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ABSTRACT: Static mixer (SM) can be applied for emul-
sification, but the fundamental understanding of the na-
ture of fluid flow and mixing in static mixers, is however
poor. Droplet size is a very important parameter in minie-
mulsion systems and affects strongly the mechanism of
particle formation in polymerization reactions. In this
study, static mixer was used as homogenization device for
emulsification of methyl methacrylate (MMA). Re number
(Re) was obtained for SM inserted tube in different flow
rates. It was demonstrated the nature of fluid flow was
turbulent under our experimental conditions. The relation-
ship between droplet size—the most important variable in
our study—and Weber number (We) was investigated.

The results showed that the ratio of the droplet size to the
pipe diameter was fit as an exponential function with an
order of �0.35. The polymerization of created droplets
under certain We values by SM showed that it is possible
to obtain a reasonable 1 : 1 copy of droplets to the par-
ticles. All these, indicate that using relationship between
We and droplet size allow one to obtain acceptable condi-
tion of droplet nucleation in miniemulsion polymeriza-
tion. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 120: 1591–
1596, 2011
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INTRODUCTION

In miniemulsions, the monomer and aqueous solu-
tion should be mixed together and emulsified using
a homogenization device to break up the monomer
phase in to nanodroplets.1 It seems that obtaining a
stable miniemulsion with small enough droplet size
is necessary to achieve miniemulsion polymerization
in which predominant mechanism is droplet nuclea-
tion.2 However, it is difficult to create a miniemul-
sion with preknown droplet size to ensure the cap-
ture of free radicals by nanodroplets. This is why,
similar to emulsification of two immiscible fluid,3,4

droplet size is the most important variable in minie-
mulsions, and is useful to control both emulsifica-
tion and polymerization processes. Thus, the estima-
tion of this parameter can lead to a better control of
the emulsification and polymer particle formation.
The control of droplet size allows one also to benefit
miniemulsion polymerization to incorporate hydro-
phobic particles into polymer particle via a 1 : 1
copy of droplet to particles.1,5–7

Several homogenization devices have been used
for emulsification of monomer including simple mag-
netic agitator, ultrasonifier, rotor-stator, etc.1,5,6,8

Recent studies have been shown some evidence on
the beneficial features of static mixer in miniemulsifi-
cation process.9–11 In our previous work,12 the advan-
tages of SM were highlighted that include high
performance, continuous operation, energy saving,
minimum space requirement, low maintenance costs,
trouble free operation, easy measurements, and
improve of product control. One can say that SM can
be considered as an excellent candidate homogeniza-
tion device for miniemulsion polymerization.
In emulsification process using SM, the parame-

ters affecting droplet size can be classified into two
groups: the first relates to materials properties13,14

which include generally the nature of materials of
two phases and the concentration of surfactant. The
second group of parameters affecting the droplet size
in emulsification process can be called as operational
parameters including: mixing time, flow rate of liquid
in pump, length and diameter of the tube, dimension-
less numbers (Reynolds, Weber, and capillary num-
bers), porosity of SM, and recycling number. Some of
these parameters were investigated previously12 and
in this article, for the first time to the best of our
knowledge, the relationship between nanoscale droplet
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size and fluid flow characteristics in emulsification
has been investigated. Furthermore, the nanodrop-
lets created by Polyacetal (PAC) SM were polymer-
ized to ensure successfully conversion of each drop-
let to the polymer particle.

Theoretical aspects

Many research works were done to relate the drop
size to dimensionless number in micro-scale emul-
sions obtained with different types of static
mixer.4,15–21 The droplet size distribution of the
Sauter emulsions is described using a typical aver-
age diameter. The average surface droplet diameter,
d32, is the more relevant in cases where the interfa-
cial area is a control parameter for the chemical reac-
tions, because it links the area of dispersed phase to
the volume and hence to mass transfer and chemical
reaction rates22; this is why that, d32 has been used
extensively in the characterization of liquid/liquid
dispersions.23,24 The definition of the Sauter mean
diameter is given in eq. (1).

d32 ¼ ðRinid
3
i Þ=ðRinid

2
i Þ (1)

where ni and di are number and diameter of drop-
lets, respectively. To relate this variable to dimen-
sionless numbers, it is important to know the nature
of fluid flow and droplet break-up mechanism.

