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Abstract

The aim of the current paper is to study the influence of the interfacial tensjoand viscosity on the droplets dispersion of 1,2 bis(2-
methylpropenoyloxy)ethane (EGDMA) and divinylbenzene (DVB). This dispersion is characterized by the distribution of poly(EGDMA-
coDVB) polymer spheres. We experimentally observed that this distribution is polymodal and that the experimental maximum diameter
(dmasons IS proportional to ¢/p)®*® (p is the continuous phase density). This relation is valid whip,Xes> 17, the Kolmogoroff
turbulence microscale (which is related to the dissipated power by mass unit and the kinematic visgpsityhle continuous phase).
When Bnadons < 71, the experimental maximum diameter is not proportionabte-(p) "%, but it verifies the theory of Taylor’s viscous shear
abrasion where the maximum diameter is proportionatfg..(19p + 16)/(16 + 16)] (p = md/pc, mg andu are the dynamic viscosity of
the dispersed and continuous phase, respectivel{fp99 Elsevier Science Ltd. All rights reserved.

Keywords Poly(1,2 bis(2-methylpropenoyloxy)ethane-co-divinylbenzene); Liquid—liquid dispersion; Polymerization suspension

1. Introduction not solubilize any of the components of the organic phase.
In most cases, water is used to achieve the dispersion [5].
1,2 bis(2-methylpropenoyloxy)ethane is usually referred Each droplet constitutes a homogenous radical micropoly-
to as ethylene glycol dimethacrylate (EGDMA) which will merization [6] and yields a polymer bead.
be used throughout in this work. EGDMA is associated in ~ The main difficulty in the preparation of the polymer
minor quantities with monomers such as styrene [1], hydro- beads is the control of their mean diameter. This is also
xyethylmethacrylate [2], acrylic acid [3], etc. and it is often one of the mean diameter of the droplets at the time of
used as a reticulating agent. Few studies have beenpolymerization in an unstable liquid—liquid suspension
conducted on the copolymerization in suspension of kept in this state by mechanical stirring. In this type of
EGDMA. Yang and Hamann [1] measured the conversion dispersion, the droplets diameters depend on multiple para-
of the mixture of EGDMA-DVB (DVB: divinylbenzene). = meters such as the stirring speed, the interfacial tension, the
Sakado and Kida [4] claimed the preparation of “micro- viscosity of the phases, the presence of a protective colloid,
sponge” from a mixture of EGDMA and methylmethacry- etc.
late. The mean diameter prediction must take into account
Our aim is to establish the relations giving the maximum complex breaking and coalescing phenomena which are
bead diameter as a function of the interfacial tension and thedifficult when related to the theoretical bases. In contrast,
viscosity for a particular reactor and stirrer without a baffle. there are established theoretical relationships between the
The polymerization in suspension is a procedure which is maximum diameter of a droplets distribution and different
based on the dispersion of a organic phase composed of aexperimental parameters. The mean diameter can be deter-
least one monomer and an initiator in a liquid which does mined from the maximum diameter by way of the experi-
mental proportional relationship between the mean and
* Corresponding author. maximum diameters [7].
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Nomenclature

Cr heat capacity (J kgt K%

D stirrer anchor-shaped circle arc diameter (m)

Dt reactor diameter (m)

d theoretical droplet diameter in mathematical developments (m)
Cobs experimental droplet diameter (m)

ds» Sauter mean diameter (m)

d mean diameters of droplets (m)

Oimax theoretical maximum diameters (m)

(dmaxobs €Xperimental maximum diameter (m)

d™®  number mean diameter (m)

d” weight mean diameter (m)

e stirrer width (m)

E(k  energy distribution (J kg') for a wave numbek (m™?)

fe circulation speed or frequency (3

f(p) dimensionless viscosity function (@9 16)/(16 + 16)

G velocity gradient or abrasion velocity (§

k wave numbek (m %)

I length of the stirrer anchor-shaped circle arc (m)

N stirring speed (s

Nyi dispersed phase viscosity number (dimensionless)

p viscosity ratio= p.4/p.. (dimensionless)

P dissipated power (W)

APg pressure difference established in the drop/surrounding liquid interface (Pa)
Re Reynolds number (dimensionless)

Rer apparatus Reynolds number (dimensionless)

S droplet surface ()

Ta Taylor number (dimensionless)

u flow velocity (m s

Ve, continuous phase (aqueous solution of acacia gum and surfactant) voldine (m
Vy dispersed phase (organic phase) volumé) (m

Y, velocity vector (m s%)

We Weber number (dimensionless)

We,;; critical Weber number (dimensionless)

Wer  Weber number of the apparatus (dimensionless)

e dissipated power by mass unit (W kg

) turbulence microscale value of Kolmogoroff,= & ¥4,¥* (m)

A6 temperature increase (K)

JTs dynamic viscosity of continuous phase (Poiseuille—Pl)

My dynamic viscosity of dispersed phase (PI)

Ve kinematic viscosity of the continuous phase’@n')

