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STATUS REPORT: Microencapsulation

THE SCIENCE OF NIF SCALE CAPSULE DEVELOPMENT

Principal Investigators: Ken Hamilton, Steven Buckley, and Bob Cook

ABSTRACT
The focus of this work is the production of 2-mm PczMS mandrels by

microencapsulation for use as National Ignition Facility (NH?) laser targets. It is
our findings thus far that the processing techniques used previously for the 0.5-
mm and I.O-mm targets are no longer usefid for preparation of the larger targets
for a few fundamental reasons. The driving force for sphericity (from the
minimization of interracial energy) decreases as the radius of curvature
increases. Simultaneously, the mechanical robustness /stability of the water-
oil-water emulsion droplets decreases as the droplet size increases. The impact
of these physical conditions and the possibilities of circumventing these
limitations have been examined while attempting to meet the NIF shell power
spectrum criteria. Identi&ing the key parameters in the transition
(solidification) from a w-o-w droplet to a solid polymer shell has been understood
implicitly to be the paramount goal. It is believed through the knowledge gained
that it will be possible to minimize the deleterious forces and maximize shell
sphericity. At this point it is believed that properties intrinsic to the polymer
(i.e., PcxMS) such as its solution behavior and evolution of iilm stresses control
the overall shell sphericity.

1.0. INTRODUCTION
The goal of the this work is the production of 2-mm mandrels by

microencapsulation for use in National Ignition Facility (NI~ laser targets.
The most important specification fir the shells (after the size) is a high degree of
sphericity. Secondarily, good surface finish is needed for viable targets &laan,
1995). Both characteristics are required to obtain targets with the proper
implosion characteristics and to limit the Rayleigh-Taylor instabilities, i.e.,
thereby offering the highest possible compression ratio before ignition.
Additionally, a reasonably good level of concentricity (estimated to be -<5%) is
needed to proceed with subsequent processing steps and overcoating routines.
Mandrels of sufficient quality have a high value to the laser program as target
materials when combined with glow discharge polymer (GDP) overcoating, high-
strength polyimide coating (preferably via vapor deposition), beryllium
overcoating, or a combination of overcoats. The decomposable mandrel approach
is depicted in Fig. 1. It involves several steps: 1) the formation of a concentric,
2) solvent removal, 3) the core fluid is removed, 4) it is overcoated with plasma
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deposited polymer horn trans-2-butene and hydrogen feed stock, 5) mandrel
depolymerization.

Smaller shells for previous and ongoing laser experiments have been
made previously by drop tower techniques, interracial reactions (Arshady, 1989;
Takagi, 1993; Letts, 1996; Hamilton, 1997), ballistic furnace methods
(Merkuliev, 1995; Nikitenko, 1997), and microencapsulation. Drop tower
approaches suftler from transport limitations (in scaling from 0.5-mm diameter
to 2.0 mm diameter). Difficulties were observed in the interracial reaction
approach such as exterior surface roughness, shell sphericity, and the
complications affiliated with a pH-dependent poly(electrolyte) /diflhsion-limited
reaction. Furthermore, the results obtained from the ballistic furnace approach
have not been particularly reliable. The final option to be investigated,
microencapsulation, is currently being explored and is discussed here.

Other groups working recently in the area of microencapsulation of large
shells include: General Atomics (McQuillari, 1997), Osaka University (Takagi,
et al.), Soane Technologies, Inc., and I@ki University (Kubo, 1986; Nakano,
1996). Differences in approach to shell making have been reported with varying
results. General Atomics has been working on the preparation of PocMS shells
with the use of a single solvent system (F-Benzene). The shells that have been
produced were smaller than 2-mm (below 1500 ~m). Osaka University has made
sizable shells from PS in the range of 2-7 mm, and the wall thickness of the their
shells tended to be quite large (in the range of 100 pm). To achieve some degree
of density-matching they are working with a two solvent system, 1,2-
dichloroethane (p=l.256 g/emsat 20 oC) and toluene (p=O.8669 g/emsat 20 oC).
Because the Osaka university group uses PS (in lieu of PocMS) and they do not
subsequently decompose the mandrel, the requirements for shells are more
severe in terms of needing vacuole-free walls and a higher degree of
concentricity. This is not explicitly true for the decomposable mandrel approach.
Details of vacuole formation and the associated phase separation have been
investigated previously (Wilemski, 1995; Boone, 1995). Because we are
implementing a decomposable mandrel approach (Letts, 1995a; 1995b; 1996),
vacuoles are not an issue for us (provided their formation does not affect the
exterior shell surface), and they will not be discussed further in any great detail.

2.0. BACKGROUND
Currently, we are forming a water-oil-water (W-O-W) emulsion via a

microencapsulation technique (Fig. 2). The entire shell making process by
microencapsulation includes several steps such as droplet generation,
solidification, core extraction, iinal drying, overcoating, and pyrolysis (Fig. 1).
Because the processing is performed in a sequential manner, each step affects
(usually negatively) all subsequent steps, hence judicious choices /procedures
made at the early stages will result in the optimum shell properties. The
encapsulation routine involves the concentric flow in three cylindrical conduits.
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1)Compound Droplet Formation

2) Solid Shell Formation

Fig. 2: The microencapsulation route to shells involves three critical
steps: 1) Compound droplet formation involving encapsulation
dynamics and fluid viscosity, 2) Solid shell formation involving
density matching, agitation, time-temperature profile, and
sphericity, 3) solvent exchanges and core fluid removal.
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The innermost fluid, exiting the center orifice, is water. The next fluid, exiting
the orifice exterior the core fluid, consists of a polymer solution (ranging horn 5-
20 wt% polymer) in an organic solvent(s). Lastly, a water-based polymer
solution containing 0.5 wt”~ polyvinyl alcohol), PVA, flows through the
outermost tube. Compound drops (i.e., a water drop inside an oil drop) are
formed at the end of the oil oriiice which are removed by the flow PVA solution.

A number of shells (in the hundreds) are collected into a vessel partially
filled with PVA solution (WA acts as a colloidal suspending agent /
emulsification stabilizer). This vessel is then transferred to a water bath at
elevated temperatures (in the range of 65 oC) at which point the organic solvent
dissipates into the PVA fluid in the beaker, and it evaporates off of the top open
surface. The selection of suspension method of shells in the bath is vitally linked
to the overall survivability of shells in the 2-mm size range (Fig. 3).
Furthermore, the degree of volubility and rate of evaporation are dependent on
several factors including temperature, volatility of solvent(s), and the amount
and nature of stirring employed during solidification (Fig. 4). It is important to
maintain a suspension of shells to avoid coalescence, shell-wall interactions, and
flat spots on shells. However, sufficient but not excessive mixing is required.
Overly aggressive mixing will results in shell breakage and size attrition due to
shear forces (Stone, 1990; Fhunerfelt, 1972; Lagisetty, 1986). Upon dissipation
of the organic solvent, the core fluid is removed from the shell either by chemical
extraction means (osmotically with ethanol) or by imposed concentration
gradients (air drying at slightly elevated temperatures). At this point the shells
may be overcoated with a plasma/ glow discharge polymer (GDP), and the inner
mandrel can be removed by pyrolysis/depolymerization.

Presently, very little is understood about the fundamentals of creating
nearly-perfect, spherical drops in the millimeter size range. For the most part
and for most applications, a high degree of sphericity is not needed for
fimctionality, and few measurements have been taken to optimize it. In
emulsion technology (Becher, 1983; Smith, 1976; Friberg, 1988), only emulsion
stabili~ is desired; actual drop radius, distribution of sizes, and overall
sphericity of droplets are not specified, and therefore this topic has received little
attention. The needs for laser implosion experiments are much more stringent
(Haan, 1995). In terms of driving forces toward sphericity, one only can rely on
interracial tension (-10-40 dyne/cm). Unfortunately, one typically can only
decrease it by adsorbing amphiphilic species (surfactants) to the interface of the
watir-oil double emulsion. Surfkctants inevitably will reduce the surface
tension and thereby stabilize the emulsion, but will simultaneously reduce the
driving force for sphericity. Maxim&in g the interracial tension by use of a non-
polar hydrocarbon /water pairing is the most desirable, but this only yields an
interracial tension of approximately 35 dyne/cm.

By deihition, interracial forces act upon a surface. As the droplet size
increases, the relative surface area to volume ratio decreases by a factor of 3/R.
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Fig. 4 Shell solidification involves a number of factors inclu~ a) density matching,
b) permeation rates, fll’,tj, c) boundary layer thickness, & ffstirring rate),
d) solvent volatility, ff’1’),e) agitation alters shell quality.
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Simultaneously, as the droplet grows in size so does the gravitational body forces
and various drag forces (depending on the nature of the mixing and the
associated velocity profiles) which will act on the droplet, and the resulting
shells will be aspherical. The gravitational deformation can be mitigated by
working in neutrally buoyant conditions (equal density of both droplet and
suspending fluids). For shell sizes in the millimeter range, other forces than
previously considered, such as hydrostatic pressure differences, temperature
gradient, surfactant gradient (intentionally added or otherwise), can have a
large impact on the overall sphericity of the shell when acting upon the shell /
droplet in a non-uniform manner. Other questions regarding the hydrodynamic
behavior of two water-oil interfaces of double emulsion remain unanswered. For
instance, are the motions of the two interfaces coupled, i.e., do they act as one
thin membrane, or do they act as two hydrodynamically independent entities?
What are the key parameters affecting sphericity?

3.0. RESULTS

3.1. Detds before the Shell Solidificatwn Stage (Dropkt Formation)
The activities for the first half of the FY97 were somewhat varied.

Significant thought went into the choice of the droplet generator design in terms
of construction ease, parts replacement, and overall encapsulation reliability.
When possible, commercially available parts were used to minimize down time.
Two designs (differing in the magnitude and direction of the PVA solution
delivery and the location of the collection tube) were implemented and tested
(Fig. 5). Both configurations resulted in sufficient droplet generation; however,
in terms of reliability and ease of operation, one design proved to be the superior.

3.1.1. Droplet Generator
After observing both droplet generators (Fig. 6) in operation, it was

determined that both generators had their advantages and disadvantages. The
Smwdike design was simple and effective, but did not offer much in terms of being
able to generate a large range of shell sizes. Nor was it possible to make subtle
changes to orifice positioning. In the GA/Osaka design the center orifice was
positioned by an X-Y-Z translational stage. This feature offers for the possibility of
examining the effect of axial and radial offsets on the encapsulated droplet and their
possible role in non-concentric shells.

3.1.2. Encapsulation
Because subtle changes in condition will result in the presence or absence of

encapsulated droplets, microencapsulation is frequently viewed as a black art. After
having some difficulties early on, we have found this not to be the case. We now
know (some of) the prerequisites for encapulsulation and some of the variables these
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Hg. 7: The encapsulationprocessinvolvingthreefluids,the core,aqueous
fluid,the polymersolution/oil, and the aqueousstrippingfluid.
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include: surface coatings, dirt or debris, surface roughness, polymer content, and
orifice imperfections. It was not our goal entirely to get intimate details of the
droplet generator. Our interest lies in the ability to encapsulate as desired and to
encapsulate reliably.

