) ,  and p( v, u )  is the collision frequency function for 

particles of size v and u. The first term on the righthand side 
of Eq. 1 represents the formation of particles of size v by 
collisions of smaller particles, and the second term denotes 
the loss of particles of size v by collision with particles of any 
other size. 

The coagulator and the aging tank of the ABS latex coagu- 
lation process shown in Figure 1 are operated under intense 
agitation to assure thorough mixing and high collision fre- 
quency between particles. The collision frequency function 
p(v, u )  for such turbulent shear-induced coagulation is known 
to take the following form (Saffman and Turner, 1956): 

In the preceding equation, G denotes the spatially averaged 
velocity gradient (Camp and Stein, 1943) and, for an agitated 
vessel, can be correlated by (Ives, 1981) 

G=G, (3) 

where P is the agitation power, V the fluid volume, and p 
the fluid viscosity. a denotes the collision efficiency that ac- 
counts for the fact that all the collisions do not necessarily 
result in the coalescence of particles. 

It is well known that the coagulation phenomena are ac- 
companied by the so-called floc breakup phenomenon where 
a big, coagulated particle breaks into smaller particles in the 
presence of hydrodynamic stresses arising from turbulent 
shear. Floc breakup takes the form of (1) splitting into a few 
smaller particles, and (2) erosion of fine particles from the 
surface of a big particle (Quigley and Spielman, 1977). 

The major elements in the modeling of floc breakup are 
the breakup rate and the particle-size distribution of daugh- 
ter particles. A kinetic model that incorporates the modeling 
elements can be postulated as follows (Spicer and Pratsinis, 
1996): 

-- dn( v )  - - S( v)n( v )  + Iffir( v ,  u ) S ( u ) n ( u )  du ,  (4) 
dt U 

where S( v) is the breakup rate of floc of size v, and r( v, u )  
is the breakage distribution function defining the volume 
fraction of the fragments of size v coming from flocs of size 
u. Hence the first righthand side term represents the loss of 
particles of size v by breakup, and the second term repre- 
sents the formation of particles of size v by the breakup of 
larger particles. 

The inherent intricacies associated with turbulence phe- 
nomena make deriving theoretical expressions for S( v >  and 
r( v, u )  a formidable task. Hence any model for these terms 
will necessarily contain unknown model parameters that 
should be estimated on the basis of experimental data. In this 
respect the model proposed by Spielman and coworkers 
(Pandya and Spielman, 1982; Lu and Spielman, 1985) seems 
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to represent the maximum rigor one can think of for the 
modeling of floc breakup: their model consists of compli- 
cated expressions of S ( v )  and T(v,u)  for each of the split- 
ting and erosion mechanisms of floc breakup, and contains a 
total of 11 adjustable parameters. Obtaining the estimates of 
so many parameters does not look feasible unless a very large 
amount of experimental data is available. 

In this study we adopted a rather simple approach that was 
proposed in the literature (Spicer and Pratsinis, 1996; Chen 
et al., 1990). Specifically, we neglect the erosion mechanism 
of floc breakup on the basis of the physical intuition that 
splitting dominates breakup in turbulent flows. We further 
assume binary breakage where every breakup results in the 
formation of two daughter particles of equal size. Accord- 
ingly S ( v )  and T(v,u)  are assumed to take the following 
forms in our model: 

where A is a proportionality constant; y is a parameter that 
measures the fragility of flocs facing turbulent shear; a is a 
parameter that reflects the relative weakness of large-sized 
flocs in comparison with smaller flocs; and 6 denotes the 
Dirac delta function. These parameters pertain to the char- 
acteristics of a particulate system being investigated, and thus 
should be determined on the basis of experimental data. 

Combining Eqs. 1 and 4, we obtain a kinetic model for the 
coagulation and breakup of particles taking place simultane- 
ously in a flocculating suspension: 

d n ( v )  1 Y 
-- p ( u ,  v - u)n (u )n (  v - u )  du 

dt - T i  

Equation 7 is to be incorporated in the population balance 
for batch and continuous processes to obtain the respective 
process models. 

