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Preparation of waterborne dispersions

of epoxy resin by the phase-inversion
emulsification technique. 2. Theoretical
consideration of the phase-inversion process

Abstract A theoretical consideration
of the phase-inversion technique to
prepare waterborne particles based
on the experimental facts of the
phase inversion process given in part
1 of this series is presented. The
deformation and breakup of the
water droplets dispersed in an epoxy
resin phase under shear action are
analyzed in terms of microrheology.
The interaction and coalescence
dynamics among the water droplets
stabilized by an interfacial layer
formed by the emulsifier molecules
are discussed in terms of Derjaguin—
Landau—Verwey—Overbeek theory
and effective collision theory,
respectively. A criterion for the
completion of phase-inversion is that
the attraction among the water
droplets exceeds the entropic
repulsion. Thus, a physical model
of phase-inversion is proposed to
predict the effects of some control
variables on the phase-inversion
process as well as the structural

features of the waterborne particles,
by which the experimental results
could be well interpreted. It is indi-
cated that the achievement of phase
inversion is determined by the
dynamic coalescence among the wa-
ter droplets before the phase-inver-
sion point (PIP). If the dynamic
coalescence among the water
droplets is ignored, phase inversion
is achieved completely and sub-
micron-sized particles are prepared.
In comparison, if the dynamic coa-
lescence is significant, phase inver-
sion is achieved incompletely and a
large complex water-in-oil-in-water
structure is prepared. In the case of
complete phase inversion, it is shown
that the size of the waterborne
particles is comparable with the size
of the water droplets before the PIP.
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Introduction

The phase-inversion emulsification technique is an
effective physical method for preparing waterborne
dispersions of polymer resins. Recently, we have suc-
cessfully prepared waterborne dispersions of bisphenol
A epoxy resin [1].

In part 1 of this series of papers, an experimental
study on the typical features of phase inversion was
presented. It was found that the degree of completion of

phase inversion is different under different conditions;
the emulsifier concentration and the temperature are two
main control variables which influence the completion of
phase inversion. Phase inversion is accomplished more
completely at the phase-inversion point (PIP) when
the emulsification temperature is relatively low and the
emulsifier concentration is relatively high. In compari-
son, phase inversion is incomplete when the temperature
is high and the emulsifier concentration is low. In the
former case, phase inversion is achieved through
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simultaneous coalescence among the nearest water
droplets, and all water droplets are inverted into the
continuous phase at the PIP. The waterborne particles
are sub-micron sized with a narrow particle size distri-
bution. In the latter case, there is irreversible coalescence
among the water droplets before the PIP and not all the
water droplets are inverted into the continuous phase,
with small water droplets being trapped in the water-
borne structure at the PIP. Thus, a complex water-in-oil-
in-water W/O/W structure is obtained.

The phase-inversion emulsification technique is an
effective physical method for preparing waterborne
dispersions of polymer resins. Almost all the work
published in journals and patents has focused on the
preparation of waterborne dispersions of polymer resins
by phase inversion and their formulation; the mecha-
nism has scarcely been reported. The mechanism of the
phase-inversion process needs to be explained urgently
in order to understand and utilize this technique better.
Here, a theoretical consideration of the phase-inversion
process is presented. Firstly, the deformation and
breakup of the water phase under shear action are
considered in terms of microrheology. Then, the expres-
sions for interaction among the water droplets are given.
Finally, a criterion for phase inversion is proposed and a
physical model of phase inversion is given to predict the
effects of some variables on the phase-inversion process
as well as the structural features of the waterborne
particles.

Discussions

Deformation and breakup of water phase
under shear action

During the experiment, water was continuously added
into the mixture of epoxy resin (E-20)/emulsifier (E325)
to drive the phase inversion. Before the PIP, the amount
of water is small and the water added is dispersed in the
viscous mixture continuous phase. The water phase
will become a fibril structure subjected to shear action.
According to Taylor’s theoretical analysis [2, 3], when
the characteristic diameter of the fibril structure reaches
a critical value, a kind of surface capillary wave is
developed. Furthermore, the fibril structure will become
unstable and will break into small water droplets owing
to the evolution of the surface capillary wave; this is
especially promoted by the extensional field [4-9]. This
break process is of the Rayleigh type [10-12]. The
dimensions and shapes of the small water droplets are
related to the reduced capillary number, K*, which is
defined as the ratio of the capillary number to the critical
capillary number. The reduced capillary number is
dependent on the water-oil interfacial tension and the
rheological parameters of the water and oil phases. The

water phase continues to break-up until the dimension
of the water droplets reaches a critical value [2—4] and
the requirement 0.1 < K* < 1 is met. In this case, the
final water droplets will be deformed to some extent and
oriented by o = /4 with respect to the shear direction.

