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An assessment of the relative magnitude of the timescales of mixing and aggregation of
fully destabilized polymeric latices in stirred vessels is presented. It is demonstrated that,
in industrially relevant conditions (that is, volume fractions above 10% and primary
aggregate sizes below 200 nm), latices aggregate and possibly gel before complete mixing
is achieved. By means of focused beam reflectance measurements, we measure on-line and
in situ the size of aggregates obtained aggregating a PVDC latex at salt concentrations
above the critical coagulation concentration in a stirred vessel operated in semibatch.
Several experimental runs are conducted and averages of the aggregate size distribution,
that is, volume and number averages, are measured at various values of the feed flowrate,
feed solid volume fraction, stirring speed and final volume fraction in the vessel. It is
found that at high feeding volume fractions aggregates instantaneously aggregate and gel
on entering the vessel. Resulting aggregates are then broken down to volume weighted
average sizes falling in the range between 100 and 400 microns at steady state. The
experimental results are interpreted in terms of a competition between the aggregation/
gelation process and mixing. In particular, by evaluating the relevant characteristic times,
it is found that the process is dominated by the competition between mesomixing at the
location, where the latex enters the vessel and the aggregation/gelation process. Scanning
electron micrographs of dry samples obtained after thermal treatment show aggregate
morphologies which further support the above interpretation. © 2006 American Institute of
Chemical Engineers AIChE J, 52: 2742-2756, 2006
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Introduction

A sizeable amount of polymeric materials are produced via
emulsion polymerization due to its inherent thermal control,
high-productivity even for high-molecular weights and moder-
ate viscosity increases.!> Another advantage of emulsion po-
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lymerization resides in the colloidal nature of the final product.
Due to its physical properties the final latex can be used “as
such” in many applications, such as for example paints, coating
and finishes. On the other hand, when the application requires
the polymeric material in powder form, a process for separating
the polymer from water has to be set up.

At colloidal sizes Brownian motion effectively suppresses
the tendency of the polymer particles to sediment due to their
density difference with the suspending medium. Consequently,
a stable latex, in which polymer particles effectively repel each
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other, shows a negligible tendency to phase separate. When the
stabilization mechanism is removed, Brownian motion and
macroscopic velocity gradient can cause polymer particles to
collide and stick together due to van der Waals attraction, thus,
leading to aggregates of larger size. Such aggregation process?
eventually brings about sedimentation due to the system’s loss
of colloidal character, thus, leading to phase separation. Ac-
cordingly, aggregation appears to be a viable route in the setup
of an industrial process for separating the solid phase from
water in polymeric latices.

Several methods for imparting colloidal stability exist. One
of the most commonly adopted relies on electrostatic repulsion
forces. In this stabilization mechanism an amphiphilic ionic
species is added to the dispersion so that, by adsorbing at the
polymer particle surface, a surface charge is developed. As a
result a repulsive interparticle Coulomb force arises, providing
stabilization by preventing particle collisions. When a strong
electrolyte is added to an electrostatically stabilized latex, the
ions effectively screen the existing surface charge, colloidal
stability is lost, and, consequently, particles aggregate. The
aggregation rate strongly increases upon increasing electrolyte
concentration. Above the critical coagulation concentration
(CCQ) repulsion forces are completely screened, and the ag-
gregation rate reaches a constant value where the process
becomes diffusion limited. Accordingly, a typical industrial
process for separating the polymer phase from water in an
electrostatically stabilized latex is based on mixing a salt so-
lution with the latex in an agitated vessel operated in batch or
continuous mode. It is commonly chosen to work in fully
destabilized conditions, that is, at salt concentrations above
CCC, in order to avoid the aforementioned strong dependency
of the aggregation rate upon salt concentration, consequently
favoring the productivity, and the robustness of the process. In
these conditions the aggregation process becomes very fast,
thus, competing with the mixing process typical of stirred
vessels, and leading to gels even in the presence of substantial
breakage.

The complex interplay among these processes is not inves-
tigated in the literature covering salt induced aggregation of
electrostatically stabilized latices in agitated vessels,*~!2 where
the aggregation process is significantly slowed down by oper-
ating at extremely low particle volume fractions. In addition,
the particle size of the latices used in the aggregation experi-
ments is normally above 1 micron, which is far bigger than the
particle sizes in typical industrial latices, which are of the order
of hundred nanometers.

In this work we address these issues by performing suitable
experiments in a stirred vessel with fully destabilized latices of
a small particle size in concentrated conditions, which are the
conditions typical of industrial applications. By monitoring
on-line and in situ the time evolution of the size distribution of
the polymer aggregate dispersion, we can derive information
about the competition between aggregation, breakage and the
mixing processes. These are relevant aspects in the design of a
coagulation unit since the aggregate size distribution is one of
the main characteristics in determining the value of the final
polymer powder. The importance of these considerations can
be better appreciated when considering that, in a typical coag-
ulation unit, aggregates of average size of the order of 100-500
pum are produced starting from latices of primary particles
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whose size is of the order of 100 nm. This corresponds to a
scale-up factor of 3 to 4 orders of magnitude.

Theoretical Aspects
Aggregation and breakage in stirred vessels

Aggregation and breakage of colloidal aggregates in ideal
stirred vessels can be modeled by means of the following
population balance for the k-fold aggregate (that is, an aggre-
gate containing k primary particles) known as the Smolu-
chowski coagulation equation!'?

dN, 1
=3 > KN{()N(1) — N(1) >, KpN(1) +
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where N,(1), N,(1) and N,(¢) are the number concentrations of
the i-fold, j-fold and k-fold aggregate at time ¢, respectively.
The first two terms on the righthand side represent the effect of
aggregation and the last two represent the effect of breakage.
The matrix of second order aggregation rate constants K,
usually referred to as the aggregation kernel, reflects the phys-
ics of the aggregation process. The breakage rate is described
using a first-order kinetic model® where I';, is the corresponding
rate constant for a aggregate of mass k, which generally de-
pends on aggregate size and turbulent intensity, while A,,
represents the fraction of fragments of mass k originating from
the disruption of a aggregate of mass 7, and is usually referred
to as the daughter distribution function. In fully destabilized
conditions, as those considered here, it is reasonable to as-
sume'4 the aggregation kernel to be expressed by the sum of
two contributions, K" and K", due to Brownian motion
and turbulent flow, respectively. For collisions of aggregates of
sizes R; and R; their expressions read's-!>

K2 = 4m(R, + R)(D; + D)) )

8 E
Turb _ 3
K™ = 57\, (R +R) 3)

where ¢ is the rate of turbulent energy dissipation, v is the
suspending medium kinematic viscosity, and D; and D; are the
aggregates diffusion coefficients. The diffusion coefficient of
an i-fold aggregate can be expressed by means of the Stokes-
Einstein relation as follows

ksT

Di=¢ 71BR, “)
where kj is the Boltzmann constant, 3 is a constant of order
one accounting for the shape of the aggregate, and w is the
suspending medium viscosity. In order to close the model 1 to
4 an expression relating the aggregate size to its mass, based on
some assumption about its structure, has to be provided. In the
case of pure Brownian aggregation, it has been shown'® that
such a relationship for an aggregate made up of i particles is
given by
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where d, = 1.8 is the fractal dimension, k, is a constant of
order one, and a is the primary particle radius. This result is
known as fractal scaling. Since the scaling indicates that the
aggregate density decreases with size, at some point of their
growth space will be filled and gelation occurs,'” thus, resulting
in one single aggregate spanning the whole system.