The bottom line was simply whether the droplets would encapsulate or not.
Our version of the GA/Osaka design had proven to be somewhat clumsy, had a
propensity for leaking, and we had some difficulties getting encapsulation to occur
at all. For these reasons, we returned to using a Soane-like droplet generator. After
operating this device for eight months, we have found it to be quite reliable. Normal
operation is shown schematically in Fig. 7. On occasion encapsulation difficulties
were observed when either a burr was present at the end of an orifice or when a low
molecular weight polymer was used. When this did occur, encapsulation frequently
was initiated by one (or more) of the following routines (all of which alter the
contact angle):

a) roughening the syringe with high grit sandpaper (alter contact angle)
b) pm-coating the syringes with a thin hydrophobic layer such as PS, PaMS,

epoxy, or plasma polymer.
It is important to maintain a seal either at the end of the core fluid syringe or at the
end of the oil syringe (Fig 7b). If either one or both of the conditions are met,
encapsulation will occur. However, it is possible, if a pathway is given for the fluid,
for the core aqueous phase to flow along a surface and directly into the PVA fluid
(circumventing the oil phase and the encapsulation process entirely). In this case,
only oil beads (organic solvent and dissolved polymer) are generated.

3.1.3. Control of Shell Size
After encapsulation is achieved, obtaining shells of the correct size is

important. In both the GA /Osaka design and the Soane-like design, the shell size is
controlled via the stripping fluid (’WA fluid) flow rate. Smaller encapsulated
droplets are obtained, as the fluid moves more quicldy past the droplet generator
orifice exit. Early in the process, it was realized that ample PVA fluid flow was
needed to get the proper stripping flow. It was clear that early efforts using a
syringe pump were insuffiaent’. Subsequent efforts utilized a peristaltic pump, and
currently we are using a centrifugal pump (monitored by rotameter). In the Soane-
like design, the orifices are entirely contained within the collection tube (a transfer
line from the generator orifices to the solidification vessel). The ID of the collection
tube has a large role defining the control of the shell size. In general, we observe an
inversely proportional relationship between shell size and PVA flow rate (Fig. 8). It
possible to shift this entire curve up or down by simply increasing or decreasing the
ID/size of the tube. Initially we were generating shells that were 2.3-2.8 mm in size
with a 4 rnrn ID collection tube. However, in order to better match the goal of the
NIP program, we have taken steps to calculate the collection tube ID we would need
to get shell that were 2.0 mm in diameter.

To dcrso, it was necessary to examine the forces on the shell. There are three
noteworthy forces that affect the translator motion of the shell within the droplet
generator, surface tension (related to orifice diameter), drag forces (related to V2of



Fig.8 - Effect of PVA Flow Rate and Collection
Tube Inner Diameter on Dry Shell Diameter
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the passing fluid), and weight/buoyant forces (related to the density mismatch
between oil and stripping fluid, Ap).

F(total) = F(surface tension) - F(weight/buoyancy) - F(drag) = O
ZF=27cRysina -Ap(4/3)nr3g -0.5 CDpv2A=0

where CD is the drag coefficient for a sphere, r is drop radius, R is the tube radius, y
is the interracial tension (taken to be 27 dyne/cm representing the value for a
water/F-benzene interface), (xis the fluid contact angle, v is the local fluid velocity
within the tube /annulus, and A is the projected area of the forming droplet. By
using this expression, it was possible to calculate the forces on a droplet as it grew in
size. In order to be able to calculate the drag forces accurately, it was necessary to
know the velocity profiles of the stripping flow in the collection tube. It was
presumed that the fluid flow by the orifice was hydrodynamically well-developed
so that we could ignore the entrance effects (this is unlikely to be the case, but it
presumed for simphaty. Typical PVA flow rates are in the 100-300 rrd/min range for
a 4.0 mm collection tube corresponding to Reynolds numbers that are in the range of
800-2000 (larninar flow for Re e 2000, turbuIent flow for Re > 4000) and slightly
higher if one consider the presence of the forming droplets. The fluid flow between
the oil orifice and the collection tube can be described by annular flow with the
following expression describing the velocity profile in the aruu.dus(Fig. 9):

( a -b2,na
V{R)=-$ a2-r2-— 1- for axial concentric annular flow

ln(b/a) r

where a is the radius of outer cylinder, b is the radius of inner cylinder, p is the
viscosity, and K is a constant describing the magnitude of the axial pressure drop.
With this expression for velocity profiles it is possible to calculate the total drag
force on the growing droplet. A plot of the total drag force as well as the surface
tension force and droplet weight on the growing sphere is given in Fig 10. For
comparison, the sum of the forces is also plotted on the same axes. It should be
noted that the point at which the sum of the forces equals zero is 0.058. This
corresponds to a 2.3 mm droplet diameter which is also the size of the shell obtained
by experiment with the 4.0 mm ID tube.

By assuming a collection tube diameter and using a trial and error procedure,
one can calculate the force balance based on the predicted velocity profile such that
one obtains a droplet size in the 2.0 mm range with much slower PVA fluid flows. It
was calculated for a 3.25 mm ID collection, one would have much greater droplet
size sensitivity in the 2.0 mm range. Experimentally, this is exactly what was
observed. The observed droplets were approximately 2.0 mm for the 3.25 mm
collection tube and -75 ml/min stipping fluid flow.

It should also be noted that there is some variability of shell size and wall
thickness within a batch (Fig. 11); however, these values are quite modest. The
median wall thickness of 20.3pm agrees quantitatively with a relative fluid flow
rates of 3 to 1 and a droplet production rate of 150-225 shells per minute.

3.1.4. Control of Shell Wall Thickness
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Fig. 12: Shell Wall Thickness as a function of Relative
Core to Oil Flow Rates (for 2.O-mm shells,
15 wt % polymer, 0.6 ndhnin oil flow rate)
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One way to control final shell wall thickness is to adjust the relative core to oil
flow rate. This will adjust the relative volume occupied by each of the phases.
Obviously as the relative core to oil flow rate increases the wall thickness decreases
(at a given combined core and oil flow rate), (Fig. 12). The outer diameter of the
forming shell is controlled by the stripping flow rate (see previous section).
Similarly, one may adjust the wall thickness by adjusting the polymer concentration
in the oil phase. Wall thickness increases as initial polymer content increases. Not a
great deal of experimentation has been done in this area. However, early efforts
suggest that there is some enhanced core-retention stability with the thinner walled
droplets. Droplets with thick walls tended not to survive the solidification process.
This may be due various underlying causes (some of which is related to the
particular processing method used). These shells were solidified in a rotating rotary
evaporator vessel and heated water bath while recent shell batches have been
prepared in a stationary beaker. Alternatively, this maybe due to differences in
drag forces present for concentric droplets (Happel, 1965). Nonetheless, this
experiment may be worth revisiting with current solidification techniques and shell
sizes.

Throughout the year, a range of shell sizes have been examined. Most of the
shell batches have been made at a relative core to oil flow rate of 3 to 1. This, of
course, begs the question at a given relative fluid flow rate, does the dry shell wall
thickness change as one generates larger or smaller shells? The answer is yes. The
wall thickness increases as the droplet gets bigger (for a given core: oil flow rate
ratio). It varies as the droplet volume to the 1/3 power (Fig. 13) or as the droplet
radius to the first power according to the following expression for wall thickness, w.

[ T--J~1-
1

‘=2 CFPO
3—

PP

where d is the outer diameter of the dry shell, C is the initial concentration of the
polymer insolvent (in VOIYO),F is the relative flow rate of oil to core, pOis the density
of the oil phase, and pPis the density of the dry polymer. Therefore the.larger
droplet have a thick&shell wall and longer solidification times (as the diffusion
path len@h increases).

3.1.5. Oil -Phase Density Matching
It is believed that it is necessary to mininize the density mismatch of a) the

core and oil phases and b) the composite drop density and the bath fluid. The latter
density match condition is necessary to find the correct condition for the shells to
float in the PVA bath since we are not using mechanical means to suspend the
droplets. Efforts in meeting both these criteria are hampered by the temperature
dependent densities of the three phases (water, PVA solution, and oil phases).
Additionally the oil phase (i.e., a polymer solution) changes density as the lighter F-
beruene dissipates into the aqueous phase. Furthermore, the densities are all
temperature dependent (Fig. 14) as well as the permeation rates of solvent from the
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Table 1: Volubility Information on Key Organic Solvents to be used in
Microencapsulation

Note 1: Datafnnn &&lIliCSolventHaudbook

Note2 DCE is theonlynon-aromaticsolventconsidered

Notc3: Whi.leq2isameasum of the“diffusionsink”strength,the c42/~1 ratiois a m=w of the “diffusionSW ~lative to ~ ~
phasewateruptake(andpotentialvacuoleformationthroughsupmaturationaftersubsequentoil solventdiffusion).It is
deskeableto havebothof thesevalusesbe as highas possible.

Note4 d~a /M’ anddczJD’I’ wouldbe helpfidfor processvariableselection(obtainor predictphasediagramsfor individualsolvent
syiikmsasa fudon of l“).



Fig. 15: Large Density Swing Observed with
Toluene / 1,2-Dichloroethane
Binary Solvent System (for PS)
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oil phase into the aqueous phase. Permeation rate is a function of both diffusion
coefficient and volubility. Volubility values for organic solvents in water and water
in the organic solvent are given in Table 1.

It was originally thought that one could attain any oil phase density one
would like if one uses a mixture of two solvents, e.g., 1,2-dichloroethane (DCE,
p=l.256 g/cm3) and toluene (p=O.8669g/cm3). However, it was found that this was
difficult to implement since the relative permeation rates of DCE and toluene was so
disparate. The dense DCE would permeate quickly into the aqueous phase leaving
behind a light oil phase (Fig. 15). The net result of this was that the core fluid would
exit through the bottom of the shell; this is without consideration of the concentric
sphere drag force described by Happel and Brenner (1965). The velocity of the core
fluid is given by

v== g D-2 (P_-PJ/18 TIM
where V- D-, pm, are the terminal velocity, diameter, and density of the core
fluid, respectively, and p~ and qti are the density and viscosity of the oil phase,
respectively (both of which are time.and concentration dependent). This expression
is derived from a balance of effective weight (bouyant force) and the drag force
(given by Stokes Law for a solid sphere). This corresponds to the condition where
the sum of the forces is equal to zero and the condition of zero acceleration. There
were not any obvious solutions to the problem despite some efforts to minimize this
effect. Since we knew the core fluid would exit out of the bottom of the droplet, we
tried adjusting the mixture so that there was less of the lighter fluid to start out the
experiment. It was conceivable the oil phase would “solidify” before the core could
exit. Unfortunately, these experiments did not work. The inherent problem is that
the density will be matched only for a short time, and that one solvent inevitably
permeates faster @the other one. In the case of DCE and toluene, the density
swings in the oil phase, are quite large (-PA-pa=) whereas the core density is
constant. The two solvent system could work successfully if the permeation rate of
the two solvents were equal (no matter what densities the individual components
were), (Fig. 16); the density swings would only be as large as the solution starting
density and the final polymer shell wall density. As expected this varies depending
on the polymer chosen, i.e., the wall density of P@lS is greater than that of PS, and
I% is greater than wall comprised of poly(4-methyl styrene).