Pe density of continuous phase (kg )

Pd density of dispersed phase (kg i

o interfacial tension between the dispersed and continuous phasejN m
1% phase volume fraction (dimensionless)

0} angle formed by the major axis of a deformed drop with a perpendicular to the velocity vector (rad)
V(N,)) function of the dispersed phase viscosity humber (dimensionless)
Subscripts

c continuous phase (aqueous solution of acacia gum and surfactant)
d dispersed phase (organic solution)
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Since few theoretical data justify the methods referenced diameterD. This implies that at the droplet scale the turbu-
to in the literature for the industrial preparation of main lence is locally isotropic and homogenous. Thus, the prob-
polymers such as poly(vinylchloride) [8], poly(acryloni- ability laws depend only o=, v. andd (d stands for the
trile) [9] under the form of beads, it was necessary to exam- droplet diameter). In order to attribute kinematic energies
ine the theoretical bases of liquid—liquid dispersion. for each droplet size it is necessary to formulate the energy

In Section 2, we discuss the main theoretical relations exchanges in the Fourier’s space where each wavelength is
which describe the division state of the droplets diameter’s associated to a wave numbdef13]:

distribution.
_on

g
The theoretical developments [12,13] allows to obtain the

following energy distributiorE(K) in function of ¢, v andk
according to the first hypothesis of Kolmogoroff [11,12]:

k 2

2. Theoretical part

2.1. Droplets theoretical maximum diameters of liquid—
liquid suspension according to the inertial breakup theory
of Kolmogoroff valid for a turbulent flow Ek) = £418%F (k) 3)

The stirring of liquid—liquid suspensions produces, from where
a hydrodynamic point of view, a very complex turbulent 14 34
flow. This flow depends mainly on the Reynolds number 1= €& ~ %c - (4)
(Re), a dimensionless number, which is the ratio of inertial

. i kh I h i | h i -
forces to viscous forces [10]; Sincen andk have length and inverse length as dimen

sion unit, respectivelyf: is a function of the dimensionless

_Lu productkn

Re , D
re E(K) oc 64152, )

wherelL is a lengthu the flow velocity andvy the kinematic

viscosity. Relation which is valid for:

For a given flow, Re has several relations which depend
on the observing scale of the flow phenomenon. In a turbu-
lent flow, large eddies produce smaller ones which them-  According to the second hypothesis formulated by
selves produce even smaller ones... The smallest eddies d&olmogoroff [11,12], there is a turbulence domain where
dissipate the energy as heat. Below a certain size the eddieshe probability laws depend only asnandd only without
depend no more on the turbulent flow macroscopic charac-the intervention of the viscosity.
teristics. The size of a given eddy is the distance necessary In this domain
for a full rotation (see Fig. 1).

Kolmogoroff [11] suggested the hypothesis that there is a D>d>n. )
turbglence QOmain where the turbulent field is homogenous |, this case
and isotropic.

At this scale, the probability laws do not depend anymore E(k) oc £23k 3. (8)
on the turbulent flow macroscopic characteristics, but
depends ond, & and v (d stands for the phenomenon In a turbulent flow, inertial, viscous and internal energy
scale,s the dissipated power by mass unit anahe liquid forces interact on a liquid droplet of siz: and energy
kinematic viscosity of the continuous phase). A turbulence E(k). The internal energy is'S whereo is the interfacial

is homogenous and isotopic when its statistical properties t€nsion andSis the droplet surface [14]. The maximum
are invariant by translation, rotation and reflection of the stable diameter is determined by the ratio between the inter-

D> n>d. (6)

coordinates system [12]. nal cohesion forces and the inertial and viscous forces [15]
The dispersed droplets are very small compared to large ®
scale eddies which can be assimilated to the stirrer bladegS=m ka E(k) dk, 9)

wherem s the droplet mass.
In the case wher® > d > 1, we obtain (see Appendix
A):

3/5
Omax o€ (g) P (10

Pc

e
wherep. is the density of continuous phase.

Fig. 1. Eddy of wavelength. In the case wher® > 71 > d, we obtain (see Appendix
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A):
1/3
< (227 ) 11
€Pc

These relationships may be obtained by way of the Weber

number (see Appendix A). Parametersand v, may be
easily modified by the addition of a surfactant or a viscous

substances depends on the stirring power and can be calcu-

lated.

2.2. Droplets theoretical maximum diameters of liquid—
liquid suspension according to the viscous shear breakup
theory of Taylor

Taylor [16—18] showed that the droplets in a viscous

abrasion field are sheared when the pressure differencey,, —
APg (established at the interface between the drop and the

surrounding liquid) is greater than the internal cohesion
forces.
Thus

In a laminar flow, Taylor [16—18] theoretically and
experimentally established thAPg follows the relation:

19 + 16

16p + 16 (13

APg = —4G,uc[ ]sin 20,
where G is the velocity gradient or abrasion velocity
(expressed in 8), p= pmdue wmq is the discontinuous
phase (organic phase) viscosify, the continuous phase
(aqueous phase) viscosity agdthe angle formed by the
major axis of a deformed drop with a perpendicular to the
velocity vector(V) (Fig. 2).