Discretization of .kinetic equations 
In order to obtain a numerical solution of the kinetic model, 

it is necessary to convert the equation into a discrete form of 
amenable size. The first step of the conversion is to divide 
the continuous particle-size spectrum into a finite number of 
size classes or sections. Then, the conservation law is applied 
to each section to get a set of sectional balance equations. 
The sectioning scheme determines the type of the sectional 
balance equations and the level of difficulty in constructing 
the corresponding numerical algorithms. 

We adopted the sectional balance approach, which Gel- 
bard et al. (1980) proposed, to solve the coagulation kinetics 
as given in Eq. 1, and extended it to cover our breakup kinet- 

ics included in Eq. 7 as well. The approach is quite general in 
the following three senses: (1) there is no limitation in locat- 
ing the section boundaries dividing the whole particle spec- 
trum; (2) one can use an arbitrary measure of particle size 
such as volume, diameter, or others; (3) the balance may be 
set up with respect to an arbitrary particle property such as 
volume, surface area, or numbers. 

The detailed procedure of deriving the general sectional 
balance equations is well documented by Gelbard et al. 
(1980); here we summarize the key steps and refer interested 
readers to the cited paper for more details. 

1. Divide the whole range of particle volumes into m sec- 

2. Introduce a distribution function 4 ( v )  for a general 
tions. 

property: 

4( v )  = cu'n( u ) ,  

where q ( v )  is simply equal to n( v )  when c = 1 and r = 0; it 
also represents the surface distribution if c = r r ' f i 6 v  and r 
= 2/3 and the volume distribution if c = 1 and r = 1. 

3. Define an integral quantity Q, for each section to be 
conserved 

1 u ,  

Q,= I ' 4 ( v ) d v ,  1 = 1 , 2  ,..., m. 

4. Derive a general conservation equation for Q, by deter- 
mining the change in the property 4 ( v )  due to coagulation 
and breakup. 

5. Change the measure of particle size from the volume v 
to an arbitrary variable x by defining a transformation of the 
form 

x =  f ( v ) .  

6. Assume that q has a uniform distribution with respect 
to x within each section, that is, 

where qr is a constant. Then the following relationship can 
be derived from Eqs. 8-11: 

7. Substitute Eq. 12 in the conservation equation obtained 
in step 4. 

Note that the assumption made in step 6 corresponds to 
the lowest-order discretization scheme. A plot of 4 vs. x re- 
sults in a series of step functions. It can be compared to a 
simple finite difference scheme for solving boundary-value 
problems. Of course, one may also choose a higher-order dis- 
tribution function (e.g., linear splines) to obtain a more accu- 
rate solution, but at the cost of increasing effort for mathe- 
matical processing and computation. Here the major objec- 
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tive of our sectional representation is to obtain a reasonably 
accurate solution with a minimum amount of effort. 

The sectional balance equations derived by the preceding 
procedure are summarized as follows: 

1 m - l  m - 1  
_ _ = _  dQm C C ' B i , j , m Q i Q j  

dt 2 I = ]  

Equation 13 contains four sorts of coagulation coefficients 
( l B 1 , , , / >  2pl, r ,  3p,,,, 'p,,,) and two sorts of breakup coefficients 
( S,, S,,,) that should be evaluated by the integrals listed in 
Table 1. It should be noted that the integral expressions in 
Table 1 were obtained under the so-called geometric section- 
alizution, where a geometric constraint is imposed on the sec- 
tion boundaries (i.e., vr 2 2vz_  I ,  i = 1, 2, . . . , m). Although 
the section boundaries can be arbitrarily set up, the geomet- 
ric sectioning is considered to be a practical and efficient 
scheme for very large size ranges encountered in most coagu- 
lation systems. 

1- 2- 

Batch process model 
A model for a specific coagulation process is generally ob- 

tained by setting up mass balance around the process unit 
where the accumulation term is equated with the input/out- 
put and generation terms combined. Since a batch process 
does not have any input or output flow, the process model 
can be equated with the kinetic equations given in Eq. 13. 
Here the batch process model is intended to represent our 
lab-scale experiments to be described later. 