Soane Technologies, Inc. (STI) had been making smaller she~ (0.5 to 1.0 mm)
successfully with the two solvent systems. We had started to work with the two
solvent system, but we had found, for the reasons stated above, that the two solvent
system was problematic. Since our early efforts with the two solvent system
(October to December), we almost exclusively used F-Benzene as our organic
solvent. The density swing is smaller (Fig. 17), and it is decreased as the initial
polymer content in the oil phase is increased. The density of F-benzene is 1.024
g/cm3 at room temperature (20 ‘C). Because water has a fairly low thermal
expansion coefficient relative to most organic solvents, there is a cross-over in the
curve for the temperature dependence of the oil phase density (polymer and F-
Benzene) with the curve for the temperature dependence of water (Fig. 18). In order
to calculate the polymer solution density, we presumed the the solution was ideal,
i.e., linear sum of volumes. Better estimates of solution densities can be made, but
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Fig. 17- Comparison of Oil-Phase Density Swing
for a single (F-Benzene) and binary
(Toluene/ DCE) solvent system.
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they require time consuming thermodynamic calculations. The difference in
thermal expansion coeffiaents of the two phases results in sn intersection of the
fluid densities at 65 “C, hence our choice of solidification temperatures.

We have some control over the solidification temperature while stiil
maintaining density matched conditions. We may alter it by adjusting each of the
fluid phase densities (Fig. 18). We may increase the density of the core fluid by
substituting a fraction of the core water with DZO(1.10 g/cm3 at O‘C). We may
decrease the initial density of the oil phase by adding a small fraction of benzene to
the F-benzene; the permeation rates should be simiiar and the mixture should
behave like a single solvent. We may increase the density of the PVA solution by
adding saline solution to the bath (i.e., 2 wt% NaCl solution). By making these
adjustments, it is possible to find the solidification temperature that most effectively
enhances the shell sphericity.

The expression given above for V- is calculated based on a sphere in an
infinite medium, and it ignores wall effects as weii as the condition in which the
inner drop diameter is comparable to the outer diameter (where the outer phase can
no longer be consider an infinite medium). In this case, the drag forces increases
exponentially (Happel & Brenner, 1965) as the diameter aspect ratio approaches
unity (i.e., for thin walied structures):

where o is the ratio of ‘~osities (p(outer)/@ner)) ‘and1 is the ratio of radii
(r-/rwti). In the standard shellmaking procedure for 2 mm shells, we have a core
to oii phase flow rate of 3 to 1; this corresponds to an initial k value of -0.88.
During solidification this value increases until it reaches a dry shell wall aspect ratio,
k equal to 0.98 (corresponding to 20-25 ~ wall thickness for a 15 wtYo polymer
solution). The correction term K, defined as ratio of the drag in a concentric sphere
to the drag in an infinite medium, would appear in the denominator of the V-
expression, and in effect would retard the core droplet motion away from the
concentric position. It is unclear how a non-trivial amount of eccentriaty will differ
from the concentric cases. To describe the motion/ trajectory of the core fluid for a
rnicroencapsulated droplet, one needs to account for this eccentric condition. This
results in the possibility of obtaining zero velocity. The eccentricity is a function of
the droplet wall thickness, the degree of density mismatch, and the solution
viscosity. This situation has been examined previously for viscous fluids (Sadhal,
1985). In our case, it is necessary to consider the fluid transport and drag forces with
a polymer solutions than wiii have varying concentrations of polymer chains. This
should result in both angular and radial variations.

To describe the trajectory/ acceleration of the core fluid (and possibly
simulate part of the solidification process), it is necessary to calculate the drag force
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of a liquid sphere moving through a second fluid (in the Stokes regime). The drag
force is

F= 6rq~r_V_ (1+20/3) /(l+cr) K
F=(Stokes law drag) x (viscos. correct.) x (concentric sphere enhancement)

where the force is a product of Stokes law drag, a viscosity correction term for
phases with differences in viscosity, and the concentric sphere correction. As the
core droplet moves, it is likely that the L, K, and the drag force will change thereby
changing its velocity. The core may decelerate and find a final position or the
droplet may reorient and move in another direction, i.e., random walk motion.
While the core is accelerating and decelerating due to buoyant and drag forces, the
oil phase viscosity is increasing due to transport of the solvent from the oil phase to
the aqueous bath fluid.

3.1.6. Comments on Droplet Solidification
It is clear that the most important step in the microencapsulation process is

the solidification step. The transformation of the oil phase in the encapsulated
droplet proceeds through several stages (Fig. 19) until it becomes a dry shell.
Initially it is present in semi-dilute or concentrated solution. The polymer
concentration increases until it becomes a polymer gel. As further solvent is
removed, it becomes a plasticized solid. Finally, it becomes a “dry” polymer film.
Throughout the solidification process the properties of the oil phase change. The oil
phase evolves from a material having a predominantly fluid character (viscous
material) to an elastic solid material. The description / characterization means are
different. The concentrated solution can be described in terms of a non-newtonian
viscosity which the solid polymer film can be characterized in terms of Young’s
moduli, and Poisson ratios. Somewhere between the initial and final material, the
surfacefeaturesaredefined. The transition can be described in terms of Deborah
numbers, De, defined as the ratio of a characteristic relaxation time to experimental
time scales for a given system. It is doubtfully the definition of surface occurs at
either end point since the relaxation times are exceedingly short (De=O) and
exceedingly long (De= 00) at initial and final stages, respectively. Therefore, it is at
an intermediate time that the surface features are defined (De = 1). The time scale of
surface deformations such as various mechanical perturbations, shell-shell
interactions, and shell-wall interactions will be on the same order of magnitude as
the restoring force (to sphericity), i.e., them inimization of interracial area and the
corresponding surface energies.

Needless to say, the manner in which the shell is solidified is important to the
overall sphericity of the shell. Thus, this step has been the focus of the work so far.
During solidification it is desirable to minimize the number and magnitude of
reformational events imposed upon the solidifying shells. It is presumed that the
shells will solidify in a spherical fashion unless they are perturbed from the
spherical state (via these reformational events). This discussion will be revisited in
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later sections (see density gradient column), but for the moment we will assume this
assertion to be true. We would like to maintain this emulsion / suspension so that
we minimize the shell - shell and shell -wall interactions. The shells are generally
heavier than water (and PVA solutions), and the shells tend to settle on the bottom
of the vessel. It is undesirable to allow the shell to rest on the bottom surface since
and may for flat spots from the droplet weight or they may coalesce. As it turns out
the shells are nearly neutrally buoyant in the PVA bath at 65 ‘C. The greater
problem for the shells is coalescence of the stationary shells at the bottom of the
bath. This problem is exacerbated by elevated temperatures because the surface
tension decreases with increasing temperatures.

Initially mechanical agitation was employed (Fig. 3). A mixing vessel from a
rotary evaporator was utilized originally (essentially an elongated round-bottom
flask rotating at a 45° angle with respect to vertical. The resulting yield of shells was
poor. The wet droplet survival rate depended on the shell composite density. The
shells that tended to float at the top of the flask tended to rip apart due to the
unusual shear forces present from the rotation of the flask and the buoyancy of the
shells. In direct contrast, the heavy shells tended to coalescence as they generally
remain stationary at the bottom of the flask. There were not any circumstance in
which we would obtain any dry shells. It should be noted that of the few partially
dried shells obtained in the early efforts, the walls were quite thick, -150-250 p.m.
Current wall thicknesses are an order of magnitude lower.

From then on we had examined a range of solidification vessels and various
suspension schemes. We have examined rotovap configuration, lL-beaker, 2L-
beakers, the “Riebold” turntable configuration (rotating 500 ml beaker with a small
angle with respect to vertical, 10-20”), a recycle stream, a water jet, and an
assortment of mechanical mixers (various blades, rotating rods, rotating eccentric
rods, rotating bent rods, magnetic stir bars, etc.). Each of the various suspension
means offered a potential benefit, but the bottom line was that each mode of mixing
was too aggressive for the 2.O-rnmshells. It is known that the mechanical stability of
the droplet and w-o-w emulsions of this type have a size dependence. It has been
shown (Stone, 1990; Flumerfelt, 1972; Lagisetty, 1986) that the maximum stable
droplet size and mixing speed are inverse related. By increasing the amount of the
shear force / mechanical energy on a droplet, the larger sized shells tend to rupture.
Smaller droplets may be stable to very high stir speed and shear rates (Fig. 20). For
each droplet size, the deformation caused by the presence of a shear field has been
described previously, and one may consider a critical shear force for droplet
breakage as a maximum energy input imparted to the droplets (Fig. 20c).

Mechanical interactions of droplets with rigid bodies result in high impulse
energy, large deformation amplitudes, and droplet attrition. The w-o-w composite
droplets tend to shed their internal core fluid resulting in simple oil droplets. Fluid
interactions with the w-o-w emulsion droplets are more forgiving. This type of
energy input is more dissipative and it results in smaller local impulse energy and
momentum transfer. Droplets in this case tend to agitate rather than break. This
was the original reasoning behind the water recycle means of agitation; the problem
with this mode was in the recycle inlet stream. The shells would adhere to the
fretted glass filter and ultimately break over an extended period.
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Fig. 20a - Role of Stirring on the maximum stable
Droplet Size (from Lagisetty, 1986)
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Fig. 20b - The Role of Viscosity on the Maximum
Wable Droplet Size (Lagisetty, 1986)
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After a few iterations, it became evident that suspension means that
depended on mechanical mixing would not be practical for solidification of 2-mm
shells. Shells, solidifying without mechanical mixing, settle to the bottom of the
vessel. In this vessel location mass transfer is slow and the heavier solvents tend to
accumulate at the bottom. Bad things happen to “sunken” shells. They tend to
flatten (due to their effective weight, gApV) or coalesce. To circumvent these
problems, we found a way to enhance the buoyancy of the shells. We simply add
40 ml increments of 2 or 5 wt% NaCl solution to the IL beakers containing the shells.
Typically starting volume of PVA fluid is approximately 500 ml (This value varies
with stripping rate conditions and shell collection times). When sufficient saline
solution is added, the shells float in the PVA bath. More specifically the nearly-
neutrally buoyant shells do convect.

The solidification vessel is submerged in a 65 ‘C water bath. Initially the fluid
is at room temperature (-26 ‘C). Heat is transferred through a convective heat
transfer coefficient of the water bath to the exterior glass, through a conduction
mechanism of the glass, and heat transfer coefficient of the glass interior surface to
the PVA fluid. One liter of water will reach 62 W in approximately 20 ‘C. This
converts to an overall heat transfer coeffiaent of 117 Watts/m2*K. Once the bath
reaches a state-state, there still is a small thermal gradient present in the fluid
contained within the beaker. Since the beaker is heated by the exterior glass surfaces
and cooled by the top surface, the shell convect by rising near the outer walls and
fall close to the centerline of the fluid. (This is exactly analogous to the convection
current present in a pot of boiling water on the stovetop). It is this mechanism that
agitates the droplets, keeps them from coalescing, and enhances the mass transfer of
solvent from droplet to outer PVA bath fluid. The amount of thermal free
convection can be described in dimensionless units by the Rayleigh and the Grashof
number. There is probably no more than a couple of the degrees Celsius
temperature difference across the entire vessel, but this appears to be suffiaent to
cause the shells to circulate in the beaker. The thermal convection is enhanced by
the temperature dependent densities of the fluids involved. Periodically, it is
necessary to add additional increments of saline solution to the bath to be able to
maintain a shell suspension since the lighter F-benzene is leaving the shell leaving
behind the heavier P@iS polymer shell wall. The shell density increases and the
shells tend to settle the bottom of the vessel again.

