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This invention relates -to electrostatlc encapsulation
and to the products obtained thereby.  More particularly,
the invention concerns novel methods for the electrostatic
encapsulation of a liquid or solid core particle in the
form of an aerosol or fine mist and bearing an electric

. charge, by envelopment of the core particle with a coating
of an encapsulating substance maintained in the form of
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an aerosol or fine mist and bearing an opposite elcctric .

charge.

The electrostatic coating of articles or surfaces made
of ‘metal or. of nonconducting materials such as plastics,
glass, and wood by deposmno thereon a coating material,

. such as paint or Jacquer, in finely divided form under the

influence ‘of -.an elcctrostatic field is a well known process
which has been’ extensively adopted for industrial usz.
nmost of these systems a liquid coaung material iz dis-
charged into a
vice. The mist is given an electric charge either at the
time it leaves the atomizing devite or shortly thereafter,

and js then deposited by electrostatic attraction upon the

article or surface to bLe treated.. To create the mist of
coating material there -hay be employed for example,

chamber as a mist using an atomizing de-
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either ‘a pneumatic or liquid atomizer in-which the liguid

is forced through a. nozzle under compression, or a ro-
tating disc type of atomizer from the annular edge of
which the liquid is spread into a thin expanding film and
thencé into a spray of finely divided liquid particles.
mist of coating liquid may be electrically charged by pro-
jecting. it into an electrostatic field containing an jon dis-
charge or-a corona type discharge, the drticle or surface
to be codted bearing an opposite electrical charge. Alter-
natively, an electrostatic field is.maintained between thé
atomizing device-and the article to be coated by applying
a-high voltage of the order of several thousand volts to

the portion ‘of the atomizing device where the mist is’

formed, by connécting one terminal of a high voltage
source thereto and grounding the other terminal.
electrastatic field thus created, the finely divided material
pmtu‘les in suspension become. charged and move toward
and -impinge and coalesce upon the oppositely charged
sutface to be coated, by reason of their opposite polarity.
Where noncorducting materials or surfaces are being
coatzd it mav be niecessary tor provxde an auxﬂmrv elec-
trode to establish lincs of force along which the movement
of the charged coating mist particles can be guided. These
known methods have been adapted to the coating of flat
surfaces and webs with wax and. with thermosetting poly-
mérs. A method is also known whnreby solid pellets of
medicinal or nutrient substances ranging in size fiom 5
to 125 thousandihs of an inch or larger are projected
into a chamber in which they encounter a spray ‘of a coat-
ing material such as a natural resin or gum, the pellets
and the spray being charged with opposite electric charges
“as they enfer the chamber, causing the spray to be drawn

to the pellets. The respective charges are imparted as
the pallets and the coating -particles pass through an
ionized areain a nitrogen atmosphere under action of a
high voltage.in the neighborhood of 100,000 volts.

The known electrostatic coating processes have proved
to be of limited effectiveness, however, for the enveloping
or encapsulating of finely divided liquids or solids which
are of colloidal dimensions, that is,” where the particle
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sizes are measured in microns, of the order of 100 mi-
crons or less, and where the thickness of the coatings is
also measured in micron dimensions. There has existed
4 need for a direct and efficient method whereby liquid or
solid particles in the size range of about 1to 50 microns
could be coated with thin, tough, films or encapsulations
of waxes, synthetic resins, and analogous materials, so
that the final product would still remain at or near the
aforementioned size range, but having the form of dis-
‘crete, minute, -free-flowing granules. -

In accordance with the present invention there is pro-
vided a method whereby particles of liquid or solid in the
size range of about 1 to 50 microns can be encapsulated
with-thin films of solid polymers, waxes, or the like. The

_resniting products are vseful, for example, in photocopy-

ing and other processes, where the reactivity of water-
sensitive substances can be controlled by encapsulatxon
with suitable polymers

The invention involves the principle of electrostatic
interaction of aerosols or fine mists of bipolar or op-
positely charged particles of core and coating materials,
‘to dchieve a state of substantial electrical neutrality, the
particle sizes of the respective materials in said aerosols
or mists being of colloidal dimensions, ranging predomi-
nantly between about 1 and about 50 microns.
particle size ranges, it has been found according to the

“invention, that core particles, and especially liquid core

particles, in fincly dispersed aerosols, become encapsu-
lated by electrosiatic interaction, to form products which
are ‘capable of handling as free-flowing powders.’