Table 1. Coagulation/Breakup Coefficients with Geometric Constraint 
Svmbol Remarks Coefficient 

i < I - 1  
j < l - 1  

2 s l s m  

i < l - 1  

1 -  
6 J . l  

I -  
Pa./-1.1 

0 

4 -  
P1.i l s l < m  

l < i  

l s l < m  

i = l + l  

I s l < m  
l + l s i  

2- s,, 1 
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Equation 13 was converted into a dimensionless form be- 
fore attempting to construct a numerical algorithm. First we 
define the dimensionless variables as follows: 

' 

'Qi = Qi/Q, where Q, = cvino 

7 = t/t, where t ,  = batch duration 

G = P/p,, where Po = aGu&v(; 
(14) 

where v, denotes the volume of the primary particle and n,, 
the total number concentration of the primary particles in 
the latex. Accordingly the product of vo and no is equal to 
the volume fraction of the solids in the latex, which we call 
the slurry content, 4. Substituting Eq. 14 into Eq. 13 and 
rearranging, we get 

where 

In Eq. 16, Ql,, denotes the particle-size distribution of the 
latex before coagulation. 

Equation 15 can be recast 

where f,(Q> and f,(Q> denote the respective dynamics of co- 
agulation and breakup represented by the terms enclosed in 
square brackets in Eq. 15, and 77, and q, represent the di- 
mensionless group associated with each phenomenon. As 
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shown in Eq. 17, qc consists of the collision efficiency a ,  the 
slurry content 4 in the latex, the spatially averaged velocity 
gradient G, and the batch duration ro.  This means that the 
product of these factors will collectively determine the rate of 
coagulation. Similarly, q, given as the product of the breakup 
rate AG'v," and t ,  determines the rate of floc breakup. 
Hence it can be stated that the ratio of the dimensionless 
groups ?&/q, represents the relative intensity of coagulation 
and breakup phenomena taking place in the system. Recall- 
ing that the steady-state solution of Eq. 35 is obtained by 
equating the righthand side terms to  zero, it will be readily 
understood that the qc/qb ratio will be a deciding factor for 
the steady-state particle-size distribution. The magnitude of 
either q or T~ will determine the speed at which the time- 
evolving particle-size distribution reaches the ultimate state. 

It is noteworthy that Spicer et al. (1996) defined a similar 
dimensionless group, called a coagulation-fragmentation (CF) 
group, that characterizes the relative significance of coagula- 
tion vs. fragmentation in a flocculating suspension. The group 
CF, which was derived in a different fashion from ours, cor- 
responds to 2.48 times the reciprocal of the 7Jqb ratio. Spicer 
et al. then investigated the geometric standard deviation for 
the number- and volume-based particle-size distributions and 
the time lag for attainment of steady-state as a function of 
the group. 

Continuous process model 
The core parts of the ABS latex coagulation process shown 

in Figure 1 are the coagulator and the aging tank. The two 
vessels are operated in continuous mode and can be de- 
scribed by "two CSTRs in-series" as shown in Figure 2. The 
model of this continuous process was obtained by setting up 
population balances for each tank and then by converting 
them into a dimensionless form: 

Figure 2. Two CSTRs in-series model for the coagulator 
and the aging tank. 
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wherc 

where 

71 = V,/F 

In Eq. 32. F' denotes the volumetric flow rate of the latex 
feed, and V,, V2 and 71, 7* denote the volumes and resi- 
dence times of the first and second tank, respectively. 

The dynamics of each tank consists of the input/output 
terms and the kinetic terms. The kinetic terms have the same 
dynamics as in the batch model except that the residence 
times T ,  and 72 replace the batch duration to. The model 
has four dimensionless groups, two for each tank. Under the 
circumstances, where the input/output terms are negligible 
in magnitude compared to the kinetic terms, the overall dy- 
namics will be governed by the latter. In this case, which holds 
true especially for high slurry content and large residence 
times, the steady-state particle-size distribution is again de- 
termined by the ratios of dimensionless groups qcl/qb, and/or 
qc,/qb,. This situation is demonstrated by the numerical sim- 
ulation presented in the next section. 

The present process model, summarized by Eqs. 19-22, 
does not take into account all the variables considered in the 
field operation. Among the operation variables. the slurry 
content (4) and the particle-size distribution (Q,'.) of the in- 
flowing latex, the turbulent shear rates (GI, G2) ,  and the res- 
idence times ( r , .  T ~ )  are treated as direct input data for the 
model. On the other hand, the coagulant dosage is indirectly 
reflected through its contribution to enhancing the collision 
efficiency a.  Due to the very complicated interaction mecha- 
nism between colliding particles, however, it has not been 
feasible to establish a quantitative relationship between (Y and 
the coagulant dosage or other variables. 