Estimates of the maximum droplet speed is in the range of 1 cm/sec. To test
this property and to examine the shell properties obtained, we increased the beaker
size from a IL (105 mm diam. x 150 mm tall) to a 2L beaker (112 mm diam. x 255 mm
tall). Qualitatively, it was easy to observe the differences in maximum droplet speed
in this thermal gradient. The shell speed may have been as high as 5 cm/sec. The
resulting “dry” shells from the 2L vessel were noticeably more elongated (average
MOOR = 143.5 pm) than the shells from the lL-vessel (average MOOR= 38.8 pm)
for l18k PcdvfS.

3.1.7 Role of polyvinyl alcohol)
We also examined the role of polyvinyl alcohol), PVA. It would be improper

to characterize the functionality of PVA as a surfactant since it does not inherently
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act upon the interracial surface of the w-o-w emulsion. PVA acts a emulsion
stabilizer. It is soluble in the aqueous phase (not the oil phase). It has its
equilibrium configuration in solution (at a particular temperature). As two droplets
approach each other in solution, the PVA chains in solution become compressed
beyond their desired equilibrium configuration. This results in large decreases in
the amount of system entropy. Therefore they provide stabilization from intimate
contact. This process is enhanced by the retarded movement of the polymer chains
in the confined geometries. These processes inhibit the contact necessary for the
hydrodynamic flow of the oil phases of the two droplets needed for coalescence.

Furthermore, polyvinyl alcohol) can not be synthesized directly (since vinyl
alcohol will not polymerize). All commeraally available PVA is synthesized by
reaction with polyvinyl acetate), i.e., either hydrolysis, saponification,
transesterification, or aminolysis (Finch, 1992). The resulting polymer is
complicated by this two-stage process, and it is a random copolymer of the vinyl
alcohol and the vinyl acetate repeat units. The PVA we have used throughout the
course of the work has been 88’XOhydrolyzed. There are differences in volubility in
~O; the PVA with a higher percent hydrolyzed has a lower degree of volubility.
This seems counterintuitive, and maybe due to the crystallite present in highly
hydrolyzed PVA samples.

Experimentally we examined a range of PVA concentrations (0-10 wt% PVA)
and its effect on the emulsion stability and the resulting shell quality. At high PVA
concentrations we noted some degree of emulsification of the droplets into smaller
smaller droplets. This was probably to the residual acetate content in the PVA and
its limited volubility in the oil phase at high concentrations, i.e., there were local
pockets of hydrophobic clusters of the vinyl acetate repeat units. (This assertion
may readily be tested by measuring the interracial t-ion as a function of aqueous
phase PVA content; some efforts to this end are currently underway; initial results
indicate the interfaaal tension is reduced by the presence of the aqueous phase
PVA). In the absence of PVA, the droplets coalesced (within an hour or two).
Despite the early doubts of PVA’S effectiveness, this experiment proves the need for
an emulsion stabilizer. As to the question of how much PVA is needed, the answer
is not quite as clear cut. Qualitatively, one only needs a sufficient amount to
stabilize the emulsion; this may be performed experimentally. Quantitatively, one
much consider a number of factors including molecular weight of the PVA (and its
distribution), % hydrolyzed, the critical overlap concentration (Fujita, 1990; Flory,
1954; Cowie, 1991), and the solution temperature. In terms of the emulsion stablity,
it appears as though 0.5 wtYo PVA is suffiaent for stabilization. There may be
secondary reasons for adding additional amounts such as increasing the solution
viscosity (which may enhance the robustness of the droplets), but we have not yet
pursued this direction experimentally.

There is some evidence that there is an upper limit to the number density of
w-o-w droplets that can be present in a given vessel. The following is only serni-
quantitative. For the most part, we are collecting shells in lL-beakers. We can
collect shells for various time intervals from 1-9 min. at a particular PVA flow (-50
ml/rnin). We initially start with approximately 200-300 ml of PVA fluid. This
leaves room for PVA phase density adjustments by NaCl solution additions. It was
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found that there was a maximum number density of droplets that could survive.
Droplets numbering in excess of -300 would break. Efforts in adding more droplets
resulted only in increases in the number of shells broken (not the number of shell
survivors). Batches with fewer shells can be readily made, e.g., a batch with -100
shells were made, but there is no advantage in doing so.

3.2. DISCUSSION OF POLYMER SHELLS (Factors affecting shell sphericity)

3.2.1. Shell Charactm”zdion
Shells are characterized by various means including RACI, unitron, and

sphere mapping. Use of each technique becomes a trade-off between speed,
accuracy, level of detail obtained, and sample requirements (sphericity and surface
cleanliness, surface debris). The Unitron can be used on any of the shells. It
measures the diameter in two directions (DXand DY). For a typical batch of shells,
we make 30 measurements, 10 shells with 3 views each (with a DXand DYpairing at
each view). Between views on a shell, we reorient the shell by rotation in a circular
glass dish /slide. It would be desirable to get three random views of a given shell.
There is no guarantee that we do in fact get three random views. R is likely that the
degree of randomness is dependent on the degree of sphericity. The more out of
round a shell is, the more likely it is to have a preferred orientation (e.g., in the case
of an M&M (without peanuts) or in the case of a football). Unitron characterization
of M&M-like shells would incorrectly find that the shells are round at the three
“random” orientations despite being grossly out of round. This is a major
limitation of the RACI and unitiron techniques. Luckily, the shells are not so far out
of round to dramatically affect the center of gravity so as to be a big concern. This
would require shells that are -XYMO out of round (i.e., a distortion that
approximately equals the radius of the shells). Nonetheless, a maximum-out-of-
round, MOOR, is determined by the largest difference obtained from the 6 DXand
DY measurements made for each shell. Minimum, maximum, and median MOOR
values are obtained for batch often shells (representing the best, worst, and
representative shells, respectively, from the test sample extracted from the total shell
population from a particular experiment).

One the advantages of RACI (over the Unitron measure) is that one obtains a
full circumferential view (albeit, in one single direction, Fig. 21). It would be
desirable to have three orthogonal views of the same shell at the same time. The
unitron will never be able to do this. At this moment RACI can not do this either,
but it maybe possible with not-so minor modifications to the instrument. For full
shell characterization it is necessary to get three orthogonal views simultaneously.
This is possible to do with the sphere mappper, but it does have a strict sample
requirement (no more than 8pm out of round). To obtain a shell free from debris, it
may be necessary to work in clean room environment; dust, fibers, and hairs all
contaminant the shells thereby complicating the sphere mapping operation. Viable
NIF targets will have to be more spherical than 8 pm, but it is necessary to have the
ability to make measurements on shells with a lower degree of sphericity in order to
evaluate the various parameters to be able to understand the conditions needed to
obtain the proper sphericity.
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The first shells to be prepared and hence the first shells to be characterized
were PS shells. Initially polystyrene was used because it was cheaper than the high
molecular weight PaMS. It was also used by Osaka University in making large
nearly spherical shells.

3.2.2. Role of Polymer Repeat Unit Structure on Sphericity.
Shortly after successfully recovering several solid PS shell batches, it was

desirable to transition from making PS shells to making PcxMSshells (as was
consistent with original goal). As expected at the outset, PS would not be useful in
the decomposable mandrel approach since the PS pyrolyzes at similar temperature
to plasma polymer. PcdUS on the other hand decomposes 50-80 “Cbelow that of PS.
Hence, it is possible to depolymerize PcxMSbefore the plasma polymer degrades.
The transition from PS to PcA4S was superfiaally not that difficult. PodW5is a more
dense polymer than PS and higher a greater Apwith the aqueous phases. Therefore,
the solidification process is a bit more complicated (and possibly a lower percentage
of shells survive). A bigger problem than the Apis the sphericity of the shells made
with PcdvlS is unexpectedly quite different from the shells made with PS; the
MOOR for PctMS shells (20-120 ~) is greater than equivalently prepared PS shells
(3-20 pm). The PdvfS shells were visibly out-of-round (with the unaided eye). Due
to the similarity in repeat units (Fig. 22) and chemical nature, one would expect
similar behavior. The cause was unclear, but warranted further investigated for two
reasons, a) the PoA4.Sshells were more out of round than the PS (had it gone the
other way we would not have cared), b) understanding how and why the two
polymers cause dramatic differences in sphericity offers the opportunity of
understandin~ in general, what causes the shells to deviate from sphericity.

After repeating the experiment a couple of times and corroborating the initial
results, it was deaded that examining a third styrenic polymer would be useful,
namely, poly(4-methyl styrene), P4MS or alternately called poly(pmethyl styrene),
PPMS. The density of the P4MS (1.03g/cm325 ‘C) is lower than PS (usually
accepted to be in the range of 1.05 g/cm3 at 25 “C ) and PcdviS (measured previously
to be 1.07 g/cm3 at 25 “C). The differences in styrenic polymer densities can be
attributed to differences in polymer chain packing effectiveness in bulk samples.
The 4-methyl group provides some level of steric repulsion while the a-methyl
group increases the packing effectiveness. The degree of spheriaty obtained with
P4MS is greater than either of the other two polymers (3-11 y.rnMOOR).
Unfortunately, P4MS is unsuitable for the decomposable mandrel approach as is PS
(due to similar pyrolysis behavior to PS). This experiment was only intended as an
academic exercise and to better understand the solidification processes. One
possible property that could be responsible for the difference in styrenic polymer
shell sphericity is glass transition temperature, T (l18k ~ PocMSis 180 “C, 90k PS

fi made with PS and l18k Mwis 100 “C, and 35k P4MS is 106 “C). Bolh the she
P@ have a cloudy wall appearance due to water supersaturation and subsequent
phase separation as the solvent dissipates. The P4MS shells have an opaque white
appearance due presumably to the formation a large number of micron sized
particles / vacuoles within the wall causing light scattering and the lack of
transparency.