In accordance with one aspesct of the invention, a
method is provided whereby a core material and a coat-
ing material are separately atomized to a particle size
ranging from about 1 to about 50 microns and the re-
spective particles in the form of an aerosol are electro-
statically charged so as to be of opposite polarity. For
the successful performance of the method, neuiralization
side-effects arising from the formation of jons or other
oppositely charged small particles at the time of aerosol
production must be kept at a. minimum. This involves

"application of the principle that upon contact, particles

in the form of bipolar aerosols are governed in their at-
tractive or repulsive behavior by two kinds of forces. The
general attraction between oppositely charged particles,

“the so-called Coulomb force varies inversely as the second

power of the separating distance. The polarities deter-

“mine whether the forces are those of attraction or re-

pulsion. At smaller separating distances .the so-called
“image effect” prevails and varies as the fifth power of the

" distance. which is attractive, without regard to charge.

Calculations of the coagulation process taking place in a
bipolar acrosol mixture indicate that, in general, the rate
of coagulation is proportional to the product of the aver-
age positive and negative charges where the particles are
of about equal size. If particles of small size are coagu-
lating with an aerosol of opposite polarity but of larger
size, the coagulation will decrease, becanse enhanced

Brownian movement of the small particles will counter-

act the directional effect of the Coulomb atiraction forces. "
Accordingly, the method of this invention preferably em-
ploys bipolar aerosols 'in which the respective particle
sizes are essentially the same. This size has been found
advantageously io be between about 1 and 50 microns.

In accordance with another aspect of the invention, a
method is provided whereby finely divided liquid particles
in the size range of 1 to 50 microns are enveloped or en-
capsulated by a solid or a liguid layer of coating having

-a thickness of a few microns, preferably less than about

10 microns. The relative size of core particles and the
coating particles should be chosen to produce a coating
of the optimum thickness compatible with the end use to
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which the product will be put. It is desirable that the
negative charge on the coating particles be substantially
equal to the positive charge on the core particles and vice
versa.

The basic requirement for the core liquid is that it must
possess a high surface tension so that the coating ma-
terial will spread readily over its surface. Examples of
suitable core liquids of this type include water, glycerine,
and ethylene glycol, which have respective surface ten-
-sions of 72, 63 and 49 dynes per centimeter. Viscosity
is not a critical factor; thus a viscosity of 10,000 milli-
poises (glycerine at 20° C.) may be regarded as a general
upper limit for efficient atomization.

For good electrostatic atomization, the conductivity of
the liquid should be within the range of about 2 X103 to
5.8 10~ ohm-centimeters. Othcr materials or fine par-
ticles can be suspended in the core liquid provided the sur-
face tension is not widely altered.

Coating materials which may be dispersed into aerosols
and electrostatically charged for interaction with an aero-
sol of an oppositely charged core liquid to form an en-
veloping shell thereon include substances which may be
“either waxes or resins. Thus, there may be employed for
this purpose, for example, phthalate polyesters, solid or
liquid paraffin, microcrystalline wax, and the like, or syn-
thetic resins, such as-linear polyamides, polyvinyl esters,
ethers and formals, polystyrene, polyesters, acrylics,
epoxies, and other classes of polymers. The core aero-
sols may be encapsulated by condensation of a liguid
monomeric material on the core particles and initiating a
rapid polymerization reaction. Component concentra-
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tion, temperature, reaction time, bulk properties, and the .

" like, can be varied within wide limits in the production of
such encapsulated aerosols, in accordance with the in-
vention, to provide a range of volatilities, stabilities, and
water or water vapor permeabilities, as desired.

The temperature of encapsulation is not a critical factor
as long as the core and/or coating materials are reason-
ably fluid.

In general, it has been found that the coating material

- must possess a low surface tension and good wetting prop-
erties, permitting it to spread over the surface of the core
particles. The preferred surface tension range is from
about 20 to about 30 dynes per centimeter. Further-
more, the conductivity of the coating material should, in
general, correspond to that of the core material.