Combining relations (12) and (13), and assuming that

sin 2p ~ 1, dnax Can be expressed as [19]:

14

Fig. 2. Angleg formed by the axis of deformed drop with a perpendicular to
the velocity vectol/.
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3. Experimental

3.1. Definition of mean diameteds number and weight
fractions X of droplets

Number mean diametei™, weight mean diameted"
and Sauter mean diametey:

n

d™ = > x"d, (15)
1

_ n

d" = > x"d, (16)
1
n
> X"
L . 17)
> xd?
1

Number and weight fractions:

X =, 18)

where n; is the number of droplets of diameter for a
sample ofn droplets

19

m is the weight of droplets of diametdy, mis the weight of
sample

m=>"m, (20)
m = (npwd?)/6. (D)
Thus, Eg. (16) can also be expressed as:
n
Z nd’
v = = (22)

inid?.
1

The general equation for the average diameters is [7]:
n
Z n;d’
1
5 ,
Z nd’
1

wherep — q=1; p andq are positive integers.

doq (23)

3.2. Materials

Divinylbenzene (DVB) is a commercial mixture contain-
ing meta and para isomers (55%) and ethylbenzene, 98%
purity EGDMA were purchased from Aldrich Chemical.
These products were distilled under reduced pressure before
use. Toluene (free of G¥from Aldrich Chemical was
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dodecylsulfate is equally called continuous phase. In this

work, for each trial, the dissipated power was maintained

- constant by fixing the rotation speed. Three series of experi-
100 ments were carried out: series A (A/4 to 4A), seriggC:/4

to 4CG:) and series & (Ca/4 to 36G,). In these experiments,

—1 the organic phase composition was kept constant (see Table
1). In the experiments conducted on series A, the aqueous
and organic phases composition was kept constant and only
the volume ratio between both phases varied (see Table 1).
In series G and series & the volume ratio between the

—

400 phases was kept constant.
In series G the only parameter that varied was the surfac-
—_— 30P tant concentration while in seriesyCthe only parameter
“la which varied was the acacia gum concentration (see Table
—T= 1).
B

10 3.2.3. Typical procedure
= %—{— Experiment G: The polymer beads are prepared in the
' reactor shown in Fig. 3, by adding 37 ml of the organic
phase and 86 ml of the aqueous phase. The organic phase
' is made up of 15 g EGDMA, 1.37 g divinylbenzene, 0.112 g
‘ benzoyl peroxide and 20 ml toluene. The aqueous phase is
Fig. 3. Schematic representation of apparatus and disposition of the phaseprepared as follows: 1.70 g of acacia gum are dissolved into
A and B (before stirring). All of the dimensions are stated in millimeter. 5o m| water, this solution is immediately filtered through
hydrophylic cotton to eliminate bark particle. Later,
distilled. Benzoyl peroxide (BPO) with 30% of water was 0.0225 g sodium dodecylsulfate are added and the aqueous
dissolved in chloroform then precipitated with methanol and phase volume is adjusted to 86 ml. The stirring is kept
dried under reduced pressure at room temperature. Acaciaconstant at 5.5 revolutions/s. Temperature was kept at
gum and sodium dodecylsulfate from Aldrich were used 78+ 1°C. As long as the temperature and the composition
without further purification. All of the aqueous solutions of organic phase were kept constant, the gelation time was

were prepared with permuted water. also constant. From several measurements this time was
calculated to be 2& 3 min. The gel time was previously
3.2.1. Macroscopic homogeneity of the stirring determined by bubbling nitrogen through the organic phase

Fig. 3 depicts the reactor used to prepare the beads. Its(the gelation is achieved when the bubbles cannot escape
capacity is 3 1. In the reactor two regions can be distin- anymore from the organic phase).
guished: one close to the stirrer extremity and the other  After 30 min (gel time+ 5 min), a volume of 2.5 | of the
one distant from the stirrer. For many authors, the absencecontinuous phase is added to avoid the beads agglutination,
of macroscopic homogeneity accounts for the heteroge-this volume does not have any effect on the beads diameter
neous droplet distributions even though the flow is locally since they are already formed after the gelation time. The
homogenous and isotropic, as it is seen under the theoreticabolymerization process is followed for about 4 h then the
concept concerning the droplets diameters. The absence of aemperature is allowed to decrease and the mixture is kept
macroscopic homogeneity of the flow leads to a slowing under stirring for 17 h at 2 revolutions/s. The beads were
down of the stirring. The fluid circulation speed or rinsed with water and purified by soxhlet extraction for 10
frequencyf, expressed in 'S, is different from the stirring  cycles for 8 h using methanol as solvent. The beads were

speedN (in s™°) [20]: then vacuum dried (0.1 mmHg and°€3 for 6 h. The beads
f 1 D \2 with a diameter greater than 48n were separated by siev-
N 0—85(D_) , 249 ing. The liquid containing the smaller beads was then
: T decanted. The supernatant was removed suction.
whereD is the stirrer length an®+ the reactor diameter.
As there is a small difference (0.01 m) betwézandDr, 3.2.4. Aqueous solutions viscosity
for N=55s! we have f,=5.24s Thus we can It was measured with an Ubbehlod viscometer (0.5 mm

conclude that there is no stirring slowdown in our reactor. capillary) at 78+ 0.1°C.