Traditionally, in microscale emulsions the majority
of the investigators have evaluated the mean drop
diameter in an effort either to define the maximum
drop diameter that can resist break-up or the colli-
sion and coalescence frequency of drops in a flow
field. Some investigators have tried to combine both
phenomena in models that are based on drop pop-
ulation balances.15,25,26 However, Berkman and
Calabrese16 made exhaustive studies on the effect of
dispersed phase viscosity on the drop size distribu-
tions in Kenics mixer and developed a correlation
predicting the mean drop sizes against the physical
and operating variables. The results of some stud-
ies27 reported concerning to droplet size particularly
d32/D ratio (d32 and D are Suater mean diameter of
emulsion droplets and diameter of tube, respec-
tively) for SM is summarized in Table I.

It can be seen from Table I that the exponent of
We number is usually between �0.75 and �0.33,
and that of Re number varies from �0.2 to 0.15. In
the other words, dependency of droplet size to We
is much higher than its dependency to Re.

Despite to enormous work both on traditional
emulsification of two immiscible fluid to obtain rela-
tively large drops from one side and miniemulsion
polymerization using traditional homogenization
devices from other side, any effort has been done to
relate droplet size in miniemulsions to dimension-

less number. In this study, the main aim is the study
of the relationship between dimensionless numbers
and droplet size, to verify whether or not the nano-
scale emulsions (miniemulsions) systems follow the
same behavior as microscale emulsions. This will
allow us to estimate the size of droplets in nanoscale
by a usual manner used for microscale emulsions.

EXPERIMENTAL

Materials

Methyl methacrylate (MMA, 99%), was supplied
from ACROS. MMA was used as monomer because
of it was shown previously12 that it is possible to
obtain easily stable miniemulsion of this monomer
using SM as homogenizer. n-Hexadecane (HD, 99%),
sodium dodecyl sulfate (SDS, 99%), and ammonium
persulphate (APS) were all obtained from ACROS
and used as received. Deionized water was used as
the continuous phase.

Homogenization procedure

The commonly used method to prepare miniemul-
sion is dissolving the surfactant in deionized water
and the hydrophobic agent in monomer. These mix-
tures are separately stirred, and then organic phase
is added to aqueous phase while stirring and ho-
mogenized with a homogenization device.6

The SM was used as homogenization device pur-
chased from Bioblock (France). It was made from
polyacetal (PAC) and design is very simple, there-
fore, it has the advantage of being very economic. A
bundle of four pieces of PAC elements with a length
of 15 cm and diameter of 0.635 cm was placed in a
tube with an interior diameter (ID) of 1 cm and a
length of 100 cm. A pump is used to circulate the
mixture through the pipe at various velocities to cre-
ate miniemulsion. The pump flow rate can vary
from 4 mL/s up to 60 mL/s which correspond to
velocities comprised between 5.5 and 78 cm/s. A
general configuration of static mixer set-up is shown

TABLE I
Relationship Between Droplet Size and Dimensionless

Numbers in Emulsification with SM

Investigator Correlation

Middleman19 d/D ¼ C(We)�0.6 (Re)�0.1

Hass20 d/D ¼ 1.2(We)�0.65 (Re)�0.2(ld/lc)
0.5

Hinze17 d/D ¼ 0.55(We)�0.6 f�0.4

Streiff et al.21 d/D ¼ fc(We)�0.6 (Re)�0.2

Berkman and
Calabrese16

d/D ¼ 0.49(We)�0.6

Chen and Libby28 d/D ¼ 1.14(We)�0.75 (ld/lc)
0.18

Das et al.27 d/D ¼ C(We)�0.33

Tidhar et al.18,29 d/Dh ¼ C(We)�0.5 (Re)0.15
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in Figure 1. The liquid is pumped from a reservoir
by the empty head of the tube and pushed into the
SM inserted section of the tube.