Meanwhile, emulsifier molecules diffuse onto the
water/resin interfaces to form interfacial layers. This
diffusion process is governed by many variables, such as
the viscosity of the epoxy resin continuous phase, the
molecular weight of the emulsifier, the miscibility of the
emulsifier with the epoxy resin phase as well as water
phases, the strength of the shear field, etc. It has been
shown that some proper amphiphilic molecules with
medium molecular weight at the interface can stabilize
the dispersed phase [13—15]. In order to ensure enough
stability of the dispersed phase, it is required that the
rate for the amphiphilic molecules to diffuse onto the
interfacial phase is not slower than the formation rate of
the fresh interface. A dimensionless parameter, defined
as Pe = tp/taer [16], is used to describe this process,
where tp is the time required for the amphiphilic
molecules to diffuse onto the interface and #4.r is the
time for a new interface to form. If Pe < 1, the interface
freshly formed could be stabilized by the amphiphilic
molecules. The molecular weight of the emulsifier is an
important factor for determining the diffusion rate [17]:
the lower the molecular weight, the faster the diffusion
rate. However, the stabilization is not so remarkable
as that of a high-molecular-weight emulsifier. In order
to ensure sufficient stabilization, it is necessary for the
segmental chain length of the emulsifier to reach the
entanglement state [18]; however, an extremely high
molecular weight will result in opposite effects, such as a
slower diffusion rate and microphase separation in the
continuous phase [19]. Therefore, it is recommended to
use an emulsifier system with a double-peak molecular-
weight distribution in order to balance the stabilization
and the diffusion rate of the emulsifier. Moreover, the
diffusion process could be promoted by increasing the
shear rate. In the system studied here, there is a critical
emulsifier concentration for the freshly formed surface
to be saturated by emulsifier (a kind of amphiphilic
molecule). Below this critical concentration, insufficient
emulsifier molecules diffuse onto the interface to stabi-
lize the dispersed phase. Therefore, the concentration of
the emulsifier should exceed the critical concentration so
as to ensure stabilization of the dispersed phase.

There is a dynamic equilibrium between breakup and
coalescence among the water droplets under a shear
field. The coalescence among the water droplets can be
impeded by the interfacial film. The effects of other
factors, such as temperature, shear rate, viscosity, on
the coalescence are considerable as well. In terms of
the Smoluchowski [20-22] theory developed by Davis
and Rideal [23], the coalescence dynamics can be
expressed by
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where 7 is the number of dispersed phases, # is the time, 5
is the viscosity of the continuous phase, & is Boltzmann’s
constant, T is the absolute temperature, r is the radius of
the dispersed phase, a is the collision radius and F is the
energy barrier. A higher emulsifier concentration and
a lower emulsification temperature will give rise to a
higher energy barrier and a higher viscosity, respectively.
According to Eq. (1), the coalescence among water
droplets is ignored and the diameter of the water
droplets remains unchanged in this case. The attraction
among the water droplets will increase with the amount
of water phase, thus a “necklace” structure composed of
small water droplets is formed owing to their dynamic
collision. It is noticed that the spherical contour is kept
in the necklace structure as shown in step 3 in Fig. 1.
From this viewpoint, the net coalescence is ignored.
Otherwise, the coalescence is remarkable and large water
drops are formed through the irreversible coalescence
among the small water droplets. This dynamic coales-
cence among the water droplets before the PIP will
determine the achievement of phase inversion.