In accordance with another aspect of the invention, it

“was found that conductivity may be favorably infiuenced
and atomization greatly improved by incorporating in
the coating material additives such as an aliphatic di-
amine, or a hexamethylene diamine. Thus, for example,
when hexamethylene diamine was added in small amounts
to molten wax, aerosol production increased by one or
two magnitudes and smaller particles were generated.

In accordance with still another aspect of the invention,
a solid coating of a synthetic resin is formed by electro-
static encapsulation upon liquid core particles by conden-
sation polymerization. This method necessitates the selec-
tion of two resin-forming reagents which will react rapidly
to form a solid polymeric condensation product, One
reagent is dissolved in the core material, and the other
in a suitable solvent, both reagents being identifinitely
stable. Polyamide type resins are particularly suited to
this method, and such coatings may be formed, for ex-
ample, by reaction at the interface of the core and coat-
ing aerosols where glycerine containing hexamethylene di-
amine is the core material, and toluene containing dis-
solved adipyl chloride is the coating material. The inter-
facial polymerization reaction results in the formation of
hexamethylene diamine adipate, more commonly known
as nylon.

Another factor of importance in improving the inter-
action of oppositely charged aerosols for encapsulation
purposes is the control of the rate of collision of the sus-

pended oppositely charged aerosol particles in an elec- -
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trostatic field. In addition to the force due to the electro-
static field, which tends to move the charged particles
toward opposite poles, there is an electrostatic attractive
force (Coulomb force) between the charged droplets.
Opposing the Coulomb force is the aerodynamic drag
force which at the particle size range here in question is a
simple function of droplet size and speed. Calculations
have indicated that in the case of droplets having a radius
of 10 microns, the terminal horizontal velocity at which
the electrostatic field force and the aerodynamic drag
forces are balanced, is approximately 56.2 cm. per sec-
ond. At this equilibrium point, the influence of the
Coulomb forces will depend upon the relative closeness
of the respective sets of droplets. Thus the probability
of collision and effectiveness of encapsulation can be in-

- fluenced by control of the speed with which the opposite-

ly charged particles are impeiled toward each other and
mixed.

It has been found, in accordance with the invention,
that the control of the speed of the particles in the electro-
static field so as to utilize the Coulomb forces, may be ef-
fectively achieved by control of field strength and distribu-
tion and of the direction of the lines of force. Thus,
where oppositely charged aerosols are projected into a
chamber using electrostatic atomizers, and -at a high ve-
locity, the build-up of a strong fiield is prevented by em-
ploying an intervening metal plate in two portions, each
insulated and assuming a potential of the same sign as the
atomizing device. This permits the particles to inter-
mingle freely subject essentially only to forces of gravity
and convection, promoting gentle mixing and a narrower
size range. At the same time, the concentration of the
droplets is maintained as high as possible, 104-10°% parti-
to accelerate their interaction. The space
charge created in this manner tends to reduce internal field
effects in the cloud. The substantial absence of a field re-
duces relative particle motion, which, as mentioned previ-
ously, should be at a minimum for good interaction.

The charging of the core and coating particles is ac-
complished by electrostatic atomization. The preferred
voltages range from about 5 to about 50 kv., and are pref-
erably direct current. One terminal of a source of high
voltage is connected to the atomizing device at the point
at or near which the atomization takes place, while the
other terminal is connected to a plate of metal, such as
aluminum, serving as a ground, as described more fully
below, and which is insulated from the mixing chamber.

Any suitable type of atomization feeding system may
be employed, but it has been found that for the purpose of
the invention, one employing a demand type feed system
is preferable. Thus there may be used a type of device
which utilizes capillary action to feed discharge material
to layers of cloth or paper, such as filter paper, velvet,
rayon or cotton, surrounding a discharge nozzle. These
cloth layers should be arranged to terminate in fine tips.
For large scale operation, there may be employed as
atomizing devices any of the conventional means used for
this purpose, including pneumatic or  hydraulic needle
sprays, rotating disc atomizers, and the like. By using the
cloth or plastic electrodes we avoid the danger of generat-
ing gaseous ions which neutralize the charges on the aero-
sols and thereby prevent encapsulation.