In a typical experiment, 4.2 g n-hexadecane (HD)
was dissolved in 84.4 g MMA and emulsified in an
aqueous solution of SDS (2 g/L) using SM.

The stability of miniemulsions was verified by
measuring droplet size periodically, if the increase
of droplet size was less than 10 nm after 4 h, the
sample was considered as a stable miniemulsion.

In polymerization step, stable miniemulsions
were polymerized in a cylindrical glass batch reactor
(150 mL) with a nitrogen inlet for all the samples.
After introduction of the miniemulsion into the reac-
tor, nitrogen was bubbled through the solution for
30 min to eliminate the oxygen before beginning the
polymerization process. Once this step completed,
the mixture is brought to the desired reaction tem-
perature and the initiator, APS (0.15 g for mentioned
recipe) is added to the batch.

The reactor contents were mixed during polymer-
ization with a glass anchor stirrer at a constant
speed of 250 rpm, and the temperature was kept
constant at 70�C, using water circulation from a ther-
mostatic bath.

Characterization of products

Droplet and particle sizes of emulsions or latices
obtained using a Malvern Autosizer (dynamic light
scattering). The evolution of the polydispersity index
(PI) furnished by the software of the ZetaSizer. It
should be pointed out that this index is a number
provided by the software and is taken as an indica-
tion of the narrowness of the distribution in ques-
tion. The manufacturer announces that a PI value of
0.1 and less suggest a monomodal distribution.

Complete droplet and particle size distributions
reported were measured using the Beckman-Coulter
LS-230 (static light scattering). Full droplet and parti-
cle size distributions included number average (DN),

surface average (Ds or d32) and volume average (DV)
values. Note that conversion of polymerization reac-
tion for all experiments was determined gravimetri-
cally, and interfacial tension values used to calculate
We was obtained by the method described by Lando
and Oakley.30

RESULTS AND DISCUSSION

The nature of fluid flow

Miniemulsions were produced by making circulate
the mixture of the two immiscible liquids (oil and
aqueous phases) through the pipe in which the static
mixer is inserted. To characterize the fluid flow in
this system, the flow rate was measured at different
levels by regulating the pump control. The results of
these measurements showed that the flow rate can
be adjusted between 4 and 60 mL/s to have a stable
fluid circulation.
The average velocity in a simple tube is defined

by eq. (2):

U ¼ Q=A (2)

where Q is the volumetric flow rate, and a is the
cross-sectional area of the pipe.
Similar to other types of SM,10,11,31,32 the PAC SM

can be used both under laminar flow and turbulent
operation condition. It is known that the nature of
fluid flow can be characterized by Reynolds number.
The definition of Reynolds number basically is the
ratio of the viscosity force to inertial force. Equation
(3) gives Re number for a simple pipe. However,
characteristics of Re number for SM inserted pipe
differ in literature based on the SM type. For exam-
ple, Re can be calculated from eq. (4) for SM
inserted pipe by considering pore33 concept and eq.
(5) give the definition of Re for SM inserted pipe by
considering hydraulic diameter18 concept.

Re ¼ qUD=l (3)

where q, l, and U are the density, viscosity, and
velocity of fluid, and D is the diameter of tube.
In addition to above-mentioned definition for

Re, Shah and Kale34 proposed also another similar
Reynolds number for a Kenics SM by incorporat-
ing porosity:

Re ¼ qUD=el (4)

This equation should be adapted to reflect the
characteristics of the system when a static mixer is
used, and various methods have been proposed for
this purpose in the literature.33 Morancis et al.33

defined a dimensionless number analog to Reynolds

Figure 1 Schema of static mixer set up, containing SM
elements, pump, and reservoir.
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number to simulate friction factor and determination
of geometric parameters in SM mixer that corre-
spond to a typical pore in this SM.