15



00000

mo7Qmo-iiQ

15a



3.2.3. Role of PaMS Molecular Weight (& Polydispersity on Spheridy)
It has also been observed that the shell sphericity is related to the PcxMS

molecular weight, and possibly more generally in terms of any given polymer
molecular weight. The primary reason for examining shells made with different
P(xMS molecular weight is based on the commercial availability and cost. Making
PoWS by free radical means yields a birnodal distribution of molecular weights. The
average molecular weight tends to be rather low (under 40,000 g/mol). The final
free radical PaMS is rather cheap (-$30/kg) whereas a narrow distribution
(anionically synthesized) PaMS is rather expensive (-$25-50/g). Hence, shell
production with the birnodal PczMS or PS is warranted when the appropriate
information can be extracted. There are several PaMS products available ranging in
molecular weight and T~. The ones used to make shells are l18k (monodisperse, T~
=180 “C), 26k (bimodal, T~=49 T), llk (bimodal, T~=49 “C), and 6k (PI=-2). The
shells obtained were found to differ in shell wall clarity and shell sphericity. The
l18k PaMS shells tended to be cloudy while the 26k and llk l?aMS shells tended to
be transparent. The differences in the spheriaty were also dramatic (see Table 2).
The high molecular weight PaMS yielded high MOOR values (20-120 ~) while the
low molecular samples, 26k and ilk, offered lower MOOR values (3-70pm and 3-50
W, respectively). Encapsulation problems were observed for the lowest molecular
weight PoWS and 00R values are consequently unavailable.

Further experimentation to this end is being attempted with several narrow
molecular standards (hQ = 12k, 31.4k, 120k, 395k, 800k, 1040k and PI <1.18).
Characterization of each is underway; the results of which are summarized in Table
3. It is possible to consider this series of polymers in a couple of different ways,
according to degree of polymerization (DP), radius of gyration (S), and the end-to-
end distance. From the P@ repeat unit molecular weight of 116 g/mole, it can be
determined that the DP (number of repeat units /polymer chain) for the various
PccMS standards are 104,271,1034,3094,6000, 8970, respectively. Using a PS’s
characteristic ratio, CR, of 10, one can estimate the chain dimensions in solution.
The CR is defined as the ratio of the square of the end-to-end distance to the number
of bonds and the square of the chain length (nlz). It is a measure of the chain
stiffness in dilute solutions. In a theta solvent, the end-t-d distances of the nearly
monodisperse polymers are 2.61,4.21,8.22, 14.2, 19.8, and 24.2 nrn, respectively. For
a typical shell wall in the range of 20-25 jun, this means the wall is comprised of at
least l(f chains from the interior to exterior surface.

3.2.4. Relationship of Polymer Volubility to Shell Sphericity
During the course of tie experimentation with various polymers having

different repeat-units and molecular weights, it was also observed that polymers
with a higher degree of volubility (in F-benzene) tended to give dry shells with a
higher degree of spheriaty. This appeared to be the case for the styrenic family of
polymer; both PS and P4MS had good volubility and good spheriaty relative to the
moderate l18k weight PaMS volubility and its corresponding poor sphericity.
Similarly, the lower molecular PaMS (26k and ilk) were very soluble in F-benzene
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Table 2: Solution/properties vs. Sphericity

Polymer Property Shell Property

Polymer ~ Moddity F-Benzene Polymer Shell Shell
Volubility T, wall Sphericity

Properties (MOOR)
Ps 90 k Monodis. good 100 ‘c cloudy 3-20 pm

PPMS 72 k PI=2 good 106 “C opaque 3-11 j.trll

P(XMS l18k Monodis. * 180 “C cloudy 20-120 ~m

26 k Bimodal excellent 49 “c clear 3-70pm

llk Bimodal excellent 49 ‘c clear 3-50pm



Table 3- Comparison of P~MS Materials used for Shells

h~rnmases
a)volubilityusuallydmeascs (needdataonmonodispcrscsamples)
b) T inmases(toasmallcramcnmt asthechaincndstim-)
c) Tt3AT(onsct) dmeascs
d) shellMOOR immases (*tiwly txuefrompriorxesuks).



and resulting in a high degree of sphericity relative to the l18k PcdvIS. This may be
partly due to the polydispersity, modality, and lower T~’s.

It is possible to change volubility by changing a) the polymer, b) molecular
weight of a given polymer, c) the choice of solvent, and d) solidification
temperature. Options c) and d) are the most difficult to deal with since several
physical phenomena are coupled during solidification such as volubility in the
aqueous phase and the solvent vapor pressure. Nonetheless, it is evident from the
previous results that the solution properties are of prime importance to the overall
sphericity of the shells produced.

A construct has already been developed to handle the volubility of polymers
from a theoretical standpoint, and this analysis is helpful from a qualitative sense in
understanding the solution behavior of various polymers. Polymers dissolve when
they have a negative Gibbs free energy of mixing, AG”. It has both entropic
(combinatorial) and enthapic (contact dissimilarity) contributions. For a
thermodynamic description of a polymer solution one can use the following
expression

AGM= kTINJn@l + NJn@z + NIOWJ
where NI and Nz are is the number of solvent and polymer molecules, respectively,
$1, and +2are the volume fkactions of solvent and polymer, respectively, and
xl is the Flory-Huggins coefficient for polymer-solvent interactions which is a

function of T, concentration, and polymer molecular weight. A poor solvent would
have a xl -0.5. The solvating power increases as xl decreases (below 0.5). At ~1=0.5
the polymer solution is at its theta or Flory point / temperature which corresponds
to an ideal solution and unperturbed polymer coils. Generally, xl has the following
temperature dependence (with increased volubility with increases in temperature):

xl= a + b/T
Above To(xl =0.5), the polymer chains are extended or expanded coils. Below TOthe
chains collapse and phase separation is observed (~lC=interation parameter at
critical conditions). xl,c is molecular weight dependent according to the following
expression

~,,c = 1/2 + l/x#2 + (1/2)~
where ~ is the degree of polymerization. xl,c equals 0.5 as x. approaches infinity.
It also can be said that ~l,cincreases as molecular weight decreases (i.e., for the same
polymer-solvent pairing the lower the molecular weight the better the solvent).

Another means of assessing the polymer chain configuration in a solvent is
through the Mark-Houwink relationship:

[q]=k~
[~1= keMwe(at e-conditions)

where k and ~ are coeffiaents and a is an exponent that represents the degree of
chain expansion in solution, and [q] is the intrinsic viscosity given for a polymer at
infinite dilution. An a-value equal to 0.5 corresponds to a random / gaussian coil
configuration. The polymer chains / coils become more extended as a increases. Of
course, the chain configuration in solution affects q. The Mark-Houwink exponents
for P(IcMS,PS, and, P4MS in toluene at 30 “C are 0.71,0.725, and 0.74, respectively.
While it would be difficult to assign too much significance to differences of this
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magnitude, the values do suggest that PaMS has to lowest volubility of the three
polymers and perhaps may “phase separate” earlier than the others.

One possible causal explanation for the relationship between volubility and
shell sphericity is that the polymer with a lower degree of volubility undergoes
phase separation earlier than the more soluble counterparts. This possibly results in
the evolution of more mechanical stress in the films that phase separate early in the
process. The stress, in turn, may drive the shell out of a spherical configuration.

3.2.5. Changes in Shell”Sphericity with Shell Size.
The driving force for sphericity, interracial tension, increases as the shell size

decreases or as the radius of curvature decreases. It is important to make these
comparisons to be able to examine how difficult is it to prepare NIP size targets via
rnicroencapsulation. For most polymer systems, the MOOR increases as the size of
the droplet / shell increases (Fig. 23). The l18k PcWIS shows the largest increase in
median MOOR for the polymers and shell sizes examined. Both the median MOOR
values for the 26k PczMSand the 90k PS shells were surprisingly size invariant well
above the 2000 pm size range (and especially beyond the size where the median
MOOR for l18k PcxMSincreases dramatically). The numbers obtained here for l18k
PczMS are consistent with the MOOR values reported by General Atornics
(McQuillan, 1996) for 400k PaMS (Fig. 24). GA’s MOOR numbers, perhaps, are
slighly higher than the number obtain for the l18k PcxMS. If true, this would be
consistent with the experimental trend of higher sphericity from lower molecular
polymers (for PcxMS).

3.2.6. Methacylate-Based Polymer
The reasons for trying a non-styrene based polymer is three-fold. It is known

that the methacrylate-based polymers have a greater affinity toward water, and that
this may eliminate the formation of vacuoles within the shell wall by lowering the
degree of supersaturation. Secondly, it was another system to examine the trend of
sphericity with shell size (in an attempt to gain more information to be able to
establish a causal relationship between a) polymer and shell shericity, and b)
polymer volubility and shell shericity). Thirdly, methacrylate based polymers are
also attractive because they have glass transition temperatures in the neighborhood
of the solidification temperature (65 “C). Atactic poly(isobutyl methacrylate),
PiBMA, has a T#4 “C,poor to moderate solubility,and high OOR values (Table 4).
Poly(ethyl methacrylate), PEMA, has T~=65 “C, poor to moderate volubility, and high
00R values (Table 5). Poly(methyl methacrylate), PMMA, has a Tg=1050C,but
polymer solutions made from it were difficult to encapsulate due to the low polymer
molecular weight (-20k). Higher molecular weight PMMA has been obtained, but it
has not yet been tested. Additionally, the vacuole problem has not been solved with
the methacrylate polymers; however, the number and size of vacuoles has been
largely reduced by other means (aqueous phase salinity and /or PcA4S molecular
weight).

One possible thought upon examining the PcWIS molecular weight
dependence on spheriaty (and knowing the T~dependence) is that having a T8 in
the neighborhood of the solidification temperature is necessary for a high degree of
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Table 4: Shell Properties from poly(isobutyl methacrylate).

‘PVA Flow Rate 3C 55.5 14C 187
(rrllhin)
Median Diam. 2159.5 2016 1558.5 1347.3
std. Dev. 51.02 37.83 46.71 43.49
Median MOOR 20.5 113 26.5 19
Min. MOOR 5 7
Max MOOR 146 193 53

PiBMA characteristics: T~= 54 ‘C, ~=340 ‘C.

The core fluid contains 0.4 wt% propylene glycol with the balance being
deionized water.

Median MOOR is -20pm

Best shells are 5-7 w out-of-round.
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rable 5: Shell properties made from Poly(ethyl methacrylate)

PVA Flow Rate 30 3C 55.5 55.5 14C 140
(Inl/min)
Med. Diam. 2446.5 2411.5 2043.8 2084 1739.8 1697.5
std. Dev. 82.29 62.43 133.52 64.28 63.94 58.28
Med. MooI2 49.5 54.5 23 22.5 20 26.5
Min MOOR2 22 29 11 lC 10
Max MOOr2 166 287 6Z 6C 35 86

Starting polymer content in the oil phase is 15 wt%.

PEMA characteristics are: T=65 “C, ~=320k

The core fluid contains 0.4 wt%propyleneglycol with thebalance being
deionized water.

The median MOORis -20p.

The best shells are 6-10 pm OOR.

Good batch-to-batch repeatability obsmwd.



shell sphericity. Having the opportunity to test shell properties with polymers
having the glass transitions below, at, and above the solidification temperature had
appeared to be an interesting test. The results seem to show that it takes more than
low polymer T~to get highly spherical shells. The statement is corroborated by the
fact that the most spherical shells obtained thus far have been from PS and P4MS,
(having T~=100 “C and 106 “C, respectively).