In the case of semibatch operation where a salt solution
above CCC, and a stable polymeric latex with particle number
concentration N+ are fed into the system at volumetric feed
rates Qg and Q,, respectively, Eq. 1 is modified as follows

AN, N dv 0,
“ar TV dr T v
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where the total volume of the system, V(¢), is a function of
time and can be obtained by writing a suitable mass balance on
the whole system. It is to be noted that, in writing the equations
above, we have tacitly assumed that aggregation and breakage
are slow compared to mixing, and that the stirred vessel can be
regarded as a uniform system with respect not only to compo-
sition, but also to the energy dissipation rate.

Time Scales of Mixing and Aggregation

Let us consider a stream of stable latex at solid volume
fraction ¢, entering an agitated vessel containing a salt solu-
tion at a concentration well above CCC. As the latex volume
enters the system, it is stretched and folded by the turbulent
motion of the salt solution. At the same time, salt molecules
diffuse into it through its boundaries. As time elapses, the
stretching and folding mechanism will impart a lamellar struc-
ture to the volume itself,'8 thus, increasing its surface area and
decreasing its characteristic length scale. This process lasts
until a length scale is attained where salt molecular diffusion
becomes effective and the mixing at smaller scales is complete.
Let us call the characteristic time of this process 7,,. It should
be noticed that 7,, refers to the salt, while the polymer parti-
cles, whose diffusion coefficient is smaller by at least two
orders of magnitude, certainly exhibit a larger mixing time.

In this frame we can consider that, as the local salt concen-
tration in the latex volumes (whose disruption is controlled by
mixing) increases, colloidal stability is lost and aggregation
becomes significant. Due to the strong sensitivity of the aggre-
gation rate to the salt concentration, it can be safely assumed
that aggregation is very slow until the CCC is reached. How-
ever, at the CCC and above, the characteristic time of aggre-
gation 7, can be either smaller or larger than 7,,. In the case 7,
<< T1,,, the aggregation process would take place before mix-
ing is complete. This has the important consequence that, since
salt molecules diffuse at a far larger rate into the latex volume
than the polymer particles into salt volumes, aggregation
mainly occurs at volume fractions very near the feeding vol-
ume fraction ¢,. This tends to be substantially large and
therefore can easily lead to gelation. As a consequence, at very
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high feed solid volume fractions gelation can freeze in latex
volumes into gel aggregates whose size is dictated by the extent
of the reduction of the initial latex volume caused by turbulent
mixing which was reached at the time where gelation occurred.
On the other hand, if 7, => 7,, aggregation occurs uniformly
in the entire vessel, which means also very low aggregate
concentrations, thus, making the gelation process more un-
likely. It is clear that the final powder obtained in the two cases
might end up being very different in terms of both particle
structure and aggregate size distribution (ASD).

In order to assess the likelihood of the above scenario let us
evaluate the aggregation, gelation and mixing timescales based
on simple models of aggregation and turbulent mixing avail-
able in the literature. In the above conditions the initial aggre-
gation rate corresponds to the aggregation of primary particles
whose aggregation rate constant K, can be derived from Eqgs.
2 and 3 as follows

K _SkBT g 8 e
11_3P«+ E’TT ;a (N

Considering that aggregation follows a second-order kinetics in
particle number concentration N, the corresponding aggrega-
tion characteristic time 7, is given by

\1577\[@? ®)

where the particle number concentration has been expressed in
terms of the solid volume fraction as N = 3¢/(4ma’), and
it was assumed, according to the earlier discussion, that aggre-
gation at the very beginning takes place at the particle concen-
tration value in the feed stream. On the other hand, if the time
required by the turbulent flow to reduce the characteristic
lengthscale of the feed to the Kolmogorov microscale is very
short, 7,, is on the order of the smallest time scale of a turbulent
flow, namely the Kolmogorov time scale 7,

v
=171,= 17\/; )

In order to evaluate the relative magnitude of the two char-
acteristic times, the contour plot of the logarithm of the ratio of
the characteristic time of mixing 7,, to the characteristic time
of aggregation 74, 7,,/7, is shown in Figure 1. The range of
particle sizes and volume fractions typically explored in the
literature under shear aggregation conditions (107° < ¢ <
107 and 0.8 um < @ < 2 wm),*-'2 is represented by the
crosshatched area. It can be seen that these conditions corre-
spond to 7,/7, = 102, so that it is safe to assume that
aggregation occurs on a timescale long enough to avoid mixing
effects on the aggregation kinetics. On the other hand, if we
consider conditions typical for industrial applications (hatched
area in Figure 1), that is, small particle radii (for example, in
the case of polymeric latices, in the range between 40 and 150
nm), and high-volume fractions (say larger than 0.1), the situ-
ation radically changes and the aggregation is mixing-con-
trolled. In these conditions, the aggregation time scale is at

Ty =

o <2kBT

K,N; mTa
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Figure 1. Contour plot of the logarithm of the ratio 7,,/7,
between the characteristic time of micromix-
ing and the characteristic time of aggregation
as a function of primary particle radius and
solid volume fraction in the latex.

Labels represent the value of the logarithm corresponding to
the isoline. Values of the parameters used for the computa-
tions: 7 = 298 K, e = 0.1 W/kg, n = 891 - 10 *Pasec, v =
8.91 - 1077 m?/sec.

least one order of magnitude smaller than that of mixing. This
arises because smaller particles have higher diffusion coeffi-
cients, thus, enhancing aggregation, and higher volume frac-
tions imply higher particle number concentrations that in turn
lead to smaller aggregation characteristic times, since aggre-
gation follows second order kinetics.

Let us now bring into this frame also the gelation process.
Since for small particles turbulent shear aggregation is negli-
gible compared to Brownian aggregation, we use a simple
model of Brownian aggregation to estimate the characteristic
timescale of gelation 7. In static conditions the Smoluchowski
coagulation equation reads

dN, 1
=3 2 KNON(0) = N 2 KN (10)
i+j=k i
where the aggregation kernel can be expressed using Eq. 2 and
Eq. 4 as follows

2kyT 11
3 (R +R) &R

In Brownian DLCA aggregation, as time elapses, the mass
distribution remains fairly monodisperse, consequently, as a
first approximation it can be described using the constant
kernel K;; = 8kpT/3u.1¢ This leads to the following expres-
sion for the number concentration of the average aggregates N

— Brown _
K, = KB =

dN; _ Bk LN an

7__371'“ k Ty Np

AIChE Journal August 2006 Vol. 52, No. 8

Published on behalf of the AIChE

where the subscript k indicates the mass of the average aggre-
gate in the system. Conservation of mass requires that

_ dN; Ny dk
Nk=Ne 0r =" %a

which allows us to recast Eq. 11 in terms of k as follows

dk 1 b
dt 7, (12)
thus, leading to the following expression of the average aggre-
gate size as a function of time

k() =1+ t/7, (13)

Once we can predict the time evolution of the average mass, it
is necessary to define a proper criterion for gelation, so as to
obtain an estimate of 75. Among the simplest gelation criteria
is the one that identifies the occurrence of colloidal gelation as
the time when the fraction of the volume occupied by the
aggregates is of the order of 1'7:

4
3 TRIN(t = 1) =~ 1 (14)

where Ry is the average radius of the aggregates in the system.
Accordingly, by means of Eqgs. 13 and 5 we can give the
following estimation of 7

76 = Ty, = 1) (15)

A typical value for d,in fully destabilized conditions is about
1.8,'¢ and from Eq. 15 we can see that in the range of ¢, =
0.1-0.3 the ratio 7,/7, takes values roughly between 5 and 30.
It follows that in conditions where 7,,/7, >=> 1 the character-
istic time of gelation can well be of the same order or smaller
than 7,,. Thus, we can conclude that in conditions where
aggregation is mixing controlled, such as those typical of
industrial operations, it is very likely that in a very small latex
volume, whose disruption is governed by mixing, the aggre-
gates grow several orders of magnitude in size and eventually
gelate, so that the entire volume is occupied by a single
aggregate.