3.2.2. Beads preparation 3.2.5. Interfacial tension
Later the organic phase is equally called dispersed phase The pendant drop tensiometer is based on an integrated
and the aqueous solution of acacia gum and sodiumform of the Laplace equation for a drop interface, in which
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Table 1
Composition of organic and agueous phases

Series  Organic phase Agueous phase

EGDMA®(g) DVB?®(g) Toluene (ml) BPO(g) Vo’ (M) Water (ml) AG(g) SDS(g) Ve (M) Vit (M) ¢°

A4 3.75 0.35 5 0.028 9.5 86 1.70 0.0225 86 95.5 0.099
A2 7.50 0.69 10 0.056 18.5 86 1.70 0.0225 86 104.5 0.177
A 15.00 1.37 20 0.112 37 86 1.70 0.0225 86 123 0.301
2A 30.00 2.74 40 0.225 74 86 1.70 0.0225 86 160 0.462
4A 60.00 5.49 80 0.450 148 86 1.70 0.0225 86 234 0.632
Ce/a 15.00 1.37 20 0.112 37 86 1.70 0.0056 86 123 0.301
Ce/2 15.00 1.37 20 0.112 37 86 1.70 0.0113 86 123 0.301
Ce 15.00 1.37 20 0.112 37 86 1.70 0.0225 86 123 0.301
2C 15.00 1.37 20 0.112 37 86 1.70 0.0450 86 123 0.301
4C 15.00 1.37 20 0.112 37 86 1.70 0.0900 86 123 0.301
Cul4 15.00 1.37 20 0.112 37 86 0.42 0.0225 86 123 0.301
Cal2 15.00 1.37 20 0.112 37 86 0.85 0.0225 86 123 0.301
Ca 15.00 1.37 20 0.112 37 86 1.70 0.0225 86 123 0.301
2C, 15.00 1.37 20 0.112 37 85 3.40 0.0225 86 123 0.301
4C, 15.00 1.37 20 0.112 37 83 6.80 0.0225 86 123 0.301
8Ca 15.00 1.37 20 0.112 37 75 13.60 0.0225 86 123 0.301
16G,  15.00 1.37 20 0.112 37 64 27.18 0.0225 86 123 0.301
24C,  15.00 1.37 20 0.112 37 60 33.89 0.0225 86 123 0.301
32G,  15.00 1.37 20 0.112 37 54 42.83 0.0225 86 123 0.301
36C,  15.00 1.37 20 0.112 37 52 47.12 0.0225 86 123 0.301

2EGMA: ethylene glycol dimethacrylate; DVB: divinylbenzene; BPO: benzoyl peroxyde; AG: acacia gum; SDS: sodium dodecylsulfate.
b Vorg: Organic (dispersed) phase volumég aqueous (continuous) phase voluitgia = Vorg + Vag ¢ = Vorg Viera- VOlumes are measured at°25and
before the addition of 2.5 | of same aqueous phase.

the volume is a function of two coordinates and the slope of a distribution can be predicted by way of the theoretical

the drop profile. Details of this apparatus are given by Faour relationships of Kolmogoroff and Taylor.

et al.[21] and Boury et al. [22]. This tensiometer allows up  Afterwards, we will predict the maximum diameter

to five measurements per second with an accuracy greatevalues of a beads distribution in function of experimental

than 0.1+ 10> N m ™. For each measurement of the inter- parameters such as the interfacial tension and the kinematic

facial tension, the area and volume of the drop are recorded.or dynamic viscosity by the use of Kolmogoroff and
Taylor's theories. The experimental relationship between
the maximum diameter and Sauter mean diameter will

3.2.6. Size distribution determination also be established.

Since the gelation process is very fast, the distribution of
the droplets diameters correspond to the distribution of the
beads diameters. The beads diameters determination wad.1. Choice of the phase volume fracti¢n
carried out by using an optic microscope with a micrometer
(magnification 150-750). This method was found to be Vy
more accurate than a laser counting method which gaved’: Vy+ V. 25
roughly detailed distribution with two maxima.

Egs. (15) and (23) were used; the beads numbés whereVy is the dispersed phase (organic phase) volWge,
approximately 500 andh is the mass of these beads. The the continuous phase (aqueous solution of acacia gum and
uncertainty of the beads diametexd is =2 um. surfactant) volume.