ReP ¼ qU0sdP=el (5)

where s is tortuosity (dimensionless), dP is the di-
ameter ofpore, e is the porosity of SM, and l is
viscosity.

As mentioned, Re number can be obtained also by
using the concept of hydraulic diameter [eq. (6)], Dh

which is a common term and it can be determined
by eq. (7).

Re ¼ qUDh=l (6)

Dh ¼ 4A=Pw (7)

where A is the cross-sectional area and Pw is the
wetted perimeter of the cross section. The calculation
of Dh is given here for instance at a flow rate of 60
mL/s in which most samples were prepared.

For our case, Re has been calculated for an empty
pipe and also by considering the notion of hydraulic
diameter for SM inserted tube in different flow
rates, and the results were compared in Figure 2
with those obtained using the method proposed by
Morançais et al.33

To use eq. (5) to calculate Re number, it is needed
to know the tortuosity and the porosity. The tortuos-
ity was obtained from the ratio of the length of the
curve to the distance between the ends of the SM.

The porosity of SM was determined by the follow-
ing method: the volume of a pipe with the internal
diameter of equivalent to the diameter of SM and
same length were measured by filling with water
with and without the SM elements and the ratio of
these two quantities of water gave us the porosity,
which was almost 0.8.

The relationship between superficial velocity and
Re number can be seen in Figure 3. In Figure 3, Re
is calculated for a tube without SM and compared

with those containing SM calculating from eqs. (5)
and (6) to taking in account porosity and hydraulic
diameter, respectively.
As was shown in Figure 2, Re number is in the

range of 2500–4000 regardless of the form of equation
used to calculate it, which indicates that the fluid flow
is turbulent. Since usually We number has been used
particularly to characterize turbulent flow regime by
the scientist (and capillary number is used for laminar
flow regime)15; here we will determine this dimen-
sionless number for the system in question.

Determination of Weber number

The Weber Number is a dimensionless value useful
for analyzing fluid flows where there is an interface
between two different fluids (this is the case in this
study). This dimensionless number is the ratio
between the inertial force and the surface tension
force that can be expressed as eq. (8).

We ¼ qUdmax=c (8)

where dmax is the characteristic length (m) and c is
interfacial energy (N/cm).
Note that interfacial tension values used to calcu-

late We was obtained by the method described by
Lando and Oakely.30

It is worth noting that droplet breakage can occur
when We is higher than a critical value We >
Wecrit.

17 To give an idea about parameters affecting
Wecrit, it is worth mentioning that under the general
reasonable assumptions break up of a drop occurs
when the Weber number reaches a critical value of
Wecrit.

17 Critical We number can be expressed as a
function of the viscosity as it has shown in eq. (9).

Wecrit ¼ Cð1þ /ðld=ðqdcdÞ0:5ÞÞ (9)

Figure 2 Re number determined by different methods for
different values of velocity.

Figure 3 Weber number in empty and SM inserted
pipe (Vp).
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where C is a constant and / is dispersed phase vol-
ume fraction, ld and qd are viscosity and density of
dispersed phase, respectively.17 The experimental
results showed that the mechanism of break up is
quite simple when We is equal to or slightly higher
than Wecrit. The more We exceeds its critical value,
the more complicated this mechanism becomes.17,35

The We number has been determined for emulsifica-
tion system according to eq. (8) and was traced as a
function of the average velocity under two different
conditions with and without SM in Figure 3. It can be
seen from this figure that the value of We number is
obtained for the pores of a SM is higher than that of
tube without SM. This figure shows also a considerable
increase in We number especially when the velocity is
higher than 0.48 m/s (the area that this study covers).