Focused Beam Reflectance Method

Focused beam reflectance method (FBRM) allows for con-
venient online and in sifu monitoring of particulate systems up
to very high solid content, especially if compared with scatter-
ing techniques. The measurement device consists of a tubular
probe which can be inserted directly into the vessel. A highly
focused rotating laser beam illuminates the system through a
sapphire window located at the tip of the probe. When the path
of the laser beam crosses a particle with sufficient optical
contrast with respect to the suspending medium, the backscat-
tered light is collected through the same sapphire window.
From this and the knowledge of the laser rotational speed, the
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length of the path traveled by the laser across the particle can
be calculated. This task is performed by the electronic discrim-
ination circuit of the device, which analyzes the backscattering
signal spanning the measurement time and sorts the traced path
length into chord bins so as to give as output the so-called
chord length distribution (CLD) of the polymer particles.?0-!
To within a proportionality constant (depending only on ag-
gregate shape and structure), moments of the CLD can be
transformed into moments of the ASD as follows??

M
[ j
Mj+1 = & G (16)

where ! represents the i-th moment of the ASD, i the j-th
moment of the CLD and «; is a proportionality constant de-
pending on j and on the aggregate structure. Eq. 16 was used to
extract the following weighted averages of the ASD from the
measured CLD

which for a spherical shape read

32 ps
9T s

an

43

Experimental

The polymer latex used for the aggregation experiments was
a PVDC dispersion type PV-324 provided by Solvay Solvin
France S.A. The primary particle diameter was found by dy-
namic light scattering (Zetasizer 5000, Malvern Instruments) to
be 90 nm with a nearly monodisperse particle-size distribution.
Solid volume fractions were measured by gravimetry (HGS53
Halogen Moisture Analyzer, Mettler Toledo). Throughout all
the experiments demineralized water was used for required
dilutions or salt solution preparations. Aluminum nitrate nona-
hydrate (Fluka) was used to induce aggregation. The corre-
sponding CCC was estimated through static aggregation exper-
iments to be ~0.02 g/l.

The first series of aggregation experiments was performed in
a jacketed stirred glass vessel (nominal volume 9 1) equipped
with two Rushton turbines. Experiments were run as follows.
The vessel was filled with two liters of foot solution of salt at
concentration Cg at a temperature of 5°C, which is below
PVDC'’s glass transition temperature. While the stirrer was set
to rotate at the desired speed S, stock latex at volume fraction
of ¢ = 0.111 and temperature of 5°C, and salt solution at
concentration Cs were fed into the system at flowrates O, and
Qj, respectively, until the total volume of 8 1 was reached with
the final volume fraction. Feeding was implemented by means
of peristaltic pumps. The feeding pipe (internal dia. 3 mm) was
placed vertically into the vessel. The pipe’s outlet was posi-
tioned at the upper part of the discharge zone of the lowest
impeller and in the middle between the vessel wall and the
impeller tip. Weighting of the feed reservoir during the feeding
process provided accurate measurements of the feed flow rates.
Q, and Qg were chosen so as to reach the desired final volume

2746 DOI 10.1002/aic

Published on behalf of the AIChE

fraction ¢, whereas the value of Cs was determined by requir-
ing the coagulant concentration to be above the critical coag-
ulation concentration (CCC) during the whole feeding process
as detailed below. In all the experiments the feeding lasted 55
min, and the system temperature was kept between 5°C and
10°C. After the feeding process was finished, the system was
left to reach steady state.

Jacket temperature was then set to 90°C, and the vessel
temperature reached 75-78°C. This was done to induce poly-
mer crystallinity in order to impart desirable physical proper-
ties. The vessel was then cooled down by setting the jacket
temperature to 25°C. Eventually, water was filtered out and the
resulting wet powder was vacuum dried at 40°C.

Based on the procedure described earlier, once the final
volume fraction, ¢ and salt concentration, C are chosen, all
the remaining operating conditions can be calculated through
the following material balances

O Atpdpr = Vi
QL+ Q)AL =V, = V;
Ci(At;Q5+ Vi) = (1 — $)V;Cy

that solved for the unknowns Q,, Qg and C% lead to

V
0, = (b‘iA; (18)
Vo=V
0= 3, ~Q (19)
,_ (=)o,
Cs= br— & Cs (20)

where V. and V. are the final and foot volumes, respectively,
Aty is the feeding time and for Cg a value of 1 g/l was taken
as a conservative choice so as to ensure that the salt concen-
tration is always well above CCC. It can be readily seen that in
this setup the latex feeding rate Q, is proportional to the final
volume fraction ¢. This situation, which is representative of the
operating mode of semibatch industrial coagulators, has the
disadvantage that both the fluodynamics conditions in the ves-
sel and the aggregate concentration change simultaneously,
thus, making it difficult to decouple their effects. For this
reason a second experimental setup has been devised where
these effects could be studied independently.

The second series of experiments was performed in a jack-
eted stirred glass vessel (nominal volume 6 1) equipped with
one Rushton turbines. The vessel was operated full, so that the
liquid level always reached the upper metal flange, so as to
avoid the presence of air. This was achieved by pumping only
latex at the desired volume fraction ¢, and feed flow rate Q,
into the coagulator already full of salt solution above CCC.
Water was allowed to flow out through a filtered outlet so as to
keep the particles inside, and the vessel always full. In all the
experiments the system volume was 8.88 L. The feeding pro-
cess lasted until the final solid volume fraction, ¢ was reached.
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Table 1. Operating Conditions in the First
Experimental Setup

0, 10? Qs 10?

Exp. Series ¢ - 10% [I/min] [I/min] S [rpm]
1 A 7.72 8.33 0.572 165
2 A, B 7.68 8.20 0.565 410
3 A 7.37 9.53 0.596 645
4 C 0.0910 0.106 9.98 165
5 C, B 0.102 0.135 9.77 410
6 C 0.0912 0.121 9.74 645
7 B 0.945 1.28 9.92 410

In all the experiments the remaining operating parameters were fixed as follows:
At = 55 min, ¢, = 0.111, V, =8 land V. = 2 L

As soon as the feeding stage was over, the system was left to
equilibrate before the heating procedure was performed, as in
the previous experimental setup. The initial salt concentration
in the vessel was calculated so as to give a salt concentration
well above CCC at the end of the feeding process.

In all the experiments the aggregate-size distribution was
monitored online by means of the sensor Lasentec FBRM
D600L (Lasentec, Redmond, WA), with electronic discrimina-
tion circuit set to “C,” and the laser focus point left at the
factory default, placed inside the vessel just above the dis-
charge zone of the lowest impeller.