Several authors have shown thdy, depends on the
volume fraction by the relation:

4. Results and discussion day o< F($)d2,, (26)
. b o

Mean diameter (numbel™, weightd" or Sauters,) of a whered3, is theds, obtained whenp tends to 0. For Calder-

polymer beads distribution constitutes an important indus- 5k [23], Brown and Pitt [24], Mlynek and Resnick [25]

trial parameter. For the direct prediction of the mean cqylaloglou and Tavlarides [26) is a linear function of
diameter, it would be necessary to take into account very

complex breaking and coalescing phenomena which parti-
cipates in the droplet formation. The maximum diameter of f(¢) = a(1 + be), (27)



Table 2

Mean diameterd”, d" andd,, of beads versus the phase volume fraction

Series A4 A2 A 2A 4A

¢? 0.099 0.177 0.301 0.462  0.632
dPx10f(m)  Aggregate  Aggregate 60 16 29
a¥ x 10°(m) Aggregate Aggregate 98.5 30 37
d3, X 10%(m) Aggregate Aggregate 92 27 39

2 g/ (Vg + Vo) (Vg dispersed phase volumé, continuous phase volume
before the addition of 2.51 of the same phase). Volumes are measured atgych a way that it may correspond to the higher important

25°C.

Table 3

Experimental parameters, mean diame®#Psd” andds, and experimental
maximum diameterdyayons for series G

Seried Cel4 Cl2 Ce plo 4C:
Csp<’ % 10* (mol/l) 2.26 455 9.07 1814 36.28
o % 10% (N/m) 7.1 4.1 4.3 2.4 1.5
(Omanops 10° (M) 182 118 138 93 72
da, X 10%(m) 116 74 92 445 28
d"™ x 16 (m) 63.5 50 60 25 13
d" x 10° (m) 137 81 98.5 50 355
032/ O 0.64 0.62 0.67 0.48 0.38
av/dne 2.15 1.62 1.65 2.01 2.65
Nyi® X 107 1.61 2.64 2.38 3.89 5.59
PN,)® % 10° 1.46 2.59 2.73 598  10.69
2For all series € Chacacia= 19.76 g/I; pc=980 kg/n?;

wg=5.32x107*PI;

pe=5.5%x10"*PI;

ve=5.61x 107" m%s;

1=20.1x10"°m; Re=88445; Ta (Taylor number, see Appendix

B) = 14 050.

b Csps sodium dodecyl sulfate concentration.
“Nyi = ud/\/pg00max With pg=836 kgm>; W(N,)=1.077.8,)*°

(see Appendix B).
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whereais close to 0.06 anldlies between 3 and 6 according
to those authors.

By fixing ¢ at 0.301, we maintain a proportional relation-
ship betweem;, anddd,. This volume fraction will be kept
constant in experimentsg@nd G,. As it is shown in Table
2, wheng is smaller than 0.301, an agglomeration of the
beads occurs and it is impossible to separate them out and
consequently it is impossible to determine the droplet distri-
bution at the gel point. The volume fraction was chosen in

difference between the phases which yields non-agglomer-
ated beads.

4.2. Determination of the turbulence microscale vatpef
Kolmogoroff

The turbulence microscale value is an important physical
criteria because it allows to theoretically determine whether
or not the viscosity plays arole in the phenomena of droplets
splitting in the liquid suspension when the suspension is
mechanically stirred.

The turbulence microscalg is calculated from Eq. (4):

4

wheree is the dissipated power by mixed mass umnitthe
kinematic viscosity (see Tables 3 and 4).

In order to determines, we measured the mechanic
energy dissipated by the agitator at a speed of 5.5 revolu-
tions/s for 20 min. This measurement was conducted by
raising the temperature of 1 kg of watekd) in a calori-
meter. The initial water temperature was close to room
temperature (1&), measured with an accuracy of (°G1

-4 _3/4

n==~e Ve

Table 4

Experimental parameters, mean diamet®fs d” andds, and experimental maximum diametel,{)qns for series G

Seried Cald Cal2 Ca 2C, 4C, 8C, 16G, 224G, 32G, 36C,
Cacacidd/l) 4.88 9.88 19.76 39.53 79.06 158.13 316.04 394.06 498.02 547.84
pe (kg/m?®) 974 976 980 991 1002 1021 1057 1091 1121 1130
weX 10° (PI) 0.45 0.46 0.55 0.95 1.62 3.20 10.5 28.8 69.2 97.4

ve X 107 (m?/s) 4.6 4.7 5.6 9.6 16.2 31.3 99.3 264.0 617.3 862.5

o % 10° (N/m) 7.3 5.8 4.3 3.6 3.6 3.6 3.6 3.6 3.6 3.6

1 % 10° (m) 17.4 17.7 20.1 30.0 44.6 73.0 173.5 361.3 683.1 877.9
Re’ 106 726 104 635 88 445 51779 30 550 15 837 4996 1880 804 575
T 17 058 16 726 14 050 8134 4720 2458 818 293 136 90

p° 1.174 1.149 0.967 0.560 0.326 0.166 0.050 0.018 0.007 0.005
f(p)° 1.101 1.100 1.092 1.067 1.046 1.026 1.009 1.003 1.0014 1.0009
(Omar)obs X 10° (M) 378 190 138 198 71 89 81 57 40.5 325
d3p % 10° (M) 220 122 92 63 32 57 36.5 29 22 17