Interactions among water droplets

There are two counteracting interactions among the
water droplets: entropic repulsion and van der Waals
attraction. The entropic repulsion is mainly determined
by the strength of the interfacial film, which originates
from the hydrogen bond between the emulsifier and
water. The van der Waals attraction is governed by
many variables, such as the volume fraction of the
dispersed phase, the separation between the dispersed
phase and the interaction mode among the dispersed

thain  decomposition

Fig. 1 Illustration of the complete phase-inversion process

phase (dispersion, polar or hydrogen bond). In terms
of the attraction expression for a macrobody [24-27], it
is roughly expressed as Wa oc 421D~ 2, where Asy is
Hamaker’s constant and D is the separation of the
water droplets. According to the geometrical mixture
rule, Ay = (VA1 — vAx)?, where 4;; and 4, are
Hamaker constants of epoxy resin and the aqueous
moieties of the interfacial film, respectively. The effect of
temperature and the physicochemical properties of the
medium on attraction are reflected by Hamaker constant
A>1>. The attraction decreases with temperature because
the strength of the hydrogen bond decreases with
increasing temperature.

Physical model of phase inversion

When the system reaches a critical state, a small change
in the control variables, such as increasing water content
and decreasing temperature, will result in an abrupt
increase in attraction among the water droplets. Mean-
while, the change in entropic repulsion is not so
remarkable. Thus, a criterion for the occurrence for
phase inversion is proposed; phase inversion will take
place when the attraction exceeds the repulsion. If the
dynamic coalescence among the water droplets before
the PIP is ignored, the size of the submicron water
droplets is influenced less. When the requirement for
phase inversion is satisfied in this case, complete phase
inversion occurs via abrupt simultaneous coalescence of
the nearest water droplets, and small waterborne
polymer particles are obtained.

The complete phase inversion process is illustrated in
Fig. 1. Before the PIP, the collision among the water
droplets is reversible owing to stabilization of the strong
interfacial film, and the net coalescence is ignored. This
corresponds to the process from step 1 to 2. During this
collision process, matter exchange among the water
droplets takes place and the particle size distribution of
the water droplets becomes narrower. When the
requirement for phase inversion is satisfied, all the water
droplets will simultaneously coalesce at a rapid rate to
the continuous phase and small waterborne particles of
polymer resin are obtained. It is reasonable to deduce
that there are two typical methods to form the
waterborne particles: coalescence either among
the nearest discrete water droplets (step 3) or among
the “‘necklace” water structure (step 4). In the former
case, discrete waterborne particles will be obtained. In
the latter case, a corresponding waterborne ‘“‘necklace”
structure composed of waterborne particles is formed.
The protruding boundaries between the nearest beads
within the ‘“‘necklace” structure originate from the
coalescence among the “‘necklace” structure of the water
droplets. The angle between the bead contact boundary
and the axis direction of the necklace structure is related
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to the orientation of the water droplets before the PIP,
this has been verified by the experimental results [1].
Under shear action, the “necklace” structure is broken
up into small waterborne particles. The particle size is
determined by the periodicity of the ‘“necklace” struc-
ture of the water phase, which is comparable with the
size of the water droplets before the PIP. This will be
discussed in more detail later. It is worth noting that the
water content at the PIP is 20.09 wt% in the case of
complete phase inversion [1]. In this case, it is impossible
for the water droplets to form a maximum dense state to
drive phase inversion. It is reasonable to deduce that
there is perforation among the water droplets at the PIP
since the attraction among the water droplets is
extremely strong. This is consistent with the result of
Cazabat et al. [28] that there are the fluctuations both
in concentration and connectivity resulting from the
perforation at the interfacial film in the vicinity of the
critical point when the attraction among the water
droplets is sufficiently high. Coniglio et al. [29] correlat-
ed the concentration and connectivity in terms of a
site-bond percolation model. It is shown that the
stronger the attraction, the steeper the conductivity
increase at the critical point. Their studies supported the
result studied here. There is a length distribution for the
“necklace” structure composed of waterborne particles,
which results from the coalescence among the ‘“neck-
lace” structure of the water phase. Nevertheless, all the
“necklace” structure will be broken up into small
particles under shear action after the PIP. In the two
methods, it is not requisite for the curvature of the
interfacial film to change too much during the phase
inversion process; therefore, the waterborne particles are
not strictly spherical. This is confirmed by our result
that the boundary among the waterborne particles is
irregular rather than spherical.

The process of incomplete phase inversion is
illustrated in Fig. 2. When the coalescence among the
water droplets is significant before the PIP, larger
water drops will be formed by the irreversible
coalescence among the small water droplets under
shear action and will be randomly dispersed in the
epoxy resin continuous phase, which corresponds to
the process from step 1 to 2. This will result in a broad
size distribution of the water droplets. The interfacial
film will become weaker when the water droplets
become larger. In this case, phase inversion will take
place via the coalescence of the deformed larger water
droplets to form the waterborne structure as shown in
step 3, and the small water droplets are trapped within
the waterborne structure. Therefore, a complex water-
in-oil-in-water (W/O/W) structure is obtained, as
shown in step 4.