Results and Discussion
Experimental results

As a first experimental result, it is convenient to consider the
pictures in Figure 2 which show the first instant of time where
the latex is entering the salt solution inside the vessel through
the vertical tube. Figure 2a and Figure 2b correspond to the
experimental runs 17 and 22 of series E in Table 2, respec-
tively, where the operating conditions, which are near to those
of industrial interest, probably correspond to the smallest value
of the ratio between the characteristic times of aggregation and
mixing, 7,/7,,. The white plumes indicate that aggregation is

Table 2. Operating Conditions in the Second
Experimental Setup

0, 10?

Exp. Series  [I/min] ¢+ 10> ¢, 10> Ty Tl
8 D 5.51 1.23 1.10 17.4 0.0201
9 D 6.12 1.23 1.10 17.4 0.0201
10 D 7.94 1.23 2.44 38.6 0.148
11 D 7.95 1.23 4.39 69.4 0.645
12 D,E 6.63 1.23 11.0 174 6.59
13 D 7.18 1.25 20.0 316 31.1
14 D 7.04 1.25 28.0 443 77
15 D 5.82 1.25 28.6 452 81.7
16 D 6.08 1.25 28.6 452 81.7
17 E 3.30 1.23 11.0 174 6.59
18 E 3.03 1.35 12.0 190 8.23
19 E 3.12 1.35 12.0 190 8.23
20 E 2.95 1.35 12.0 190 8.23
21 E 11.0 1.23 11.0 174 6.59
22 E 14.2 1.23 11.0 174 6.59
23 F 14.3 1.82 28.6 452 81.7
24 F 15.2 491 28.0 443 77
25 F 12.8 9.22 28.6 452 81.7

In all the experiments the remaining operating parameters were fixed as follows:
V,=8.881and S = 165 rpm.
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(a) (b}

Figure 2. Snapshot of the latex feed entering the vessel
at the very early stage of feeding.

(a) Experimental run 17 of series E in Table 2. (b) Experi-
mental run 22 of series E in Table 2.

so fast that, before the latex volumes can be broken down to the
Kolmogorov scale, not only aggregation, but most likely gela-
tion of the entire mass has occurred. This indicates that we are
dealing with a process strongly affected by mixing at the small
scales of turbulence, where, therefore, the conditions inside the
vessel are not uniform. In particular, at least at the high volume
fractions considered in Figure 2, aggregation/gelation occurs
almost instantaneously as the latex enters the vessel, and the
rest of the process is then devoted to breaking down the so
formed gel flocks. This has to be accounted for when interpret-
ing the experimental results that we are going to discuss next.

First experimental setup

For what concerns the behavior of the system in the first
setup at steady state before the heating phase, as seen in Table
1, all the experiments were run at the same feeding volume
fraction, ¢ = 11.1% and feeding time, At = 55 min. On
the other hand, various values of the final volume fraction ¢,
and the stirring speed S have been investigated, while the flow
rates, O, and Qg have been changed according to Egs. 18 and
19. Figure 3 shows each experiment as a point in the ¢ — S
plane, where dashed circles indicate the series to which each
experiment belongs. In series A the experiments were run at a

800 1 C A

Y D e

600 41 ! i !
=R I R .

do400{ | @ ° . e B

) S o o

A A A

200 - o ! e

0 T T T

0.001 0.01 0.1

Figure 3. Experimental conditions of the experiments
carried out in the first experimental setup.

Dashed circles indicate the series to which each experiment
belongs.
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Figure 4. Volume and number weighted average size as a function of stirring speed for the aggregation experiments

run in the first experimental setup.

(a) Series A: ¢ = 7.5 - 1072 (b) Series C: ¢ = 9.5 - 10~ *. Lines are drawn to guide the eye.

moderately high final volume fraction of about 7.5%, while
three values of the stirring speed were investigated. Figure 4a
shows the measured volume weighted average dia. d, 5 (cir-
cles, left-axis scale) and number weighted size (filled circles,
right-axis scale) as a function of the stirring speed S. It is seen
that both average sizes are relatively insensitive to the varia-
tions of the agitation in the system. The situation radically
changes for the experiments performed at a low final solid
volume fraction of ¢ = 9.5 - 10™*, that is series C in Figure 3.
As shown in Figure 4b, in these conditions the increase of the
stirring speed results in a marked decrease of both the volume,
and the number weighted sizes. This is consistent with results
reported in the literature for dilute systems, where d4 ; ~ &~ °~
is often observed in turbulent conditions.?* The ratio of d, 5 to
d, o, which is a measure of the polydispersity of the size
distribution, decreases from a value of 4.7 to 2.8, when §
changes from 165 to 645 rpm. This means that the decrease in
size is accompanied by narrowing of the ASD. These obser-
vations indicate that, as the volume fraction in the system is
increased from very diluted to concentrated conditions, a fun-
damental change in the aggregation/breakage mechanism oc-
curs. While at high volume fractions the change in the aggre-
gation rate due to the increase in the stirring speed seems to be
balanced by a similar change in the breakage rate, this balance
seems to no longer hold at low volume fractions.

In the series B of experiments we fixed the stirring speed at
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the intermediate value of 410 rpm and let the final volume
fraction change between the two values used in the previous
two series. The results are shown in Figure 5a, where volume
and number weighted sizes, d, 5 are plotted against the solid
volume fraction ¢. It is seen that d, ; does not change signif-
icantly as the volume fraction increases and retains a value
close to the smallest one measured in the previous series of
experiments. On the other hand, the number weighted average
size d, , decreases significantly as ¢ increases. This different
behavior of d, 5 and d,  is consistent with an increase of the
fraction of fines at higher solid volume fractions. However, we
should observe that, due to the specific characteristic of the
adopted setup described earlier, the final volume fraction in the
system is proportional to the latex feed flow rate. This means
that, in the experiments at higher final solid volume fractions,
a larger feed flow rate has been used. Therefore, in these
experiments we cannot decouple the effects of mixing and
aggregate concentration. This issue is addressed in the second
series of experiments where operating the vessel full and using
a filter at the outlet allows us to decouple the feed rates from
the final solid volume fraction in the system.

As far as the transient behavior of the system is concerned,
it is interesting to compare the evolution of the cumulative
chord-length distribution (CCLD) measured in the experimen-
tal runs with low and high-final solid volume fraction (that is,
low-latex feed rate). In Figure 6 the CCLDs measured at
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Figure 5. Series B of aggregation experiments: (a) Volume and number weighted average size as a function of the final
volume fraction ¢, (b) Ratio of the volume weighted average size to the number weighted average size
d,s/d, , as a function of the final volume fraction ¢.

Lines are drawn to guide the eye.
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Figure 6. Cumulative chord length distribution (CCLD) normalized to one at various percentages of the feeding time,
At.: (a) Experiment 2, ¢ = 7.68 - 1072 and Q, = 8.20 - 10~2 I/min; (b) Experiment 5, ¢ = 1.02- 103 and Q,

= 1.35 - 10~% I/min.

various times are reported for the experiments at ¢ = 7.68 -
1072, and Q; = 8.20 + 10~ 2 I/min (Figure 6a), and at ¢ =
1.02 1072 and Q, = 1.35 - 10~ I/min (Figure 6b), that is,
experiments 2 and 5 in Table 1, respectively. It is seen that at
the higher feed rate the aggregate population moves toward
smaller chords as time passes by. Even after feeding is over,
this trend continues until the equilibrium distribution is
reached. In contrast, at the lower feed rate (Figure 6b) the
CCLD remains practically unchanged during feeding and
equilibration. In this case the feeding process is so slow that at
each instant in time an equilibrium between aggregation and
breakage is reached, as it is also demonstrated by the fact that
the distribution at the end of the equilibration stage perfectly
falls atop of the earlier ones. We should also consider that in
this experiment the final solid volume fraction, ¢ is so low that
the volume fraction in the system changes very little, which
explains why the CCLD remains constant also during the
feeding stage. On the other hand, in experiment 2 the volume
fraction in the system changes substantially in time, thus, the
fact that the CCLD continues to move to the left even after the
feeding is over until equilibrium is reached indicates that the
system is not at steady state, and the equilibration stage is
further shifted to the left.