Finally. the temperature of each tank is not taken into ac- 
count at all in the current model. The coagulator is normally 
operated between 80 and 85°C in the field, while the aging 
tank is operated at an elevated temperature around 95°C. 
This high temperature, which is about 10°C below the glass 
transition temperature of the styrene-acrylonitrile ( S A N )  
resin phase of the ABS particles, is believed to promote the 
entanglement of the SAN chains protruding from the compo- 
nent particles in the coagulated floc. The chain entanglement 
is regarded as a core aging mechanism that renders the floc 
stable against fragmentation. The effect of temperature on 
coagulation and breakup kinetics, which has not been investi- 
gated much in the literature, was excluded from the scope of 
this study. 

Numerical Simulation 
In this section we present the results of numerical simula- 

tion for the batch and continuous processes. The purpose of 

the simulation is to investigate the effect of operation vari- 
ables and model parameters on the particle-size distribution 
of recovered resins under the base conditions approximating 
the field operation. 

In our simulation the whole particle-size spectrum, with 
diameters ranging from 0.1 pm to 3 mm, was divided into 46 
intervals, with the volume boundaries located in a geometric 
sequence of ratio 2. All the particles were assumed to keep a 
spherical shape. The particle diameter was selected as the 
size variable ( x ) ,  and the volume was chosen as the property 
to be conserved ( c  = 1, r = 1). 

The coagulation and breakup coefficients given by the inte- 
grals in Table 1 were evaluated using the two-dimensional 
Gauss-Legendre quadrature algorithm (Press et al., 1986) 
with 100 evaluation points along each dimension. Then the 
initial-value problems defined by Eqs. 15-17 or Eqs. 19-22 
were solved using an LSODE routine (Hindmarsh, 1980). 
About eight minutes of CPU time were required to carry out 
one run of simulation on a Pentium 166 machine with most 
of the time consumed in the evaluation of the coefficients. 
Once the coefficients are evaluated off-line, however, they 
can be stored and used again in the subsequent runs. 

The base operating conditions used in our numerical simu- 
lation were adopted from the field operation. The ABS latex 
coming from the upstream emulsion polymerization process 
has its own size distribution ranging from 0.1 pm to 3.2 pm. 
The latex fed to the coagulator has slurry content of 23%, 
which corresponds to the very high total concentration, no = 

4.39 x lo2' mP3, of primary particles. The spatially averaged 
velocity gradient G was found to be approximately 40 s-'. 

For the model parameters the following values were tenta- 
tively assumed (Y = 1, A = 200, y = 1.5, a = 1/3. a = 1 means 
that all the collisions between particles lead to coagulation, 
that is, the maximum coagulation rate is assumed. The other 
parameters are associated with floc breakup kinetics. The as- 
sumed value for a is consistent with the theoretical expecta- 
tion that breakage is proportional to the particle diameter 
(Spicer and Pratsinis, 1996; Boadway, 1978). The y value was 
also adopted from Spicer and Pratsinis (19961, who estimated 
y = 1.6k0.18 at C = 25-150 s p l  for flocculation of monodis- 
perse polystyrene latex by regressing the experimental data 
of Oles (1992). Then the value of A was found by trial-and- 
error runs that reasonably matched the steady-state particle- 
size distributions obtained in field operation of the process. 

Figure 3 shows the transient particle-size distributions in a 
batch process evolving from the initial polydisperse distribu- 
tion of the latex to the final steady state. In order to show 
clearly the rapid dynamics observed in an earlier stage, we 
intentionally represented the distributions in terms of volume 
percent vs. section number. The distributions were found to 
shift to the right with increasing time and to reach the steady 
state in about 10 s. 

Numerous simulation runs have been carried out to inves- 
tigate the effects of the operation variables and the model 
parameters. But, recalling the earlier statement that these ef- 
fects manifest themselves through the contribution to each of 
the dimensionless groups qc and qh, we feel it enough here 
to present only the results showing the effects of qc and q b .  