d"™®x 16 (m) 119 59 60 35.5 16 40 22 16 13.5 11

d¥ x 10° (m) 256.5 141 98.5 89 45 62.5 43 35 26 20

032/ 0rax 0.58 0.64 0.67 0.32 0.47 0.77 0.63 0.52 0.69 0.70
avdne 2.15 2.37 1.65 2.50 2.77 1.56 1.95 2.24 1.92 1.82
N9 x 107 1.10 1.75 2.38 2.18 3.64 3.25 3.40 4.06 4.81 5.37
PN, x 10° 0.80 1.66 2.73 2.36 5.36 4.48 4.83 6.39 8.38 10.03

3For all series & Csps= 9.07x 10 *mol | 1.
P Re is the Reynolds number; Ta is the Taylor number-see Appendix B.
¢ wdlpe with pwg=5.32x 107 PI; f(p) = (19p + 16)/(16p+ 16).

INyi = pa/~/pg X 0 X Omax With pg = 836 kg m %, ¥(Ny) = 1.077. N,)*® (see Appendix A).



602 C. Galllard et al. / Polymer 41 (2000) 595-606

50 Cel4 25 Cel4
oo [T g I
ok : ; — ok : : A

50 Cegl2 1 257 Cgl/2

Sosf Ce

Number fraction (%)
Weight fraction (%)
o

4Cg 1 25+

it
50

0 100 150 0 50 100 150
Diameter (1um) Diameter (iLm)

Fig. 4. Histograms of number and weight fraction of beads in experimeist€4 G.

The calorimeter had almost the same dimensions as ouranchor-shaped stirrer of diameted (D = 0.095m),

reactor. |=0.14m, e is the stirrer width, e=0.021m and

The dissipated power is: pw= 10° kg/m®

A6 4P

— =~ = = 1.08 W/kg. 29
P=MGCt @8 = e 9 (29
where M is the mass of stirred ||qu|d’ DC_‘ 4 For a turbulent flow to be |Oca||y iSOtrOpi(D must be
810Jkg1K ™! A6 the temperature increase amdthe very large versusn and Re (the apparatus Reynolds
time (s). number) must be high enough:

For 1 kg of waterP was found to be equal to 0.2 W. We ND?

consider that the same power per unit mass is dissipated inRe; = (30
our aqueous suspensions experiments. The stirred water
mass will bep,V, whereV is the volume taken to be N, D, v, keep their previous definitions. In general

equal to @l%e)/4, wherel is the length of the arc circle  Rer > 10 000 is considered as an important high enough

Ve

401 Cpl4 1 30 Cyl4 1
0 RS | N, : ok ey cexern o) [ mi
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value [27]. Tables 3 and 4 present the Kolmogoroff scale extracted (pulled out) from the surface of much bigger
(n) and apparatus Re for all of the experiments. droplets. Consequently, the bigger droplets diameter is
only slightly diminished by the formation of tiny droplets.
4.3. Distribution of the bead diameters i @nd G, series A similar explanation was advanced by Brown and Pitt [32].
Figs. 4—6 represent the histograms of the number and If the Ward and Knudsen [29] mechanism could be
weight fractions established according to Egs. (15) and applied to our values, the ratid"/d"™ should increase as
(16). As the gelation phenomenon is rather brief, the distri- the viscous abrasion phenomenon increases. In fact, the
bution of the polymer beads is identical to the monomer mean diameter in mas$" should be slightly affected by
droplets distribution at the gelation time. the appearance of very small beads whose total mass is very
The G series were conducted at a constant kinematic small. Conversely, the appearance of a large number of very
viscosity of the continuous phase.] and varying interfa-  small beads induces an important decrease of the mean
cial tensions ¢). As the interfacial tension decreases a diameter in numbed™ leading to a predictable increase
narrowing of the intervals of the beads diameters’ values of d"/d"™. Experimentally, the relatiord"/d"™ may be
is observed. The smallest diameters found are close toconsidered to be constant, in spite of some experimental
10 pm. uncertainties due to the fact that it is difficult to accurately
In the G, series, the same pattern is observed, but in this measure mean diameters and number fractions (see Tables 3
case the interval narrowing is due to both an interfacial and 4). Thus, the Ward and Knudsen mechanism does not
tension decrease and a kinematic and dynamic viscosityseem suitable to account for the distribution obtained in our
increase as it is reported in Table 4. However thquh® experiments.
limit is also present in this case. It is important to observe
that in each experimem > d > 7 is verified for the high- 4.4. Maximum diameter in function of the interfacial tension
est beads while for diameters close to s we have with a constant viscosity of the continuous phase
D> n>d, and this is true whether, is constant (g The dynamic viscosity of the continuous phapg) (was
series) or variable (Cseries). kept constant at 5510 * Poiseuille (Pl) by keeping a
Several authors [28—31] consider the droplets breakageconstant acacia gum concentratior: &ries). The interfa-
as a random process of a big number of events. For acial tension measurement is obtained by the pendant drop
“mother” droplet of volumey, the “daughter” droplets of = method wherer values decrease in function of time until
volumex are distributed around a mean valuaccording to they reach an equilibrium value.