Second experimental setup

In Table 2 the operating conditions used for the second
experimental setup are reported. In all the experiments the
stirring speed was fixed at 165 rpm. Figure 7 shows each
experiment, as a point in the ¢ — Q, plane, and all the
experiments may be classified into two series D and E, as
indicated by the dashed circles. In series E, while keeping the
feeding solid volume fraction, ¢ close to 11%, the latex feed
rate O, has been varied between 0.03 and 0.14 1/min, with a
constant final solid volume fraction ¢ = 1.3%. The corre-
sponding measured volume weighted size d, 3 (open circles,
left-axis scale) and number weighted size d,  (filled circles,
right-axis scale) are plotted vs. Q, in Figure 8a. We can readily
observe a significant decrease of the volume weighted size as
Q, increases, but the effect of O, on the number weighted size
is insignificant. It follows that the ASD narrows down as Q,
increases. It should be noticed that the experimental runs at the
smallest flowrate are basically repetitions of the same experi-
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ment. It is seen that the reproducibility of the experiments is
good, though the measured d, ,, are somewhat more scattered.

Figure 8b shows the results of the experiment series F in
Table 2, where at fixed Q,; and ¢ around 0.13 1/min and 28%,
respectively, the effect of changes in the final solid volume
fraction, ¢ on the measured average aggregate sizes has been
studied. Note that larger values of the solid volume fractions, ¢
are reached in this case by operating the unit for longer times.
Here, we can observe that both average sizes decrease as the
final volume fraction in the vessel increases, although the
decrease in d g is less marked, thus, leading to narrower ASD.

In the last two series of experiments, that is, E and F, the
effects of the flowrate, Q, and the final solid volume fraction
have been investigated independently. This can now help to
explain the results of the series B of experiments in the first
experimental setup, where these two parameters were coupled.
In particular, we see that both of them independently produce
the same qualitative effect on d, (, and d,, 5 as they did coupled
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Figure 7. Experimental conditions for the experimental
series D and E carried out in the second ex-
perimental setup.

Dashed circles indicate the series to which each experiment
belongs.
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Figure 8. Volume and number weighted average size in the second aggregation setup as a function feed flow rate (a)
and final solid volume fraction (b). (a) Series E: ¢ = 1.3 - 1072, ¢ = 0.11, and (b) Series F: Q, = 0.14 I/min,

¢ = 0.28.

Lines are drawn to guide the eye.

together in the first setup. However, it should be stressed that,
as opposed to series B, where the ratio d, ;/d, , markedly
increased, in series E and F this ratio either remains constant or
slightly decreases, respectively. This discrepancy can be ex-
plained if we take in consideration that series B was run at
higher stirring speed, that is, 410 rpm instead of 165 rpm. It is,
in fact, most likely that in this series many big aggregates are
broken by the agitation, and, therefore, an increase in ¢ and/or
Q, yields no decrease in the volume weighted average size.
This explanation is also supported by the observation that in
series B d, 5 is never larger than about 140 microns, while in
series E and F the same quantity can be as large as 300 microns.

In Figure 9 the measured volume and number weighted
average sizes are plotted against feeding volume fraction ¢,
for the data in series D. Here the final solid volume fraction
was fixed at the smallest explored value, that is ¢ = 1.23%,
while for the feed flow rate an intermediate value was chosen,
that is Q, == 0.06 I/min. We see that both sizes significantly
grow as the feeding volume fraction increases over one order of
magnitude until values typical of industrial operation are
reached. Runs at the highest feeding volume fractions were
essentially repetitions of the same experiment. As for series E
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Figure 9. Volume and number weighted average size as
a function of feed solid volume fraction for the
aggregation experiments run in series D: ¢ =
1.23-1072,Q, = 6 - 1072 I/min.

Lines are drawn to guide the eye.
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we observe that reproducibility of d, 3 is good, while d, , data
are somehow scattered.

Interpretation of the Experimental Results

As discussed in the modeling section in the context of Figure
1, for the operating conditions considered in this work we
expect a substantial effect of the fluodynamic conditions on the
aggregation process. It is actually rather obvious that, if the
process were not mixing controlled, no dependency other than
that on the final solid volume fraction should be expected,
while the data above show a significant dependence on the feed
solid volume fraction and flow rate. In particular, the results
reported for series D and E clearly demonstrate the interplay
between mixing and aggregation. Another element supporting
this statement is brought by the visual observation of the latex
streams entering the vessel during an aggregation experimental
run. In Figure 2 two snapshots taken at the very beginning of
the latex feeding process for the experimental runs 17 (Figure
2a) and 22 (Figure 2b) of series E in Table 2 are shown. We
notice a white plume coming out of the feed pipe whose
boundaries are frozen in by the gelation process, and become
millimeter sized aggregates. This indicates not only that aggre-
gation is faster than mixing, but that even gelation occurs on
time scales smaller than those of mixing at the local scales. A
similar behavior was observed in all the experimental runs,
where the feed concentration was sufficiently high and/or the
feed flow rate sufficiently low. In the opposite situation the
plume boundaries are not frozen in by gelation and gradually
fade as their lengthscale is further broken down by the mixing
process. This behavior is illustrated in Figure 10, where a
snapshot taken at an early instant of time in the feeding process
of a very diluted latex (experimental run 8 of series D in Table
2) is shown.

In order to quantitatively support these observations let us
analyze the relevant timescales for our experimental condi-
tions. Computational fluid dynamics (CFD) simulations en-
abled us to estimate the rate of energy dissipation in the vicinity
of the feed point (see Appendix for details), and from this the
corresponding value of the Kolmogorov microscale m at a
stirring speed S = 165 rpm

A\ 14
n= (;) =50 um
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Figure 10. Latex feed at very low-solid volume fraction
entering the vessel at the very early stage of
feeding for the experimental run 8 of series D
in Table 2.

This value is below the average aggregate sizes observed in the
experiments reported earlier, which suggests that mixing at
scales larger than the Kolmogorov microscale (the so-called
mesoscale) could play a role. On the other hand, it has been
shown that the most active transient vortices involved in the
process of micromixing have a typical size around 127,242
which in our case falls around 600 wm, and is above the
average sizes observed. This seems to indicate that both mixing
mechanisms could affect the experimental observations. Con-
sequently, we will consider both mechanisms in the interpre-
tation proposed in the following.

If we assume inertial convective disintegration of large ed-
dies as the main mechanism acting in reducing the lengthscale
of particle concentration fluctuation to the Kolmogorov scale,
then the corresponding mesomixing timescale is given by?*?2¢
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where, A, is the characteristic lengthscale of the feed stream. If
the linear velocity in the feeding pipe, u,, is much larger than
the average velocity near the feed point, u (jet conditions) A,
is equal to half of the diameter of the pipe d,, and the rate of
energy dissipation & can be estimated as follows?’