The magnitude of either qc or qb characterizes how fast the 
system evolves while the qJqb ratio determines the shape of 
the steady-state particle-size distribution. Figure 4 shows the 
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Figure 3. Evolution of the particle-size distribution in a 
batch process. 

steady-state distributions corresponding to three different 
levels of the ratio. As the ratio increases, coagulation phe- 
nomena have an increasing edge over breakup, thus shifting 
the distribution toward larger particles. It should be noted 
that all the curves have a similar shape and only differ in the 
locations of the peaks. This is consistent with the findings of 
Spicer et al. (19961, who reported that the steady-state geo- 
metric standard deviations of volume-based distributions ex- 
hibited little change over a wide range of CF groups. 

In the remainder of this section we present the simulation 
results for the continuous process shown in Figure 2.  The 
residence time of each tank was set to 10 and 50 min, respec- 
tively, to simulate the field operation. The other conditions 

20 I I 

1 4  

8 12 
a, 5 10 
- 
3 8  

6 

4 

2 

0 
0 10 20 30 40 50 

Section Number 
Figure 4. Effect of the qc/qb ratio on the steady-state 

particle-size distribution. 
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Figure 5. Evolution of the particle-size distribution irrthe 
first tank of a continuous process. 

were assumed to be the same as in the batch process simula- 
tion. 

Figures 5 and 6 describe the transient situations that would 
be observed in each tank during a startup period. They show 
the time-evolving particle-size distributions in each tank ini- 
tially filled with water. The distribution in each tank was 
found to almost reach the steady state after five times the 
respective residence time. 

A close comparison between Figures 5 and 6 reveals that 
the two tanks had almost identical steady-state particle-size 
distributions. In other words, the inlet stream to the second 
tank showed the same distribution as the outlet stream at 
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Section Number 

Figure 6. Evolution of the particle-size distribution in the 
second tank of a continuous process. 
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steady state under the current operating conditions. This 
conforms to a field observation that most changes in 
particle-size distribution from the latex state to the recovered 
resin are found to take place in the coagulator; the aging 
tank provides an environment within which loosely bound 
particles are tied together at an elevated temperature to form 
a stable floc. 

To investigate the reason for the identical distribution dis- 
cussed before, let us examine the dynamics given in Eq. 19 
with a focus on the first tank. As mentioned in the modeling 
section, the righthand side of the equations- comprises two 
components, the input/output terms (Qf" - el')) and the ki- 
netic terms [qc,fc(Q(')>+ qb,fb(Q('))]. Under the current sim- 
ulation conditions the magnitude of the input/output terms 
for each section was found to be more than a hundred times 
smaller than that of the kinetic terms. Such a big difference 
means that the dynamics of the vessel is governed by the ki- 
netics, and thus implies that the steady-state distribution in a 
continuously operated tank will approximate the distribution 
that would be obtained in a batch operation of the same unit. 
This point can be confirmed by noticing the indistinguishable 
steady-state distributions between the batch and continuous 
modes shown in Figures 3 and 5. 

In this respect it is worth investigating the effect of resi- 
dence time on steady-state distribution. Figure 7 shows the 
steady-state distributions of the first tank calculated using 
different values of 7,. It can be seen that the distributions 
obtained at small are influenced not only by the kinetics 
but also by the inflow of latex. The latter effect almost van- 
ishes as T ,  goes up to 3 min and above. Thus the steady-state 
distribution is determined by the kinetic terms for a suffi- 
ciently large residence time. Since T~ and r2 in Eq. 21 are 
canceled out between like ones when taking the qc1/qb, and 
qc2/qb, ratios, respectively, it follows that the steady-state 
distribution will not be affected by the magnitude of r ,  or r2 
once either one reaches a sufficient level. 

Experimental Verification 
A series of batch coagulation experiments were carried out 

to check the validity of the model predictions concerning the 
effects of operation variables on particle-size distribution. 
Table 2 lists the values of three operation variables manipu- 
lated in these experiments. In each run ABS latex solution 
was poured into an agitated 2-L vessel containing a preset 
amount of sulfuric acid solution. The temperature was main- 
tained at around 90°C for 30 min to allow sufficient aging of 
the coagulated flocs, and then the slurry was dehydrated and 
dried to recover the resin powder. The coagulation was ob- 
served to proceed very fast due to the high slurry content of 
the latex, but unfortunately we did not have any device to 
measure the time-evolving particle-size distributions of the 
slurry. Only the steady-state distribution of the recovered 
resin was measured using a stack of 18 meshes with the scales 
ranging from 7 (2.83 mm in diameter) to 325 (0.044 mm). 