We have also found that the atomizing device wxll act
very efficiently if formed of a block of porous refractory
material. Such a device will cause a discharge of the aer-
osols through the porous body of the material in substan- -
tially all directions.

The detailed method of accomplishing the foregoing
will be better understood by reference to the following
descrlptlon of a presently preferred form of apparatus as
depicted in the accompanying drawing, in which -

FIG. 1 represents a schematic view, partly in cross-
section, of a form of apparatus suitable for carrying out
the electrostatic encapsulation of a liquid; :
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.FIG. 2 is an enlarged view of the atomizing device
shown in FIG. 1 showing in more detail the support for
carrying the cloth or paper. discharge surface for the ma-
terial being atomized; :

" FIG. 3 is a top plan view of the plate member with the
openings therein through' which the atomized material is
discharged; and

FIG. 4 is a view similar to FIG. 2 showing a modified

form of discharge surface for the material being atomized.

‘Referring to FIG. 1, the electrostatic encapsulation ap-
paratus comprises a chamber 1 which may be of any de-
sired shape, having a bottom’ portion 2, and side walls 3
which terminate at upper edges 4. Supported on pillars 5
of a nonconducting material, such as glass or plastic is a
thin metal plate 6 having openings 7 and 8 therein, which
plate acts as a ground fer the applied high voltage current.

" Positioned above the openings 7 and 8 in the plate 6
are a pair of atomizing devices designated gencrally as
13 and 14, which comprise means for containing and sup-
plying core and coating materials respectively including a
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vessel 15 having its lower portion terminating in a nozzle .

16, through which the flow of material is controlled by a
valve or stopcock 17. - As shown in more detail in FIG. 2,
the exit portion of the nozzle 16 is fiticd with - member 18
of nonconducting material which serves as a support for

25

several downwardly extending pieces 19 -of cloth or paper
which terminate in sharp edges 20, which provide a dis-

charge surface for the material being atomized..

" In FIG. 4 there is shown another type of atomizing de-
vice.” Mounted on the discharge end of the nozzle 16 is

a block 18’ of any desired shape formed of porous refrac-

30

tory material whereby the discharge of the material from

the nozzle 16 will be atomized as it passes through the
block 18’. By reason of this type of atomizing device the
material being atomized will be caused to flow through
substantially the entire surface area of the block. _

It will be understood that additional pairs of atomizing
devices may be similarly provided in-the apparatus, and

" that othet types of atomizing-devices such as rotary disc

atomizers may be employed instead of the types shown
in the drawings. . :
Sources of high voltage designated generally as A and
B supply positive and negative high voltages to the atom-
izers 13 'and 14, respectively,  via conductors which are
attached to the nozzles 16. Where the liquids or other
materials such as, for example, wax, require heating in
order to maintain, fluidity-for atomization, .heat may be
supplied by means of a set of infrared lamps 25, or by
other suitable means, such as a heating coil wrapped
-around the atomizer vessel 15. )
In the operation of the apparatus, the core material and
- the coating material are caused to flow by gravity, or un-
der pressure -(by. means not shown), from vessels 15
through valves 17 outward through the openings of the
nozzles 16, the ‘liquid passing through and wetting the
. cloth or paper discharge layers 19. - Simultaneously a
negative and positive high voltage is applied to the respec-
tive nozzles and the metal plate 6, whereby the particles
of core and coating material issue from the tips-20 of the
cloth ‘or paper discharge layers or block 18’ of porous
refractory material, in the form of oppositely charged aer-
osols or fine mists. These aerosols pass downward into
chamber 1 through openings 7 and 8, under the action of
gravity. In the chamber, a gentle mixing of the oppositely
charged aerosols occurs, while convection is promoted by
electrostatic field lines of ‘force extending downward into
the chamber through openings 7 and 8 underneath central
plate 6. In this manner a high percentage of single en-
capsulated drops or particles are produced, said encapsu-
lnted particles collegting at the bottom of the chamber as
a dry, free flowing, fine powder.
The following examples serve to illustrate the novel
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method of the invention, but are not to be regarded as -

limiting.”
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-to crack. open the wax spheres.
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EXAMPLE 1