= W

e =

y (22)
dp

In the opposite case (nonjet conditions) the momentum of the
entering stream is very low, and it instantaneously adjusts to
the average velocity in the vicinity of the feed point u. An
upper-bound approximation of u is given by the impeller tip
velocity. In this case the characteristic length A, can be com-
puted as the size of the stream that, at linear velocity u, gives
the feed flow rate Q,, that is

o

In the conditions adopted in the series of experiments D and E
the ratio u,/u ranged from 0.1 to 0.43, and, therefore, we do not
always have clear jet or nonjet conditions, particularly consid-
ering that estimating u by the impeller tip velocity can yield a
value substantially larger than the real one. For this reason in
the following we consider two values of characteristic meso-
mixing times: 7, .., and 7%, corresponding to jet and nonjet

conditions as given by the following expressions

) d
Theso = 217 = (24)
P
1/3
T o = 2(%) e’ (25)

respectively. In Figure 11a the two mesomixing characteristic
times are shown, together with the gel timescale 75 given by
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Figure 11. (a) Timescale of gelation 74 (solid line), mesomixing in jet (dash-dotted line) and nonjet (dashed line)
conditions as a function of the feed volume fraction, ¢ for the series of experiments D, and (b) Timescale
of gelation 7 (solid line), mesomixing in jet (dash-dotted line) and nonjet (dashed line) conditions as a
function of the feed flow rate, Q, in conditions corresponding to the series of experiments E.
Symbols are used to indicate points where experiments were run.
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Eq. 15, as a function of the feed solid volume fraction, ¢ for
the experimental conditions corresponding to the series of
experiments D in Table 2. It is seen that the two mesomixing
times are quite similar and that for small feed volume fractions,
¢ the characteristic time of gelation, 7 is orders of magni-
tude larger than the mesomixing time. However, as the feed
solid volume fraction increases the gelation timescale de-
creases while the mesomixing ones remain constant, so that a
crossover occurs at ¢ = 10%. This implies that at very small
¢ values, the latex stream entering the vessel has time to
spread over the entire system volume before Brownian aggre-
gation, and, subsequently, shear aggregation start to be signif-
icant. In this case, the system tends to be uniform and a
dynamic equilibrium is then reached when the average aggre-
gate size is large enough to bring about aggregate breakage. As
the feed volume fraction is increased, Brownian aggregation
gradually becomes faster than mixing, thus taking place at
volume fractions larger than those that would be obtained if the
latex would have been uniformly spread on the entire vessel
through mixing. Hence, gelation freezes in aggregates in a
denser structure that enables them to better withstand shear
stresses, leading to aggregate sizes larger than those obtained at
the same final solid volume fraction, ¢ and smaller feeding
volume fractions ¢ .. This agrees with the measured aggregate
sizes increasing with ¢, shown in Figure 9. It should be noted
that another physical phenomenon could play a role in the
observed increase of the average size with the feed volume
fraction. The fact that the mesomixing characteristic time is
larger than the gelation characteristic time means that the
turbulent flow has not enough time to bring the feed stream
lengthscale, A, down to the Kolmogorov microscale by means
of the stretching and folding mechanism. This implies that the
final average aggregate size corresponds to the size reached by
the feed stream length scale during the stretching and folding at
the moment where gelation occurs and freezes in the aggregate
structure. Obviously, earlier gelation (which means higher ¢,
will freeze in larger structures.

This last argument can be used also to explain the results
observed in the experimental series E. Figure 11b, shows the
corresponding gel timescale 7 and the mesomixing timescale
in jet, 7., and nonjet, 7%, conditions as a function of the
feed flow rate Q,. Here we should stress that the estimate for
the gelation characteristic time, 75 given in Eq. 15 neglects the
contribution of shear to aggregation. Since the shear aggrega-
tion rate scales with the volume of the aggregates (cf. Eq. 3)
this could lead to a substantially shorter gelation time scale. We
see that while the mesomixing time in jet conditions decreases
as the feed rate increases, the mesomixing time in nonjet
conditions, instead, increases. In the former case larger Q,
values imply larger momentum values which lead to larger
local energy dissipation rates (Eq. 22) and, consequently,
shorter mixing times (Eq. 24). In the latter case larger feed flow
rates produce larger characteristic lengths, A, (Eq. 23) of the
stream entering the vessel, which then takes more time to be
reduced to the Kolmogorov microscale by the turbulent flow
(Eqg. 21). On the other hand, the aggregation/gelation charac-
teristic time is not affected by the feed flow rate.

In this case it is obviously difficult to draw conclusions
since, with the simple expressions used in this article to de-
scribe mesomixing, we cannot sufficiently characterize the
local fluodynamics around the inlet of the feed stream. We can
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say a posteriori that, based on the arguments developed in the
context of Figure 11b, the system should be better described by
a jet model, since in this case as Q; increases 7., decreases,
which means that the process of jet disrupture is faster, and,
since the gelation process takes always the same time, it
follows that the aggregate size decreases as shown in Figure 8a.
To further support this instance, it is useful to analyze the jets
portrayed in Figure 2. Figure 2b shows the latex feed stream
entering the vessel in one of the experimental runs at the
highest feed flow rate explored in the second experimental
setup, that is, u,/u = 0.43. We notice that the latex flow is
hardly affected by the flow field found in the vessel. Indeed,
since the feed point is placed slightly above the discharge zone
of the impeller, if the latex stream would adjust to the flow filed
in the vessel it should move horizontally slightly upwards. This
corroborates our hypothesis that, at least at the highest feed
flow rates, the feed is in jet conditions. At the smallest feed
flow rate explored, that is, u,/u = 0.1, the situation is less
clear as shown by the snapshot in Figure 2a. Here, we notice
that the length traveled by the latex stream following the
direction of the feed pipe is substantially shorter than that in the
previous case, even though it is not negligible as nonjet con-
ditions would require.

In the discussion earlier, we considered only the mixing
process occurring on the mesoscale, based on the observation
that the average aggregate sizes measured experimentally fall
above the Kolmogorov scale calculated through CFD simula-
tions. However, owing to the increase of viscosity caused by
the suspended phase, the Kolmogorov scale could be actually
larger than the given estimate. In this situation the mechanism
of mixing due to energetically active small scale motions (that
is, micromixing) is radically different from that acting on the
mesoscale and discussed earlier. It is worth then to discuss the
experimental observations in the frame of micromixing. A
widely adopted model for micromixing is the so-called engulf-
ment, deformation, diffusion (EDD) model.?42528.29 According
to this model the main mechanism of micromixing is due
fluctuating vorticity. Vortices engulf ambient fluid, thus, form-
ing partially segregated laminae of initial size m which are
stretched while diffusion transports chemical species across the
laminae, thus, allowing for chemical reaction. When a time 7,
is reached the vortices return to isotropy and new laminae are
formed. This process repeats itself at a frequency 7,,', while the
number of laminae follows a geometric progression of ratio 2.
The process lasts until reaction is complete. The size of the
vortices is assumed to be ~12m which corresponds to the
shortest time to regain isotropy 7, = 12.7(v/e)"%. Within this
description of mixing at the small scales an important charac-
teristic time is that of diffusion into a shrinking slab 7, which
is given by

v 172
Tps = 2<g> arcsinh(0.05 Sc), (26)

where Sc = u,/pD is the Schmidt number with D representing
the diffusion coefficient, and p and p,, the density and viscosity
of the suspension, respectively. When Sc is much smaller than
4,000, and the diffusion coefficients of the chemical species are
not substantially different, engulfment becomes limiting, and
the EDD model can be further simplified into what is known as
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Figure 12. Characteristic times relevant to the interplay
between micromixing and aggregation/gela-
tion plotted vs. the latex feed flow rate, Q, in
conditions corresponding to the series of ex-
periments E: Characteristic time of aggrega-
tion, 7, (dash-dotted line), characteristic time
of gelation, 74 (dash-doubledotted line), mi-
cromixing time, 7, (dotted line), characteris-
tic time of salt diffusion across a shrinking
slab, 755 (solid line), characteristic time of
primary particle diffusion across a shrinking
slab, 755, (dashed line).