Our kinetic model contains four unknown model parame- 
ters ( a ,  A ,  y ,  a )  that have to be estimated on the basis of 
experimental data. a is associated with the coagulation ki- 
netics, and the other three with the breakup kinetics. It is 
evident that the steady-state particle-size distributions mea- 
sured in our experiments do not provide enough information 
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Figure 7. Effect of the residence time on the steady- 
state particle-size distribution in the first tank. 

to identify all these parameters. Even a simplified task of es- 
timating qc and qb instead of the original model parameters 
would face inherent nonuniqueness problems without suffi- 
cient dynamic data; at most, the qc/qb ratio may be deter- 
mined uniquely when only steady-state size distribution is 
available. 

Estimating only the qc/qb ratio, which best explains the 
outcome of each experiment, may not sound so meaningful in 
the usual sense of model parameter estimation, because the 
purpose of parameter estimation is to enable one to predict 
the outcome under different conditions. Nonetheless, such an 
estimation job will provide a basis for evaluating the role of 
the qc/qb ratio as a design variable in controlling the steady- 
state particle-size distribution. 

The least-squares method was used to estimate the qc/qb 
ratio that would best fit the observed particle-size distribu- 
tion for each experiment. Specifically, the value of qc/qb that 
minimizes the following objective function was found 

where volqbS and volfa" denote, respectively, the measured 
and calculated volume fraction of the particles on the j th 
mesh, and AdJ denotes the difference in diameter between 

Table 2. Operation Variables and Estimates of vc/qb for 
Batch Experiments 

Meas. Vol. % 
~ Minimiz. 

Run Var. Below Above Status Est. 
No. 4 rprn HS 200Mesh 20Mesh J,,, qc/qb 
1 0.15 300 1.5 4.58 7.54 9.2x10-' 1,467 
2 0.15 220 1.5 4.15 22.78 5.8 X 2,810 
3 0.15 150 1.5 0.63 46.53 2.2X lo-' 4,478 
4 0.20 150 1.5 0.17 55.68 9.6X 5,342 
5 0.15 220 2.3 1.2 43.9 1.2x10-6 4,743 
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the j t h  and Cj + 11th meshes. The differential particle-size 
distribution was used in the objective function J in order to 
make the estimate better match the observed distribution on 
the fine particle side rather than on the coarse side. This 
scheme is expected to better serve the objective of our study, 
which is to predict the contents of fine particles in the prod- 
uct. 

Table 2 lists the estimated values of qJqb and the corre- 
sponding objective functions for the batch experiments. Fig- 
ure 8 compares the particle-size distribution calculated using 
the estimated value of qJqb with the measured distribution 
for Run 1. A good match was obtained between the two on 
the fine particle side, but there was a significant deviation on 
the other side. A similar trend was also observed for Runs 
2-5. The failure of the model output to match the details of 
the measured distribution over the whole size range can be 
attributed to the modeling errors caused by the simplifying 
assumptions introduced in our study. The major errors seem 
to be associated with our simplified breakup kinetics. Specifi- 
cally, we neglected (1) the erosion mechanism that might lead 
to  a bimodal distribution with large and small fragments, (2) 
the possibility of a floc splitting into more than two particles, 
and (3) nonlinear breakup due to  collisions between agglom- 
erates. Other possible sources of error would be the assump- 
tions of constant collision efficiency and perfect mixing in the 
agitated tanks. 