a Gaussian distribution which does not correspond to our This phenomenon occurs when the solution contains a
experiments as several maxima were found. solubilized polymer. The adsorption process is based on
Only a few works have reported a bimodal distribution the diffusion of surfactant molecules from the liquid bulk
and none a multimodal distribution. Ward and Knudsen [29] towards the interface and an energy barrier which corre-
explained the bimodality by a viscous erosion phenomenon sponds to conformational changes as well as to the penetra-

of the droplets. tion of the interface.
The stirring effect causes several small droplets to be In a mechanical stirred system, the diffusion can be
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Let us now consider our results in the case of inequalities
(33)—(35).
In the case where relation (33) is effective, the influence

neglected and the concentration beneath the interface is thabf kinematic viscosityr. should not be observed and the

of the bulk. This is commonly used by biochemists while
studying enzymatic activity at the interface [33,34]. From

this fact we assimilate the interface tensions of our suspen-

sion polymerization to the adsorption kinetic equilibrium
values obtained by the method of the pendant drop.

Eqg. (10) shows that whed > 1 the theoretical maxi-
mum diameteid,,., depends only op, o, £. In Cg series,
pc ande were kept constant and Eq. (10) is reduced to:

Omax o< O

when InQnha)obs IS plotted against Iar, the linear relation-
ship (32) is obtained for £series (see Fig. 7)

IN(Amaops= Kk + aIn o.

We found from these data thit= —5.71 anda = +0.59.

« is close to the theoretical value 6f0.60. Thus, the
Kolmogoroff theory seems to be suitable to explain our
results.

(32

4.5. The effect of acacia gum concentration

Hydrosoluble polymers are widely used to reduce beads
mean diameter, though their influence on viscosity has not
yet been clearly defined, their main role being the reduction
of coalescing.

In the G, experiments, sodium dodecylsulfate concentra-
tion was kept constant (9.0710 % mol/l) and the acacia

following relation can be applied:

Omax o (07pe)*™. (36)

Fig. 8 shows thatdya)oss (0d0)*” is effectively constant
within the experimental uncertainty.

According to the theory of isotropic and homogeneous
turbulence, whendq,a)ons~ 71 is verified, there is no theo-
retical relationship betweem, v, ande.

In contrast, under the conditions of relation (35), the
viscosity may influence the droplets diameter according to
the first hypothesis of Kolmogoroff [11,12].

Therefore the relation (37) (see Appendix A) should be
applied:

37

Fig. 9 shows that there is a linear relationship between
In(dmaons@nd Inveo/pe, but with a power of-0.42 instead
of 1/3. Also it is seen that whenever.c/p. increases
(dmagobs decreases, which is contrary to the theoretical
predictions where dyha)ons Should increase as.o/p.
increases, the proportionality coefficients being positive.

Omax ¢ (VCO'/PC)IB-

-9.6

gum concentration was increased in a ratio of 1-112. As a
consequence, the dynamic viscosity was increased in a ratio
of 1-216 and the interfacial tension was reduced (see Table
4).

Comparing the values ofl(.).ns t0 the values ofp (see
Table 4), three groups of beads diameter are found. These
three groups are related to the following inequalities:

(33

In (dryaxdobs.

-10.4 ¢, . )
-24 -23.5

D > dmax > 7,

-23 -22.5
In (v.o/p)

-22

D> dpax~ . (34

Fig. 9. Variation of In @na)obs VErsus Invco/p. for experiments & with
1 >> Amax

D > 1> dnay (35
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In several experimental studies, the dynamic viscosity
parameter of the continuous phasgis taken into account
by power relations of the following type:

s . m_6

dobdD = ko“puc pe- (39

For Rodger [35]:s=0.36, m=—-0.2 and 6 =0.36,
Sprow [7]: s=1, m=—0.5 and 6§ = —1.5, Lazo [36]:
s=0.4 andm=0.056 @ not given), Hopff [37]:s=0.9
andm= 1 (6 not given). These dispersed data are not useful
because there is no mention of ttigs values compared to
1. To our knowledge, the validity of relation (37) has never
been confirmed. We consider that the viscosity is the deter-
mining factor on the droplets diameter instead of the inertial
breakage. Thus, we must consider the existence of a differ-
ent droplet breakage mechanism when> dyax.

In order to verifyn > dn,.We had to greatly increase the
viscosity, thus Taylor's number and Reynold’s number were
decreased (see Table 4).