the E-model.?® The resulting characteristic micromixing time
scale is then given by Eq. 9 and corresponds to the time scale
of fluid engulfment. Within this description of micromixing,
we will have to accommodate salt diffusion from the engulfed
lamellae into latex lamellae, aggregation/gelation and aggre-
gate diffusion out of latex lamellae. It is important to stress
that, as opposed to the case of standard chemical reactions, in
our case the fluodynamic is affecting not only the mechanism
of micromixing but also the aggregation rate equations. As a
consequence interpretation of experimental results is less
straightforward than in the case of chemical reactions.

In our situation, the Schmidt number for the salt falls well
below 4,000, therefore, salt transport into the latex is limited by
engulfment. This, however, doesn’t ensure that aggregation
will occur in homogeneous conditions within the latex lamel-
lae, indeed the salt concentration in the median plane of the
lamella will reach the CCC after a time 7,5, (given by Eq. 26
substituting the diffusivity of the salt) has elapsed since the
lamella has been formed. In concentrated conditions this time
might result longer than the characteristic time of aggregation

74. This is illustrated in Figure 12 where several characteristic
times related to micromixing and aggregation/gelation are plot-
ted against the latex feed flow rate, Q, for conditions corre-
sponding to those of the series of experiments E. Here we
notice that 74 (solid line) is always larger than 7, (dash-
dotted line) as foreseen. This wouldn’t affect the final result if
particle would diffuse out at the same rate as the salt diffuses
in. However, the dashed line in Figure 12 shows that this is not
the case since the characteristic time of primary particle diffu-
sion across the lamella, 7pg, = 2(v/e)"*arcsinh(0.05D,/
p,) is relatively larger than 7, .. We should also note that, as
particles aggregate and grow, their diffusion coefficient de-
creases, thereby, further substantiating the previous statement.
The net result is that in our case the EDD model cannot be
simplified to the E-model and, consequently, both the time of
engulfment (or micromixing time) 7, and 755, have to be
considered in the interpretation of our experimental results.

As indicated earlier, it is reasonable to assume that in the
series of experiments E the latex feed stream is in jet conditions
at least for high latex feed flow rates. Accordingly, we plotted
in Figure 12 the characteristic times related to micromixing
assuming jet conditions in the latex feeding stream. Always
bearing in mind that the right value for the characteristic time
of gelation, 7 (dash-doubledotted line) might be smaller, we
see that at low Q, gelation is faster than aggregate diffusion
across the slab. Hence, the lamellae formed during salt engulf-
ment and gelation are frozen to the size reached by stretching
during this time span. As Q; increases the rate of stretching of
the laminae increases causing the gelation to freeze in smaller
structures. Further increases of the latex feed flow rate result in
shorter aggregate diffusion times over the lamellae. Therefore,
at some point the aggregates are able to diffuse over the
engulfment volume before gelation occurs. In this case aggre-
gates are formed in more dilute conditions most likely result in
less denser structures. This interpretation is in agreement with
the initial decrease of the volume weighted average size ob-
served in series of experiments E and reported in Figure 8a.

We should stress that the arguments given above are intrin-
sically of qualitative nature and, therefore, have to be used only
as a guide for our understanding. For a quantitative interpre-
tation of these results CFD tools coupled with suitable models
of mixing at all scales, and a rigorous model for the aggrega-
tion/gelation process should be used. This is, however, beyond
the scope of this experimental investigation.

For what concerns the effect of the final solid volume frac-
tion, ¢ illustrated in Figure 8b the observed decrease of the
average sizes is in contrast with what reported in Ref. 3! where
the aggregation and breakage of polystyrene aggregates of 1
um dia. in agitated vessels was studied and an increase in the

Figure 13. SEM pictures: experiment number as in Table 1.
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average size was observed. However, it should be pointed out
that, owing to the adopted light scattering sizing technique, the
maximum explored solid volume fraction was about 2 - 103
which is one order of magnitude smaller than the minimum
value investigated in this work. In these conditions mixing is
presumably faster than aggregation and the system is then
uniform. Accordingly, an increase of aggregate size with solid
content would be justified owing to the fact that aggregation
and breakage follow second and first-order kinetics, respec-
tively. Even if one would speculate that there exists a critical
size above which the aggregation rate drops to zero due to
inertial effects or to the fact that breakage events are correlated
to aggregate encounters, still only a plateau would be justified,
but not a decrease of the aggregate size as the one observed in
Figure 8b. We must consider, though, that at high solid volume
fractions, such as those investigated in this work, the flow
alteration of the continuous phase produced by one aggregate is
felt by the others. The net result is that the viscosity of the
suspension increases with volume fraction, so that for a given
shear rate (or equivalently a stirring speed) the shear stresses
acting on each aggregate increase with solid volume fraction.??
This leads to an apparent order of the breakage kinetics which
is larger than two and could justify the decrease of the aggre-
gate size shown in Figure 8b.

In light of the discussion above, we can further analyze the
transient behavior observed in the first experimental setup and
illustrated in Figure 6. Due to the high feed volume fraction,
latex volumes entering the vessel are immediately aggregated
and gelled into millimeter sized aggregates, which are, subse-
quently, broken to the equilibrium size. Since simple breakage
is a first-order process, its characteristic time is independent of
volume fraction, and remains constant as long as the stirring
speed is kept fixed. As a consequence, the dynamics of the
aggregate size distribution is controlled by the relative magni-
tude of the breakage characteristic time, and the rate at which
gel aggregates appear in the vessel, which is clearly propor-
tional to the rate at which latex is fed into the vessel. In
particular, for the large feed flow rate adopted in experiment 2
in Table 1, breakage is too slow compared to the rate at which
gel aggregates are entering the vessel. Therefore, after stopping
the feed, breakage is able to shift the aggregate-size distribu-
tion towards smaller sizes, thus, achieving the steady state
corresponding to the current conditions in the system as shown
by the experimental data in Figure 6a. On the other hand, for
the low-feed flow rate used in experiment 5 in Table 1, break-
age is sufficiently fast to achieve, at every instant, the same
pseudosteady-state conditions, which lead to the constant ag-
gregate-size distribution shown in Figure 6b. In this case of
course no change occurs in the CCLD after stopping the feed.

A final confirmation of the analysis reported above comes
from the scanning electron microscopy (SEM) pictures of the
final aggregates collected for the experimental runs 4, 5 and 6
in Table 1, that is, series C in Figure 3, where at ¢, = 0.111
the stirring speed increases from 165 rpm to 645 rpm. We can
observe very clearly the lamellar structure of the sample at the
smallest stirring speed, which supports our understanding that
the latex volume, after being stretched and folded, was frozen
in the resulting lamellar shape by gelation. Subsequent mod-
erate agitation in the vessel was not able to destroy the resulting
structure. Upon increase of agitation it is evident that the same
lamellar structure is gradually destroyed. It should be noted
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that these results indicate that the morphology of the aggregates
is not affected by the softening of the polymer induced by the
heating stage above the glass transition temperature. Most
probably at the particular heat rate we imposed to the system,
the softening could only act on length-scales smaller than those
of the mixing layers before hardening due to crystallization
became significant.