Encapsulation of ligquid by liquid

Employing the apparatus previously described, aerosols -
were formed of core material, glycerine (positively
charged) and dibutyl phthalate (negatively charged), the
particle size of the glycerine aerosols ranging from about
3 to 10 microns, while that of the dibutyl phthalate was
slightly coarser, about 5 to 20 microns, indicating that
the positive polarity produced the finest spray. A voltage
of 10 kv. was applied to each atomizer. The .dibutyl
phthalate coated the glycerine, with only a small propor-
tion of unreacted particles being present. Under micro-
scopic examination it was found that dibutyl phthalate
had formed a thin skin or film around the glycerine, the
size of the inner drops being around 10 microns, and that
of the film being 1 to 2 microns. : :

EXAMPLE 2
Encapsulation of liquid by solid shell

Employing the apparatus disclosed herein, aerosols were
formed of glycerine as core material, as in Example 1, and
of . paraffin wax as the coating material, the wax being
kept molten by heating means, such as the infrared heater
shown in FIG. 1. It was found that greatly improved en-
capsulation was obtained by the addition of 5% of hexa-
methylene diamine to the wax in order to improve con- -
ductivity.  Applied voltages of 10,000 volts were used, the
glycerine being negative and the wax positive. The aero-
sols coagulated readily to form tiny spheres of glycerine .
encapsulated by the wax. When pressure was applied, as

‘by placing spheres between two cover slips and viewing

under a microscope, the spheres cracked open, allowing
the glycerine to escape. Considerable force was required

-The product is a free
flowing white powder. o

EXAMPLE 3 .
Encapsulation of liquid by condensation polynerization

Employing the apparatus of FIG. 1, aerosols of gly-
cerine containing from 1 to 5 percent by weight of hexa-

.methylene diamine were converted to negatively charged

aerosol droplets having an average radius of 10 microns.
A solution of from 5 to 10 percent of adipyl chloride by
weight in toluegie was simultaneously converted to a
positively charged aerosol, employing in both instances
an applied voltage of 10 kv. The mixing of the aerosol
results in the reaction of the hexamethylene diamine and
adipy} chloride to form nylon, which coats the glycerine
droplets with a shell about 0.4 micron thick. If properly
hardened the product is a free-flowing white powder.

It will be understood that while the invention has been
described in part my means of specific examples, refer-
ence should be had to the appended claims for a defini-
tion of the scope of the invention. :

What is claimed is: i )

1. Method for the electrostatic encapsulation of a
liquid core material by a liquid coating material which
comprises electrostatically atomizing said core material
and said- coating material from respective sources thereof,
said core liquid having a higher surface tension than said
coating liquid, to form a negatively charged aerosol of
said core liquid and a positively charged aerosol of said
coating liquid, the particle size of said aerosols being
predominantly between about 1 and about 50 microns,
supplying said aerosols to a mixing zone and allowing
said aerosols to interact in said zone to achieve a state of
substantial electrical neutrality, with formation .of core
particles encapsulated by a coating layer having a thick-
ness of about 10 microns or less.

2. The method of claim 1 in which the conductivity of
the coating liquid is improved by the addition thereto of
a small amount of an aliphatic diamine.

3. The method of claim 2 in which the diamine is hexa-
methylene diamine. '

i
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4. The method of claim 1 in which the core liquid is .

glycerine and the coating liquid is molten paraffin wax.

5. Mecthod for the electrostatic encapsuiation of a
liquid core material by a solid synthetic resin which com-
prises electrostatically atomizing a solution of a first resin-
forming component in said core material to form a nega-
tively charged aerosol of said core liquid, and a solution
of a second resin-forming component in an organic sol-
vent therefor to form a positively charged aerosol, the
particle size of said aerosols being predominantly between
about 1 and about 50 microns, supplying said aerosols to
a mixing zone and allowing said aerosols to interact to
achieve a state of substantial electrical neutrality and to
permit formation of said synthetic resin by condensation
and polymerization of said components about the surface
of said core liquid particles. ‘
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6. The method of claim 5 in which the resin com-
ponents are adipyl chloride and hexamethylene diamine.

7. The method of claim 5 in which the atomized core
liquid is a solution of hexamethylene diamine in glycerine
and the atomized second resin-forming component is a
solution of adipyl chloride in toluene,
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