The effects of operation variables on the particle-size dis- 
tribution are reflected in the measured volume percents of 
very fine particles below 200 mesh (0.074 mm) and coarse 
particles above 20 mesh (0.841 mm). Comparison among Runs 
1-3 shows that raising the agitation speed results in an in- 
crease of fine particles along with a decrease of coarse ones. 
The comparison between Runs 3 and 4 demonstrates that the 
increase of the slurry content in the latex led to the forma- 
tion of more coarse particles. A similar effect was found for 
the coagulant dosage when comparing Runs 2 and 5. Notice 
that all these effects of the operation variables conform to 
our model prediction that fine particles can be reduced by 

0.45 

0 . 4  
8? 
a, 0.35 
E 
2 0.3 

- 0.25 

= 0.2 2 
0.15 

n 

0 > 
m .- 
c 

a, 

0.05 O” I A 

-Experiment 

-Model 

0 \ 
0 1000 2000 3000 

Figure 8. Model predictions vs. experimental data for 

Diameter (pm) 

the particle-size distribution at Run 1. 

3.1 I 1 I I 

2.1 2 .2  2.3 2.4 2 . 5  

IodN,) 

Figure 9. Estimation of the parameter y using the esti- 
mates of qc/qb obtained at different agitation 
speeds. 

setting the operation variables so as to increase the qJqb ra- 
tio. This is also confirmed in Table 2, which shows large esti- 
mates of qJqb for the experiments whose distributions are 
biased toward coarse particles. 

The first three runs in Table 2 for testing the effect of 
agitation speed deserve special attention in that the estimates 
of qc/qb provide a basis for inferring the parameter y.  It is 
evident from Eq. 17 that qc/q, is proportional to G1-) when 
the other variables are assumed to be constant. Using the 
relationship between G and P given in Eq. 3 and recalling 
that P is proportional to the cubic of the rpm N, (McCabe 
et al., 1993), the following correlation can be deduced 

where C denotes a proportionality constant. The preceding 
correlation showed a fairly good linearity on a log-log plot, as 
illustrated in Figure 9. From the regressed value of the slope, 
y was estimated to be 2.07. This means that the breakup rate 
increases roughly in proportion to the square of the fluid 
shear rate, while the coagulation rate only rises linearly. 
Hence it can be concluded that intense agitation provides rel- 
atively more favorable conditions for breakup than for coagu- 
lation. 

Conclusions 
A modeling study has been carried out for ABS latex coag- 

ulation processes to investigate the effect of operation vari- 
ables on the particle-size distribution of recovered resin pow- 
ders. First, a kinetic model was presented for simultaneous 
coagulation and breakup of flocs in a turbulent flow field, 
and was converted into a discrete form using the general sec- 
tional balance. Then the population balance models were de- 
rived for batch and continuous processes, and were con- 
verted into dimensionless forms. Next, numerical algorithms 
for solving the models were constructed using an LSODE 
routine, and extensive simulations were performed to  demon- 
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strate the niodel predictions. Finally, a set of batch experi- 
ments was carried out to verify the model predictions. 

Our models contain two dimensionless groups, qc and qb, 
that pertain to the dynamics of coagulation and breakup, re- 
spectively. The v( /qb ratio represents the relative intensity of 
coagulation and breakup in the system, and thus acts as a 
design variable for controlling the steady-state particle-size 
distribution. The dimensionless groups comprise several op- 
eration variables and model parameters. Due to the lack of 
dynamic experimental data, the model parameters could not 
be uniquely determined except for y ,  which was inferred from 
the estimates of qC/qb for a set of batch experiments that 
differed only in the agitation speed. Nevertheless, the trend 
on how each operation variable affects the steady-state distri- 
bution can be comprehended through its contribution to the 
magnitude of the qJqb ratio: a change of variable increasing 
the ratio will shift the size distribution toward larger parti- 
cles. Specifically, increasing the slurry content of the 
latex and the coagulant dosage provides more favorable con- 
ditions to coagulation than breakup, while intense agitation 
favors breakup. The residence times of the continuous proc- 
esses seem to have little effect under the current operating 
conditions where the kinetic terms dominate the process dy- 
n am ics . 

The present model has not taken into account the effect of 
temperature, which is regarded as an important factor for the 
aging of coagulated flocs. The model employs a simplified 
breakup kinetics that neglects erosion, breakup into more 
than two particles, and nonlinear breakup. Besides, the as- 
sumptions of constant collision efficiency and perfect mixing 
in the agitated tanks seem to represent other sources of 
structural modeling errors. A further investigation is needed 
to comprehend the consequences of these modeling errors on 
the particle-size distribution. 
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