3.2.7. Shell Annealing
It has been thought to be possible to enhance the sphericity of a shell by post-

solidification treatment /annealing. One set of experiments has been completed in
which I% shells were made in the standard fashion at 65 “C and solidified overnight
at 65 “C. Half of the batches were subsequently heated to 90 “C for another 24 hrs.
The sphericity of the annealed and unannealed shells were compared with the hope
that sphecity of the shells would be improved. As Table 6 shows, this was not
shown to be the case with overwhelming evidence. This line of testing is worth
repeating.

3.2.8. CoreFluid Alterations
There are threepossible reasons for wanting to change the core fluid, 1)

changing the density, 2) affecting the interracial tension, or 3) altering the osmostic
pressure across the forming membrane. A change in denisty can be effected with
either additions of NaCl or DZOto the core fluid. One may affect the interracial
tension by adding NaCl or propylene glycol (and possibly PVA). The osmotic
pressure can be altered by changing the NaCl concentration in the core fluid.
Several of these possibilities are been considered and implemented experimentally.

3.2.8.1. Int@hcial Tension
The main driving force for sphericity is interracial tension. However, we

have very little tangible information on the actual experimental values. Some
analysis has been completed on selected interfaces (Table 7). The measurements
were performed externally on a drop volume tensiometer. In this method, the
interracial tension is determined by the balance of the buoyant force and the
adherend force (to the orifice). From this it is possible to back out the interracial
tension (averaged for ten’s of drops). Measurements were made with a dispersed
(droplet fluid) flow rate of 5 ml/hr. Depending on the fluids and the particulars of
the interface, this measured value will be different than an equilibrium value
(obtained most easily at slowest flow rates). The drop volume tensiometer is
capable of flow rates from 0.001 ml/hr to 47 ml/hr. The measured interracial
tension values obtained at the faster flow rates are higher than the ones at slower
flow rates. Fast flow rates result in fast interface formation and relatively little time
for the necessary speaes to diffusion to the surface. Solutions with large species are
the ones that require long rearrangement times at the interface, and they are most
affected by this rate dependent measurement. For the samples reported in Table 7,
the flow rate dependence has not been determined. It is likely these values are
different than the equilibrium values. It is not a difficult measurement to
performed, but it does take time. A second measurement on each fluid pairing has
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Table 6: Shell Sphericity Enhancement by post-
solidMcation annealing step.

T o
solidification, (c) 65 65& 90 65 65& 9C 65 65& 90

Median 2402.5 2460.5 2133.5 2118.25 1680.5 1703
Diameter
Standard 106.64 167.95 85.77 46.05 41.21 102.4C
Deviation
Median MooR, 24 33 55.5 42.5 31 16.5

Minimum 12 15 18 2C 11 8
MOOR pm
Maximum 32 195 78 83 93 32
IMOOR.w

Polymer characteristics: Poly(styrene),PS; T~= 100 “C, ~=340k.

The core fluid contains 0.4 wt%propyleneglycol with the balancebeing
deionized water.

Possible “post-solidification” heat treatment to remove stress (and out-of-
roundess).

This heat treatment may have had a beneficial effect on the median MOOR
values.

The MOOR vahm for 65 ‘C shells are higher than expected. The data
were collected on a “troublesome” run. It is worth another attempt.
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Table 7: Kruss Interracial Tension Measurements

Aqueous Phase

Water

Water

Water
2wt% PVA

Water
2wt% PVA

water
2 wt% PVA

water

p (aqueous) p (oil) Average
Oil Phase g/cm3 g/cm3 Interracial Standard

Tension Deviation
(dyne/cm)

Benzene 0.9943 0.8571 42.08 0.07
42.10 0.14

F-Benzene 0.9930 0.9985 10.34 0.05
9.11 0.06

F-Benzene 0.9946 0.9960 0.50 0.01
0.47 0.01

F-Benzene 0.9954 1.0220 6.04 0.03
15 wt% l18k 5.56 0.07

POMS
F-Benzene 0.9965 0.8911 8.88 0.07
15 Wt%Ps 8.63 0.08
F-Benzene 0.9957 1.0230 23.4 0.2

0.4 Wt% 1,2- 15wt% l18k 7.14 0.04
propanediol PUMS

water F-Benzene 1.0270 0.9907 124.70 0.47
5 wt% NaCl 96.29 0.67

Measurementsobtainedat room temperature by drop volume tensiometer technique.

Dispersedphase flow rate is equal to 5 ml / hr (0.001 -47 ml / hr flow are available). This is not an equilbriurn
measurement as is frequently reported

Average interracial tension values are averages of five readings.

Second set of interracial data are repeated 24 hrs. after initial readings.

Large range of interracial tensions



been made after 24 hours (line #2 of each entry in Table 7), and these should be
compared to the intial values (line #l of each entry in Table 7). Other methods of
interracial tension measurement such as DuNouy ring and Wilhemy plate methods
had been considered, but the drop volume method had been choosen based on its
performance in the neighborhood of density matched conditions.

The observed interracial tension for the benzene /water interface is 42 dyne
/cm (or 10-N/m or mN/m). This value is expectedly higher than the equilibrium
value of 35 dyne/cm reported in the literature (Adamson, 1990). If we replace
benzene with F-benzene the interracial tension drops to -10 dyne/cm. When PVA is
added the interracial tension drops by W-fold (-0.5 dyne/cm). This was clearly
unexpectedly low since PVA was not believed to act at the water-oil interface. If 15
wt% PccMS is added to the oil phase the interracial tension increases to -6 dyne/cm,
and addition of 15 wt% PS to F-benzene gives interracial tension values in the range
of 9 dyne/cm. It is doubtful that this slight difference in interracial tension could
account for the substantial difference in sphericity, and there must be an alternate
cause of this behavior. Against our intuition, the interfaaal tension increased with
propylene glycol content. If this were in fact true, this would explain the trend
observed in Table 8. The mechanism maybe more complicated and it may involve
the competitive interracial adsorption of propylene glycol and polyvinyl alcohol).
Lastly, additions of NaCl to the aqueous had a marked effect on the interracial
tenison. The value of 125 dyne/cm is lo-fold higher than the measured tension for
the F-benzene / water interface. It is not prudent to try to conclude too much with
these data given their preliminary nature and the likelihood of species interactions
at the interfaces. What is clear is the large range of measured interracial tensions (0.5
to 125 dyne /cm) that were observed. This level of fluctuation could grossly impact
the overall spheriaty of the shells obtained. More work in this area is needed.

3.2.8.2. Propylene Glywl additwns to the core Fluid
In an effort to density match the three fluid phases involved, several core

fluids were examined. At this moment in time, it is believed that we ultimately will
want the core fluid as clean as possible. (Clean meaning free from particulate matter
or any materials that with carbonize during the PcxMSpyrolysis step). During the
initial shell making efforts, green food dye was used in the core fluid (0.4 wt70 dye)
to enhance the visibility of the core fluid and the encapsulation process. After
“standard” shell making conditions were identified, the green dye was removed. It
has been our impression that there are subtle (yet unproven) differences in the
droplet robustness and shell sphericity. The primary solvent used in the food dye is
propylene glycol (lz-propanediol). We have made shells with 0.4 wt% propylene
glycol as well. There appears to be some benefits for its use. Table 8 shows the
differences in shell sphericity at a constant shell size (and l18k PaMS) with increases
in the amount of propylene glycol in the core fluid (0-5.0 wtYo propylene glycol).
The trend is obvious, a decrease in both median and average 00R values. The most
readily accepted explanation for the difference in sphericity is that the interracial
tension is affected by the presence of proylene glycol in the core fluid. . We are in
the process of measuring the interracial tension of several solution pairings, and
hopefully these changes will be measured. There is some initial evidence that the
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Table 8: Role of Proylene Glycol content (in the core fluid) on Shell
Sphericity

WYOGlycol 0.0 0.1 0.2 0.4 5.0
Median 2357 2334 2333 2340
Diameter, ~
stcL Dev., ~ 71.5 51.9 44.2 27.2
Min MooR, ~m 3C 36 24 28
Max. MooR, ~ 329 197 139 123
Med. Moo% ~ 129 93 101 36

Shell propertiesam functionof cme fluidmake-up.

The averageMOOR maximumMOOR andthediameterstandarddeviationdecreaseas the
~Pylenc dy~l ~n~nt in~. ‘Ibis is notcxpcctd.
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interracial tension does, in fact, increases with increasing propylene glycol
concentrations. This possibly could be due to the displacement of the PVA chains
from the interface; the presence of PVA at the interface appears to reduce the
interracial tension. Species interaction and synergy at the droplet interface are
underway, and this certainly highlights the need a more detailed interracial tension
study.

3.2.8.3. DZOin corejluid.
A series of experiments were performed to test what a core offset would do to

the overall shell sphericity, i.e., potentially linking concentricity and sphericity. This
was completed with additions of DZOto the core fluid (ranging from 0-50 wt% D20
in the core fluid). While this was a good experiment on paper, its implementation
was problematic. It was difficult to keep the core fluid within the oil phase thereby
reducing the overall shell yield to nearly zero (for batches with DZOcontents in
excess of 2 wt% DZO. It is not clear why the compound droplet survival rate was so
low. The density differences between the oil phase and the core fluid is actually
much smaller throughout the solidification process with the DZOpresent than in its
absence. (see Fig. 25). This seems to suggest that there is a problem in having a
heavy core fluid (p> p(HzO)) and to a lesser problem of having a lighter core.

3.2.8.4. NaCl in corejluid
This trend is corroborated by examinin g the droplet survival for droplet

made with NaCl added to the core fluid ranging from 0-10 wt% NaC1. All of the
shells other than ones with the 1 wt9’iONaCl solution broke open. There is a second
potential benefit of putting NaCl in the core fluid besides the density adjustment.
The benefits are in terms of vacuole formation. It has been pointed out by General
Atornics (McQuillan, personal communication, 1997) that by adding salt to the
exterior aqueous / PVA fluid it is possible to remove most the vacuoles forming in
the shell walls (due the water supersaturation and consequential phase separation
during solidification). The elimination of the vacuoles in based on osmotic pressure
arguments and the ability of the salt solutions to “draw out” the water than maybe
present in the oil phase. In other words, the salt addition changes the partition
coefficient for the water / oil interface.

Based on this argument, it would seem advantageous from an academic
standpoint to examine the effect of adding NaCl to the core fluid as well as the
external fluid. This would seem to provide an environment in which it would not be
desirable for water molecules to be present in the oil phase since that would be the
highest energy state (and it would be much lower in either of the water phases).
Moreover, the interest in using NaCl in the core fluid has an addition benefit. One
could speculate on the possible forces that drive the shell /composite droplet out of
a spherical configuration; osmotic pressure is one of the possibilities. We are
already using NaCl in the PVA fluid. There is an associated osmotic pressure with
it; water is being drawn out of the core fluid to solvate the salt solution (through the
forming polymer membrane). Across the droplet / shell there must be a higher
pressure on the inside relative to the outside of the shell. It is possible that the force
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Fig. 25a - Problems with heavy core-fluid densities
using DZO resulting in core shedding at
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Fig. 25b - Problems with heavy core-fluid densities
using NaCl additions to core resulting in
core shedding at room temperature.

‘“’’T=F==
1.06

1.04

1.02

1

0.98

0.96

0.94

0.92

}
.................................. .... ...........................