According to the aforementioned physical model of
phase inversion, we can arrive at a tentative result for
the correlation between the morphologies of waterborne

Fig. 2 Illustration of the incomplete phase-inversion process

particles and the dispersed phase as well as their size
dependence.

Size prediction of the waterborne structure

It is important to predict the morphology and the
size of the waterborne particles prepared by the
phase-inversion emulsification technique. In principle,
it is possible to predict the morphology and the size
of the dispersed water phase before the PIP on the
basis of the aforementioned analysis, though there
are some difficulties for the moment partially because
of the complication discussed previously. On the other
hand, information about the water content at the PIP
can be obtained both experimentally and theoretically
on the basis of the interactions among the water
droplets.

As discussed earlier, the morphology of the water-
borne particles is closely related to the dynamic coales-
cence among the water droplets before the PIP.
Generally speaking, discrete waterborne particles are
obtained by complete phase inversion at high emulsifier
concentration and low emulsification temperature,
whilst, a complex W/O/W structure is achieved by
incomplete phase inversion at low emulsifier concentra-
tion and high emulsification temperature.

It is very interesting to predict the size of the
waterborne particles in the case of complete phase
inversion. In order to derive the expression for the
particle size of the waterborne structure, the following
four assumptions are made:

1. There is no net coalescence among the water droplets
before the PIP.
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2. All nearest water droplets simultaneously coalesce
into the continuous phase at the PIP.

3. The characteristic size of the water droplets is
uniform.

4. The characteristic size of the waterborne particles is
uniform.

According to assumptions 1 and 2, the number of
waterborne particles is equivalent to that of the water
droplets in the vicinity of the PIP, as expressed in Eq. (2):

Nw = Np (2)

where N, and N, are the number of water droplets
and waterborne particles at the PIP, respectively. The
subscripts w and p stand for water and polymer resin,
respectively.

According to assumptions 3 and 4, the weights of the
dispersed water phase and the waterborne particles of
polymer resins in the vicinity of the PIP are expressed as
in Egs. (3) and (4), respectively.

1
W@_-N@(gnDa)pw, (3)

1
n@——A@(gan>pp, (4)

where D and p are the diameter and the density of the
phases, respectively.

The water content at the PIP defined in Eq. (5), can
be obtained experimentally.

W,
R=—"— (5)
Wy + W,
Equation (6) is obtained by combining Eqgs. (2)—(5).
W NyD3 py,
Wo+ Wy NuDjpy + NpDjp,
D3
WpW (6)

~ Dipy +Dip,

After a simple transformation of Eq. (6), the correlation
between the size of the waterborne structure with water
content at the PIP and the size of the dispersed water
phase is derived as shown in Eq. (7).

(7)
In our study, the densities of water and epoxy resin are
comparable, and Eq. (7) is simplified to Eq. (8):

1

b, (28)o.. ®

According to Eq. (8), the theoretically predicted particle
size of the waterborne structure is as shown in Fig. 3.

It is known that the critical water content at the PIP
ranges from 20 to 40 wt% in the case of the complete
phase-inversion process. In Fig. 3, the diameter ratio,
D,/D,,, ranges from 1.1 to 1.6. Thus, a tentative
conclusion is arrived at that the particles size of the
waterborne structure prepared by complete phase-inver-
sion is comparable with the size of the dispersed water
phase in the vicinity of the PIP; therefore, the depen-
dence of the waterborne particle size on the control
variables is predicted by analyzing their effects on
the dispersed water phase in the vicinity of the PIP,
which is possible as discussed in the aforementioned
context. This helps to design and control the size of
the waterborne particles prepared by complete phase
inversion.