Relationships between droplet size
and We number

It was discussed that much research has been done
to predict the drop size obtained with different types
of static mixers. Some correlations in this respect
have been proposed by a number of scientists.15–
19,36,37 These simulations are based essentially on We
when the fluid flow is turbulent. It seems that in
such a turbulent system, the interfacial energy plays
an important role, which explains why We is so
popular in this respect. However, other models to
predict the droplet diameter, are based on a combi-
nation of We number with either Re number or the
ratio of the viscosity of the dispersed phase to that
of the continuous phase.15–19 In such correlations,
the dependence of the droplet size on Re or the ratio
of the viscosity of the two phases has a very low
order of magnitude (the power is of the order of
0.2). This is why we decided to see whether or not
we could develop a correlation of droplet diameter
with We alone. In this correlation, the parameters of
Morançais’ method were used to calculate We.

To compare our correlation with those proposed in
the literature, we used the same dimensionless diame-
ters, which is the ratio of the surface average droplet
size to the diameter of the pipe. The surface average
droplet size was obtained using light diffraction meas-
urment (Coulter LS 230). It is worth noting that the
definition of surface average diameter (ds) is exactly
the same as that of Sauter’s diameter (d32). The ratio
of the surface average droplet diameter to the diame-
ter of the empty tube versus the We number is shown
in Figure 4. The governing equation shows an expo-
nent for We of the order of �0.35 [eq. (10)].

d32
D

¼ K:We�0:35 (10)

where K is constant value for PAC SM system and
is 0.0004. The power of We number in this correla-

tion is found to be in agreement with the values that
have also been reported in the literature (�0.60 and
�0.33).15–19,36

It can be seen from eq. (10) that this correlation for
emulsification of MMA using PAC SM in this work
follows the same behavior as previously studied sys-
tems. Since the system of interest in this work obeys
similar equation as usual microscale emulsions, it can
be concluded that nanosize droplets in emulsification
by SM can be estimated by classical fluid mechanics.

Polymerization of nanodroplets created by SM

Nanodroplets created by SM PAC were polymerized
according to the recipe mentioned in experimental
section via a batch process in a cylindrical glass re-
actor (150 mL) with a nitrogen inlet.
Droplet diameter (Dd) of miniemulsions after 30

min of homogenization with SM, conversion of poly-
merization reaction after 120 min, particle size (Dp),
and polydispersity index (PI) of latices and also the
ratio of the number of polymer particles to the num-
ber of droplets (Np/Nd) are given in Table II for dif-
ferent flow rates.
The highest flow rate gave the narrowest droplet

size distribution, which in turn could be polymer-
ized to yield a narrow particle size distribution
(PSD) with Np/Nd closest to unity, indicating effi-
cient nucleation of the nanodroplets.38 The best con-
dition that we obtained corresponds to the flow rate
of about 60 mL/s.
On the basis of developed correlation, droplet size

can be predicted to be small enough to capture oli-
goradicals and the majority of droplet can be
nucleated. This helps us to guess the condition
under which droplet nucleation is predominant
mechanism of particle formation.

CONCLUSIONS

Emulsification of acrylic monomer using PAC SM
was investigated to better understanding droplet

Figure 4 Experimental correlation between droplet dia-
meter and We number.
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break up in SM. Re number was determined for a
vide range of flow rate and showed that in the
region that we obtain reasonable small droplets, the
fluid flow regime is turbulent.

Relationship between droplet size and We
obtained under turbulent fluid flow and showed
that the surface average droplet size to the pipe di-
ameter was fit as an exponential function of We. The
governing equation for PAC static mixer shows de-
pendency of an order of –0.35. These results enable
us to predict droplet size in final miniemulsions and
help us to obtain reasonable conditions under which
droplet nucleation is predominant mechanism of
polymer particle formation.

Since the system of interest in this work follow
the same behavior as usual microscale emulsions, it
can be concluded that obtaining nanosize droplets in
emulsification can be justified by classical fluid
mechanics.

It was shown that at highest flow rate, miniemul-
sions with relatively narrow droplet size distribution
was obtained and polymerization of these miniemul-
sions yield in a 1 : 1 copy of droplets to particles.
This is in agreement with the developed correlation
between droplet size and We number for microscale
systems. This method will be used for incorporation
of silica particles in polymer particles and results
will be published in future.
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