L
15 wtf%PaMSo

Og!..-.-.....-O--..l---.......................
AA~@

8d) AA................................f..e.-ao
+++++:

e

b
-v--v~-v.v-----------

HZO ~ ‘v
\....-...-.-..--—.—7-----—--—-

, , , I , I 1 I , 1 I I

❑QD; ~PaMS
------------------.+.-U.-U.*... . . ........................
F-Benz.~

,T
❑ on

d........- ....- ...._..-_+.....-.t-----------------i--------------------------
.!

‘Ii;,
\Solidi$cation

h A.....r! .....-............ ...........................................................
+

94 ~ ‘Al ~_ -s-v fi% NaCl-------
6+

—..-.Y..—.... .................. ....... -
0 A

4++ IA
‘%+ ––J...-*......%----
-----7$-”-$- ~ ~ +-% Nacl

~o
\ 8;V

—-+-i 0:: ~
10

o 20 40 60 80 100

Temperature (“C)

‘)Ih



has a tendency to distort the shells. By adding NaCl to the core fluid, the osmotic
pressure should be minimized.

3.2.9. Role of Solvent Transport
Understanding the solvent transport is important. It has been suggested by

General Atomics that the rate of solvent transport affects the overall shell sphericity.
Barry McQuillan has found that the sphericity increases as the solidification time
increases. For this reason and to retard solvent transport, General Atomics pre-
saturates the aqueous phase with organic solvent. For solvent to leave the droplet,
some F-benzene must evaporate off of the top surface. A second approach has been
implemented such that the shells are collected and kept at ice bath temperatures for
an hour then the system temperature is slowly raised to 60 ‘C. These shells tend to
be less out-of-round than the higher temperature ones. Some attempts have been
made to reprodtice these efforts (see Table 9). Under the conditions we examined,
we found it difficult to observe Wy differences in shell sphericity with and without
pre-saturation of the aqueous, and with and without a high level of reflux at the top
of the vessel. This is not to say that these effects do not exist, but rather that we did
not observe them under the conditions we were testing. Differences in the execution
of the experiment exist; they are predominantly related to the use of mixing and the
size of the shell examined. The results observed by General Atomics were obtained
for smaller shells (less than 1500 pm) while the shells were being mixed at 100 rpm.
The test performed here were done on larger shells (2.3 to 2.6 mm) without the use
of any mixing. It is worth attempting again given the clarity of the results obtained
at General Atomics.

3.2.10. Eflect of Mixing During Solidifkatwn on Shell Sphericity
It is not clear at this point whether mixing /agitation during solidification is

helpful or harmful to the shell’s sphericity. It is possible that Taylor Wang’s (1995)
theory on oscillatory enhancement of concentriaty is observed; this would possibly
link concentriaty to the shell’s degree of sphericity. The choice of blades is
important to the power dissipated by fluid and consequently the amount mixing
achieved (Sterbacek, 1965; Uhl, 1966; 1967; 1986; Nagata, 1975). Blade length, blade
angle, blade pitch, and number of blades around shaft, rotation direction (CW vs.
CCW), vessel geometry, and the location of the blades with respect to the vessel are
important variables. It is also important to limit the amount of droplet breakage
during solidification. Broken droplets will float on the top of the beaker, and they
will ensnare healthy droplets in the vicinity. Thus, it is necesary to remove the
broken shells as soon as it forms a film. Generally, this is only important for the first
hour or so. After this time little shell breakage occurs. Provided this does not occur
and the levels of mixing are subcritical, the question remains: Is mixing beneficial to
the concentriaty of the two droplets?

We have observed some conflicting experimental data with respect to this
question. The role of agitation during solidification (Table 10 and Fig. 26) falls
somewhere between beneficial to no effect to deleterious. Fig. 26 clearly shows the
increase of 00R values as the RPM of the stirring blade is increased. Other batches
of shells indicate that some level of stirring decreases the MOOR values. We have
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Table 9: Role of F-benzene Transport on Shell Spheric

No obvious shericity enhancement with F-Benzene pres-saturation of the PVA fluid.

Aidingpropyleneglycolto thePVAfluidappears to be beneficial.



Table 10- Effect of Agitation (duringsolidificiat,on) on Shell Spherici~
A)
Stir rate (RPM) o 16.7 22.3
Med. Diam., ~m 2204 2231 2240.5
Med. Moor, ~ 59 120.5 169
Min MOOR, IUII 19 44 67
Max MOOr, ym 186 239 281

* 15wt% 118k PaMS; 0.4 wt% Propyleneglycol in tom.
* The minim~ the medi~ andthe maximumMOOR increasedwithincreasingagitationrates.

B) ,
Avg. Diam., pm 2176’ 19611 1793 1717 218
Stir rate (RPM) o 16.
Med. MOOR, pm 37.5 2Q 30.5 18 19.5
Min MOOR ~ 12 13 12

* 20 wt% 26k PaMS; 0.4 wt% propyleneglyeol in core
*The minimum,the medium andthe maximumMOOR demased withan agitationrateof 16.5
RPM.
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also found for the 2-mm shells there is very little margin of error between the energy
input for shell suspension through mechanical means and the energy required for
shell attrition, i.e., the speed required to suspend the shells is very close to critical
shear stress of the w-o-w emulsion droplets. It is likely that the peak stress near the
blade is substantially higher the average shear stress of the surrounding bath fluid.
Therefore, the specifics of the shell - blade interactions are important (especially in
the location of the shell with respect to blade). The location of the shells maybe
altered somewhat by the use of saline solutions. The specifics of shell-blade
interactions are dictated by the type of mixing performed (Uhl, 1966; 1967; 1986;
Sterbackek, 1965; Nagata, 1975). Again, it is necessary to perform more well
defined, controlled experiments. Due to the number of variables involved with
degree of agitation and the peak shear rates, it is not only difficult to get consistent
internal results, but it is also difficult to compare the results from group to group
(unless W conditions are equivalent).

3.2.11. Connection between Sphericity and Concentricity
Recently, General Atomics found a correlation between shell sphericity and

shell concentricity / wall uniformity. The shells with the highest degree of
sphericity were the ones with the most uniform walls. This has been attributed to
an oscillatory centering mechanism provided by pressure oscillations of the mixing
blades. It is doubtful that simply by virtue of being non-concentric that the shell
would be non-spherical; most likely the fluid will redistribute to minimize the
energy of system effecting a balance of capillary forces, bouyant forces, osmotic
forces, interfaaal energies, and ones based on chemical potential. These properties,
forces, energies are subject to change based on temperature fluctuations,reorienation,
density changes, viscosity changes, and concentration fluctuations. Of course there
are situations where, for instance, there is a large density mismatch between phases.
The core will be ejected. We would like to avoid this. This can be achieved by Ap
minimization. Density matching can not be maintained throughout the entire
process, therefore, an external means might be used for core containment and
positioning. The solidification of a non-concentric droplet (Fig. 26b), a shell with
thin and thick region of the shell wall/ fluid, will have regions in the shell that dry
quickly and those that dry slowly. The fast drying regions may start to bend due to
compressive stresses. The non-uniform drying results in distorted shapes. The
polymer membrane is stressed (Ward, 1983; Wasley, 1983) yielding a non-spherical
/ non-uniform curvature. This is likely to be both drying rate and polymer
molecular weight dependent (Perhaps, the level of mechanical stress developed in
the film is dependent on the chain entanglement density and the radius of gyration
of the polymer chains; there is some qualitative evidence to this effect presented in
the PcdbfSmolecular weight section (see Case-Hardening Instability literature).

One possible means of enhancing the containment is by using oscillatory
behavior such as acoustically driven deformations (Saffren, 1981; Lee, 1981). This is
an attractive method because it is explicitly controlled. We choose the amplitude,
frequency, cycle loading, phase match / mis-matching, number of vibration nodes
created on the droplet surface, resonances, chamber geometry, etc. We have some
control over the energy deposited at an interface via acoustical impedance mismatch
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(Ristic, 1983; AuId, 1973; Gruan, 1996). This process is quite complex, but we believe
it is a tractable one. The description and motion of a spherical interface is quite
complex in this environment. The difficulty is magnified exponentially when a
second concentric interface is added and the physical properties of one the phase is
time dependent.

3.2.12. Do Shells Float or Sink?
To be able to answer the question of whether the shells sink or float in the

solidification bath, it is necessary to calculate the composite shell density throughout
the solidification process. It is the oil phase density which is changing dramatically
during solidification; however the overall composite droplet density (Fig. 27) does
not vary that much (Ap=O.003g/cm3) during solidification because a majority of this
weight in the core aqueous fluid (whose density is presumed to be invariant). One
may compare these values for both PS and PczMS in F-Benzene (Fig. 28). For
convenient comparison, these values have been given as specific gravity (i.e.,
relative to the density of water at a particular measurement temperature). This
graph clearly shows why the PS shells float more easily than the PaMS shells; they
have a lower overall specific gravity. The shell specific gravity is also a function of
starting weight percent polymer in the oil phase since this affects the amount of non-
volatile mass. This has been calculated for 15,30, and 50 VOIYOPccMS at 65 “C (Fig.
29). The question ix How much NaCl is needed to enable the shells to float? and
are the predictions close to the experiment. The easiest way to answer this is to
superimpose the solidification density curves on a plot that gives the density of the
possible saline solutions (Fig. 29b). These curves show that only modest salt
concentrations are needed to enhance the buoyancy of the shells enough to get them
to float. For shells starting with 15 WFXO polymer and a relative encapsulation flow
rates ratio of 3:1 (core to oil flow rates), 0.4 wt540is needed for PcMS buoyancy and
0.23 wt% NaCl is needed to maintain shell buoyancy throughout the solidification
process.

3.2.13. Density Gradient Column
The use of a density gradient column has been envisioned as means to

monitor solvent transport out of the droplet /shell during solidification. This is
possible due to the differences in density between PcA4S and F-benzene. As the
droplet solidfies, it becomes more dense. If this shell is placed in a density gradient
column of known density and gradient, it is possble calculate the composite density
of the shell, the amount of residual solvent, and diffusion coefficients. Another
benefit of the column is it provide an alternate solidification environment to the one
provided by the lL-beake~ a) the environment is controlled, b) the bath fluid is
stagnant for an isothermal column, and it is possible to observe the solidification of a
single shell throughout the entire process, c) most of the hydrodynamic phenomena
are eliminated (thereby examined only hydrostatic effects and eliminating several
complications accompanying a moving droplet), d) the shell is essentially neutrally
bouyant throughout the entire solidification process. In this environment, it is
possible to produce a shell in an environment free from shear fields.
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Fig. 27- Shell Composite Density Change During
Solidification (for an initial concentration
of 10 VOI%PaMS)
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Fig. 29- Comparison of PaMS Shell Composite
Densities for Varying initial polymer
Concentrations.
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Fig 29b - Comparison of Composite Shell Specific
Gravity (SG) vs. PVA / NaCl Solution SG
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Five density gradient columns (Vp) have been run. The density gradient
column we have available is 78 cm high with a 4 cm diameter and is constructed out
of glass. It is thermally jacketed on all sides except the top one. The temperature
can be controlled up to 80 ‘C. The columns are made by mixing two miscible fluids
in a controlled fashion (two hydrostatically linked reservoirs of different densities).
The magnitude of the density gradient is determined by the difference in fluid
densities of the two starting fluids. The first test we performed was making a
column ranging in concentration from Owt% to 10 wt% NaCl with a corresponding
density range of 0.9882 g/cm3 to 1.0643 g/cm3 at 22 ‘C and p=O.9805 g/cm3 to 1.0467
g/cm3at 65 ‘C. The actual column densitycan be measured with several externally
purchased and verified calibration floats made of glass and partially filled with air.
The position of the glass floats (and their corresponding known densities) can be
compared against the calculated densities based on a constant density gradient of
the two starting column fluids (Fig 30). The position of the floats was monitored
with time and at elevated temperature. For the most part, the density gradient is
maintained (Fig 31).