Summary and conclusions

On the basis of the experimental characterization of
the phase-inversion process, including electrical prop-
erties, rheological behavior and morphological evolu-
tion, it is shown that the achievement of phase
inversion is different under different conditions. The
effects of some control variables, such as emulsifier
concentration and emulsification temperature, on the
critical water content required at the PIP and the
structural features of the waterborne particles are
investigated. Complete phase inversion dominates via
simultaneous coalescence among the nearest water
droplets when the emulsifier concentration is high
and the emulsification temperature is low. Small,
discrete waterborne particles of polymer resins are
prepared. In comparison, a complex W/O/W structure
is formed from incomplete phase inversion at low
emulsifier concentration and high emulsification tem-
perature. The deformation and breakup of water
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Fig. 3 Theoretical prediction of the size of waterborne particles by
Eq. ®)
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droplets dispersed in the viscous continuous phase
under a shear field is analyzed in terms of microrhe-
ology theory. The coalescence dynamics was expressed
by an improved Smoluchowski equation to predict the
effect of some control variables on dynamic
coalescence among the water droplets. There are two
counteracting interactions among the water droplets:
attraction and repulsion. The criterion for phase
inversion is presented according to the coalescence
dynamics of the water droplets before the PIP and the
balance between the two counteracting interactions.
This criterion acts as a guide to understand the effects
of the variables on the phase inversion process and the
structural features of the waterborne structures. If the
dynamic coalescence among the dispersed water phase
is ignored in the case of high emulsifier concentration
and low emulsification temperature, complete phase
inversion occurs and small, discrete waterborne

particles of polymer resins are formed. In comparison,
if the dynamic coalescence among the dispersed water
phase is significant, resulting in the formation of large
water drops in the case of low emulsifier concentration
and high emulsification temperature, incomplete phase
inversion occurs and a complex W/O/W structure is
formed. In the case of complete phase inversion, the
size of the waterborne particles is comparable with the
characteristic size of the dispersed water phase in the
vicinity of the PIP; therefore, the size of the resultant
waterborne particles can be predicted by analyzing the
effects of the control variables on the size of the
dispersed water phase.

Acknowledgements This work was supported by the National Key
Project for Fundamental Research ‘“Macromolecular condensed
state” of the Chinese Science and Technology Ministry and
the National Natural Science Foundation of China under grant
No. 29774038.

References

1. Yang ZZ, Xu YZ, Zhao DL, Xu M 11. Tomotika S (1935) Proc R Soc Lond 20. Smoluchowski MV (1916) Phys Z
Colloid Polym Sci Ser A 150:332 17:557

2. Taylor GI (1932) Proc R Soc Lond Ser  12. Tomotika S (1936) Proc R Soc Lond 21. Smoluchowski MV (1916) Phys Z
A 138:41 Ser A 153:302 17:585

3. Taylor GI (1934) Proc R Soc Lond Ser  13. Leibler L (1988) Makromol Chem 22. Smoluchowski MV (1917) Z Phys
A 146:501 Macromol Symp 16:1 Chem 92:129

4. Bently BJ, Mason LG (1986) J Fluid 14. Vilgis TA, Noolandi J (1990) Macro- 23. Davis JT, Rideal EK (1963) Interfacial
Mech 167:241 molecules 23:2941 phenomena. Academic, New York,

5. Bartok W, Mason SG (1958) J Colloid 15. Dan N, Tirrell M (1993) Macromole- p 344
Sci 13:393 cules 26:637 24. Hamaker HC (1937) Physica 4:1058

6. Bartok W, Mason SG (1959) J Colloid 16. Treybal RE (1980) Mass transfer 25. Verwey EJ, Overbeek JTh (1955) J
Sci 14:13 operations. McGraw-Hill, New York Colloid Sci 10:224

7. Rumscheidt FD, Mason SG (1961) 17. Macosko CW, Guegan P, Khandpur 26. Archer RJ, LaMer VK (1954) Ann NY
J Colloid Interface Sci 16:238 AK, Nakayaman A, Marchal P, Inoue Acad Sci 58:807

8. Torza S, Cox RC, Mason SG (1972) T (1996) Macromolecules 29:5590 27. Pacter A (1955) J Phys Chem 59:1140
J Colloid Interface Sci 38:395 18. Fetters LJ, Lohse DJ, Richter D, 28. Cazabat AM, Chatenay D, Langevin

9. Grace HP (1982) Chem Eng Commun Witten TA, Zierkel A (1994) Macro- D, Meunier J (1982) Faraday Discuss
14:225 molecules 27:4639 Chem Soc 76:291

10. Rayleigh L (1879) Proc R Soc Lond 19. Nakayaman AMS (1994) Thesis. 29. Coniglio A, Stanley E, Klein W (1979)

29:71

Tokyo Institute of Technology

Phys Rev Lett 42:518