Therefore, the issue of the laminar or turbulent nature of
our flow raises here. In the case of a fluid flowing across two
concentric cylinders, where one of them is in rotational
movement, Taylor showed that a laminar domain is estab-
lished with presence of vortices whenever 44&.3a < 400
[38] (see Appendix B). Although the stirring in our reactor
induces a different flow than in the previous cases (33) and
(34), we assume a laminar flow in the experiments where the
relation n > dq. is verified (see Table 4). Thus, relation
(14) has to be considered in this case

19 + 16

16p + 16 ]
Fig. 10 shows that there is really a linear relationship by

plotting (dmaxobsVersuso/[uc(19p + 16)/(16p + 16)]. Thus,

the Taylor's theory seems to be suitable to explain our

results.

z (14)

Oax =

zeuc[

4.6. Relation between the maximum and mean diameters
In many cases, the proportional relation (39) is generally
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Fig. 10. Variation of @magobs VErsusa/p.. f(p) for experiments ¢ with
1 > Gnay F(P) = (190 + 16)/(16p + 16) andp = ud/pc.

605
admitted betweendf,,,)ons and dso.

32 = Ka(Amaxobs (39

Values of the ratiay/(dmayons fOund in the literature are
equal to 0.38, 0.50, 0.50 and 0.70 according to Sprow [7],
Van Heuven [39], Mc Mamaney [40] and Brown and Pitt
[41], respectively. The value of the relaticy/(dmagobs
strongly depends on the reactor design and the operating
conditions as it is seen from the dispersed values listed for
k.. In our reactor, the mean of 14 valueslgfis equal to
0.58.

5. Conclusion

From the study of a suspension polymerization in toluene
of EGDMA-DVB, we have deduced two mechanisms for
the breakage of the droplets of monomers.

Comparing the experimental maximum diamethfz0ops
of the polymer beads to the Kolmogoroff's scale of turbu-
lencen, we can assume that:

(i) When @nadons>>> 1, the experimental results lead to a
dependence ofdfa)oss @S a function of ¢/pc)*>°. This
exponent is very close to the theoretical exponent (3/5)
appearing in the inertial breakage theory of Kolmogoroff.
The droplet splitting can therefore be described by an
inertial breakage.

(i) When (Onadobs< 1, the experimental data show
that @mnadobs ObEYS 10 (dmaobs = 07[pc(19p + 16)/
(16p+ 16)], (p = mg/ e, gandu are the dynamic visc-
osity of the dispersed and continuous phase, respec-
tively). This relation corresponds to the viscous shear
abrasion theory of Taylor. The droplet splitting can there-
fore be described by a viscous shearing.

Appendix A. Theoretical maximum diameter and fixed
Weber number Wey

Weber number We is the ratio of kinetic energy, 1/2 v
to the interface tension energyd® and represents the
energy required to cause a break up of a droplet in a turbu-
lent dispersion. When we consider the particular maximum
diameterd,,,, Weber number is called the critical Weber
number, Wg;; and it can be expressed as follows [14]:

Wegip = C(1 + ¥(Ny)). (A.D)

where C is a dimensionless constan¥l,; the viscosity
number which accounts for the effect of the viscosity of
the dispersed droplet and it can be expressed as
ua/~/pgod, wherepq, pqg, o andd are the dispersed phase
dynamic viscosity, dispersed phase density, interfacial
tension, and size of the considered droplet, respectively.
P(N,) is a function ofN,; which has been formulated as
[42]: W(Ny) = LOTAN,).

In all of our experiments¥(N,;) < 1 (see Tables 3 and
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4), in consequence the critical Weber number is a constantTa< 41.3:
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the flow becomes a Ilaminar flow;

which can be expressed for an isotropic turbulence by [14]: 41.3< Ta< 400: the flow is a laminar flow with vortices;

2
Y Ppcmax

Wegri o — = (A.2)

v?is the mean square of the turbulent flow.
In the case wherd,,, > 1 we have:
12 oc (e0ma)?>. (A.3)

The Weber critical number Wg becomes:
P
We oc (2 )oeB,

C
g

(A4

In Eqg. (A.4) We,; can be replaced by the Weber number
of the apparatus Wg43]:where
_ N*D°p,
N g

Wer (A.5)

&= KN°D?, (A.6)

whereN is the stirrer rotation speedf the dimensionless
constant depending on the reactor desifnthe stirrer
diameter.

WhenD andN are kept constant:

o 3/5
dmax o <_) . (36)
Pc
In the case wherdg,« < n:
Jx(f)ﬁw (A7)
Ve
Eq. (36) allows to obtain:
&£
Vvecrit oc <_><&)dr?;1a>o (A~8)
Ve o
&
Vvel' o (7>(&>d%ax (A_9)
Ve o
WhenD andN are maintained constant:
V.o 1/3
< (%) 37
Pc

Appendix B. The Taylor number

The Taylor number (Ta) allows to characterize the condi-
tions in which a liquid flowing around two concentric cylin-

ders becomes unstable [38]. It is expressed in the following [36

form:

us |8

Ta= —,
14 ri

(B.D
whereu is the velocity of the flowy the kinematic viscosity
of the flow. 6 = R —r;, 6 denotes the gap widtiR is the
highest cylinder radius; the inner cylinder radius. When

Ta> 400: the flow is a turbulent flow.
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