Conclusions

By means of very simple relations based on the relevant
characteristic times the kinetics of micromixing and of aggre-
gation and gelation for fully destabilized polymer latex in
stirred vessels have been investigated. It is shown that, in
industrially relevant conditions (that is, volume fractions above
10% and primary aggregate sizes below 200 nm), latex aggre-
gation, and even gelation are complete before mixing at small
scales is achieved. These conditions have been investigated
experimentally by feeding an electrostatically stabilized PVYDC
latex in a stirred vessel operated in a semibatch mode
together with a salt solution with concentration above the
critical coagulation concentration (CCC). During aggrega-
tion the temperature was always kept below PVDC glass
transition temperature. The aggregate-size distribution was
monitored in situ and online by means of the focused beam
reflectance method.

In a first experimental setup the salt solution and the latex at
11.1% volume fraction were fed into the system over a fixed
time interval. At high volume fractions the steady-state aggre-
gate size was shown to be quite insensitive to the stirring speed.
The opposite behavior was observed when the experiments
were run at lower solid volume fractions. This observation
suggests that a profound change in the aggregation/breakage
mechanism occurs as the volume fraction in the system in-
creases. Although this setup reproduces the conditions of the
typical industrial coagulation unit, it has the disadvantage that
both the fluodynamics (due to the filling in time of the vessel),
and the solid volume fraction change continuously during the
process.

To avoid this, a second experimental setup has been designed
where the three main operating variables: feed flow rate, feed solid
volume fraction and final solid volume fraction in the vessel, can
be investigated independently. The interpretation of the obtained
results is based on the interaction between aggregation/gelation
and mixing at small scales. Both mesomixing and micromixing
were considered. Care was taken to properly account for the
peculiarities of aggregation as opposed to standard fast chemical
reaction. A simple estimation of the relevant characteristic times
shows that aggregation/gelation and mixing at the small scales are
the two competing processes, as it is also confirmed by the plume
of gelled latex formed immediately after the entrance of the feed
stream in the vessel. The general trend is that when gelation is
faster than mixing at intermediate and small scales, the latex
volumes gel before the surrounding turbulent flow can break them
down to either the Kolmogorov scale in the case of mesomixing,
or to scales small enough to allow for diffusion in the case of
micromixing. The final size of the aggregates is then determined
by the competition between the two processes. They tend to be
larger the faster gelation can freeze in the latex volume, and the
slower mixing breaks them through the turbulent stretching and
folding mechanism. This conclusion is supported by the scanning
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electron microscope images of the final aggregates. In the case of
the fastest gelation times, that is, at large feed solid volume
fractions, they still exhibit a lamellar structure resembling the
shape of the fluid folding during mixing at the outlet of the feed
pipe. Due to the relative similarity between the micro- and meso-
mixing time most probably both mechanisms play a role on the
experimental observations. However, considering the approxima-
tions involved in the estimation of the relevant characteristic
times, these conclusions have to be regarded as qualitative.
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Notation

a = primary particle diam.
d,; = volume weighted average aggregate size
d; o = number weighted average aggregate size
d, = feeding pipe diam.
D = diffusion coefficient
D, = diffusion coefficient an aggregate of nondimensional mass i
C = salt solution concentration in the system
Ci = salt solution feed concentration
i = nondimensional mass of an aggregate
Jj = nondimensional mass of an aggregate
k = nondimensional mass of an aggregate
k, = prefactor in fractal scaling (Eq. 5)
kg = Boltzmann constant
K, = aggregation kernel matrix
= Brownian aggregation kernel matrix
= turbulent aggregation kernel matrix
N; = number concentration of an aggregate of nondimensional mass i
N! = number concentration of an aggregate of nondimensional mass i
in the feed stream
Q, = latex volumetric feed rate
Qg = salt solution volumetric feed rate
R; = size of an aggregate of nondimensional mass i
S = impeller rotational speed
Sc = Schmidt number
t = time
T = temperature
u = average velocity near the feed point
u,, = linear velocity in the feeding pipe
V, V(t) = volume of the system
V. = foot salt solution volume
V, = final total volume in the vessel

Greek letters

a; = proportionality constant between CLD and ASD moments (Eq.
16)
B = hydrodynamic parameter appearing in the Stokes-Einstein rela-
tionship (Eq. 4)
I', = first-order breakage rate constant
A, = daughter aggregate mass distribution
At,. = feeding duration
& = rate of turbulent energy dissipation
n = Kolmogorov microscale
A, = characteristic lengthscale of the feeding stream
= suspending medium viscosity
p; = j-th order moment of the CLD
p; = j-th order moment of the ASD
W, = suspension viscosity
v = suspending medium kinematic viscosity
p = suspension density
 eso — characteristic time of mesomixing in jet conditions
Y.« = characteristic time of mesomixing in nonjet conditions
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7, = Kolmogorov time scale
T, = characteristic time of aggregation

Tps = characteristic time of diffusion across a shrinking slab
Tps,s = Characteristic time of diffusion of salt ions across a shrinking slab
Tps,p = Characteristic time of diffusion of primary particles across a

Li

1.

2.

15.

16.

17.

18.
19.

20.

21.

22.

23.

Published on behalf of the AIChE

shrinking slab
T = characteristic time of gelation
Ty, = characteristic time of mixing
T, = characteristic time vortex return to isotropy
solid volume fraction in the system

¢

¢y = feed solid volume fraction
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Appendix

In order to estimate the values of turbulent energy dissi-
pation rate computation fluid dynamics (CFD) simulations

were performed. In our simulations the standard k — & model
of turbulence was used.3334 This model was combined with
standard wall function to resolve the near-wall region. The
viscosity was set to that of water at 25°C. In order to
sufficiently resolve the flow inside the vessel a mesh com-
posed of circa 350,000 cells with particular attention to
intense shear and mixing regions was used. For that purpose
several refining steps of the mesh near the important regions
(impeller and feeding pipe) were performed, which leads to
a cell size of around 200 um in this regions. This size was
at least one order of magnitude smaller then the integral
scale of turbulence.>* The value of the turbulent kinetic
energy used for estimating the aggregation kernel, the Kol-
mogorov microscale, as well as the mesomixing time scale
was based on the ¢ value in the fluid volume which lies in
the region approximately one pipe diameter away from its
end. The estimated value of the Kolmogorov microscale m at
a stirring speed S = 165 rpm was: 1 = 50 wm. Since the
presence of the aggregates could have a significant effect on
the fluid flow and, consequently, on the turbulent energy
dissipation rate, we performed also simulations, where the
viscosity was increased 10 times above the original value.
The obtained values of the Kolmogorov microscales were
approximately 4-5 times larger than those obtained for the
original viscosity of water at 25°C. On the other hand, the
turbulent energy dissipation rate increases by about 50% of
the value calculated for the case with water at 25°C.

Manuscript received May 6, 2005, and revision received Oct. 11, 2005, and final
revision received Feb. 27, 2006.

2756 DOI 10.1002/aic

Published on behalf of the AIChE

August 2006 Vol. 52, No. 8 AIChE Journal