3.2.13.1. Monitoring Solvent Ejluxfrom Shells
Two runs have been completed in a density gradient column with actual

rnicroencapsulated droplets. Because the density difference is expected to be rather
small, the density gradient was reduced; the NaCl concentration ranged from O-2
wt9t corresponding to a density range of 0.9805 g/cm3 to 0.9994 g/cm3 instead of the
less sensitive column with 0-10 wt% NaC1. Each run contained 3-5 droplets. The
droplets were added to a column that had already reached 65°C. The position of
each was monitored with time (Fig. 32). From this measurement one can estimate
the shell velocity (Fig. 33). In magnitude is quite small, on the order of a few
ydwc. From the position of shell within the column, one can calculate its
composite density. From this value, we can calculate the amout of solvent left in the
shell wall or the ‘XOsolvent removal (Fig. 34 ). There are some inconsistencies in the
F-Benzene transport. This can be traced to small errors (from measurement and
calculation) in the densities. It is expected that these values can be refined. One
would like to be able to calculate an average diffusion coefficient that could be used
in other calculations. We would also like to correlate the F-benzene transport data
to the shell spheriaty. The MOOR values for the shells solidified iq the density
gradient column are 186-700 pm 00R (or 9-32% 00R). This is quite a bit higher
than the shells made in a lL beaker (20-120 yrn 00R or 1-6 % 00R).

3.2.13.2. Sphericity of Shellk in a V@-column.
The shells obtained from the density gradient column are not round. In fact,

they appear to be elliptical, egg-shaped, or cone shaped. The degree of out-of-
roundness is not trivial. For the four shells obtained, we observed 00R values of
186,325,604, and 697. This corresponds to 9.3,16.5,28 .0,31.6 YoOOR,respectively.
For l18k PcdvIS, the expected 00R values typically range from 20-120pm on a 2-
mm shell solidified in a lL vessel at 65 ‘C. There are several possible reasons for
this: a) we removed essentially all of the hydrodynamic factors since these shells are
almost stationary (-5 p.dsec), b) we removed au convection c~nts, C) the she~
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Fig. 30- Density Gradient Column Calibration
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Fig. 30b - Density Gradient Column Calibration
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Fig. 31a - Density Gradient Column Stability
(Calibration Float Position as a function
of time)
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Fig. 32- Changes in Shell Composite Density

During Solidification at T=65 “C as
reflected by column position
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Fig. 33- Calculated Shell Velocity in a Density

Gradient Column at 65 “C.
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Fig. 34: % F-Benzene Removal from PaMS Beads
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are distorted because we have a density gradient column (this has recent been
calculated to be a small contribution for the density gradients we are using), d) the
core - oil density mismatch, e) manifestation of mechanical stresses built up in the
forming film (before this effect was averaged by the the motion of the shell, f) the
shells do not reorient, g) lack of reorientation coupled with the phase density
mismatch will result in the elongation of the droplet and resulting shell (The core
fluid in a stationary shell moves linear with respect to time while the core in a
reorienting shell undergoes a random walk, and its motion goes with the square root
of time. More testing is needed to delineate the possible cause(s) of this extreme
00R behavior. Based on a hydrostatic calculation a 2-mm bead would be 0.0080 pm
out-of-round for the 0-10 wt% NaCl column and 0.0024 ~m out-of round for the O-2
wt% NaCl column. At this point is believed that the shell’s 00R is due to either e)
or g).

Because shells made with PS had a tendency to be quite round (MOOR= 3-20
pm), it was of interest to examine the level of shell sphericity one would obtain in a
density gradient column since this environment should remove all deleterious
hydrodynamic forces. Shells made with l?S are less dense than the ones made with
Pcdvl!5(and more importantly, less dense than water). The PS shells intially would
float on top of the O-2wt% NaCl due to the high F-benzene content. To hold a shell
within the column fluid, it was necessary to reduce the density of the top of the
column. This was accomplished by addding 5 wt% ethanol to the water.
Unfortunately, the column was not that stable (persistant convection currents were
observed), and these shells solidified with high MOOR values.

Overall, there were some stability problems with the density gradient column
as indicated by Fig. 31. The source of these problems is thermal convection currents
and various thermal gradients (iilT/ihand ilT/~z in cylindrical coordinates) that
drive the convection currents. Problems with convection (i.e., homogenization of
column) by radial thermal gradients and start-up thermal transients (dT/dt). This
problem is evidenced by a) sustained thermal convection of PS shell (especially
near top of column) due to gradients, ~T/ik and ilT/i3z,b) non-linear (step-like
discontinuties in the electrical conductivity of the fluid with respect to column
position as measured by a conductivity probe, c) step-like shell position vs. time
data. To measure this more effectively, more calibration floats with the proper
density resolution would be helpful (but these are expensive). It would be useful to
have some expression that describes the stability of stratified media; this will
depend on the density gradient, concentration gradient, the temperature, and the
temperature gradients. If a column is not as stable as needed, perhaps a column
with several discrete steps would be useful.

It had been questioned whether the sources of the out of roundness was due
to mechanical stress development in a thin-walled shell (due radial and angular
concentration gradients present during solidification and non-uniform shinkage).
To examine this experimentally one could incrementally change the wall thickness
(which is still an interesting set of experiments) or eliminate the wall completely by
forming beads. Beads have been formed with 15 wtYol18k PczMS (the same as used
for the shells) in the droplet generator by removing the core fluid. Several of these
beads were placed in a 0-10 wt% NaCl density gradient column and their position
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monitored with time (Fig. 35). As expected, the droplets with the smallest diameter
(and highest S/V ratio) sunk / dried the most rapidly. The out-of-round values
were difficult to determine on some of the beads because they did not dry
completely.

4.0. CONCLUSIONS

* The Soane-like generator is more convenient to use as a droplet generator; the
Osaka /GA generator appears to be somewhat cumbersome.
* Problems were observed with the use of a two solvent scheme due large
differences in permeation rates.
*The size of the shell can be control and predicted by controlling the drag force
experienced by the shell (proportional to V2not v (as would be with Stokes’ Law)).
* A “Standard” shell making procedure has been adopted including:

a) relative core to oil flow rate ratio of 3:1 (1.8 and 0.6 rnl/min).
b) T(solidification)=65 ‘C
c) 3.25 mm ID collection tube
d) -25 ml/min PVA solution flow rate
e) -15 wtYOPolymer

* Mechanical suspension is, in general, too harsh on the fragile w-o-w emulsion
droplets.

a) this is absolutely the case for 2.3-2.6 mm droplets
b) RPM of 0-30 are possible for 2.0 mm droplets. It is possible to agitate 2.0

mm shells at a rate of 0-30 RPM.
* Because of droplet attrition during mixing, solidification protocol depending on
thermal convection and near neutrally buoyant conditions has been developed.
* The degree of out-of-roudness of the shell is not entirely controlled by the
hydrodynamics in the solidification bath fluid.
* The shell OOR-ness depends on shell diameter

- larger shells with smaller radii of curvature yield higher 00R values
- S/V goes down as 3/Rand the miminiza tion of interracial energy is not as

strong
* The shells’00R values area function of molecular weight (including
polydispersity and modality).
*The shells’ 00R values are a function of polymer repeat unit.
* The shells 00R values appear to be a function of polymer volubility in the oil
phase solvent.
* The shells’00Rness does not appear to be a function of the polymer’s
unplasticized glass transition temperature.
*The shells 00Rness were not found to be a function of F-benzene transport, but this
is worth retesting.
* The shell walls are believed to be developing stress as they solidify. This appears
to be responsible for the non-spherical shell geometry.
%e density gradient column is a useful means for monitor solvent transport and
offers an noteworthy environment for shell solidification. Shells solidified in this
manner are grossly out-of-round.
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Fig. 35- Changes in PocMS/F-Benzene bead
Density with respect to time
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* The best shells obtained thus far (of any kind) in the 2-mm size range are 3 pm
00R. At this point, it is believed that a NIP-quality mandrel will have to be less
than 1pm 00R.
* The activities occuring at the oil-water interface are more complicated than
originally envisioned and reflected by interracial tension measurements.
* A study of this kind is complicated by the degree of phenomena coupling. Fluid
transport, mass transport, polymer volubility, polymer molecular weight (&
dispersity), and mechanical stress are linked. It is difficult to change one without
also changing all of the other parameters.

5.0. FUTURE DIRECTION (& Unresolved questions):
We are at the stage of identifying the key parameters involved in shell

spherity. The only factor driving a shell to a spherical geometry is interracial
tension. We would like this to be as high as possible. Unfortunately, there is not
that much control of this value, and there appears to be only forces that drive the
shell into a non-spherical configuration (weight, core-oil density mismatch, shear
stress, interaction with solid surfaces, etc.). We will be looking at a number of tests
to elucidate the cause(s) of the shell’s out-of-roundness. This will include: the effect
of agitation on sphericity during solidification, effect of wall thickness, role of
solidification temperature, use of alternate solvents, involvement of osmotic
pressure, effect of solidification rate (solvent transport). Some level of finite element
modelling (GOMA, FIDAP, or ALGOR) of the transport and mechanical stresses
would be helpful in addressing a number of the experimentally difficult questions.
Comparison to experiment data and measurable properties will be done whenever
feasible.

There are some unresolved questions that will we attempt to answer. Are the
two interfaces hydrodynamically coupled? Is there a link between sphericity and
concentricity? Is stress responsible for the difference in ooR-ness for PcdW3and PS?
for various Mw PoWIS? Will acoustically driven oscillations in the composite shell
drive the core to center and reduce the level of non-uniform drying (and lower the
00R-ness of the shell)? How does F-benzene transport aff~ the 00R-ness (and
presumably the levels of stress)? How does the 00R-ness of shell mandrels
compare to the 00R-ness obatined from a bead (either a solvent-free/melt bead or a
solvent-loaded bead)? Does mixing at low shear rates (subcritical perturbations)
enhance or inhibit shell sphericity? It is known that the large amount of mixing
(high shear forces) is detrimental to shell survival. Is some small level of mixing
useful? What are the time constants for a non-spherical droplet to become spherical
(after a perturabation)? Finally, are there any physical limitations for making shells
with the NIP specifications, or is it a matter of implementation?
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