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Intr oduction
Micrometer sized multi-hollow polymer sphereshave
found many potential applicationssuchas in the indus-
trial areas of separationandadsorption, catalysis,electro-
nic, printing and information. Recently, hard latex parti-
cleswith interior cavitieshavebeenfoundto havepoten-
tial usesin coatingsasopacifiers.The pacification effect
originatesfrom multiple scatteringand interferencecon-
tributed to the scattering ability of the internal pores
ratherthan light absorption of suchaskaolin or calcium
carbonate1–2). The study on the opacification mechanism
of porous spheresindicatesthat visible light is scattered
more efficiently by voids having diameters of 200–
800nm3).

Someapproacheshavebeenreportedto preparemulti-
hollow polymer spheres.According to Okubo et al.4,5,6),
sub-micrometer sized multi-hollow polymer structures
could be obtained via stepwise treatmentwith alkali fol-
lowed by acid of emulsion copolymers containing poly-
styreneand acrylate.Moreover, Okubo hassuccessfully
prepared micrometersizedpolymerspheresvia dynamic
swelling seeded polymerization7,8). In order to achieve
cavitieswithin the spheres, the post-treatmentis similar
to the aforementioned procedure.Generally speaking,
this methodinvolvesmany tedioustreatment procedures,
producing lots of waste.This makesthe production more
time intensiveandthus theproductsmoreexpensive.

Instead,Schlarbet al. developed a new methodto pre-
paremulti-hollow polymerparticles,which involved for-

mationof copolymercontainingacrylic acidasemulsifier
for the secondemulsion polymerization in the presence
of organic solvents.At the end of the experiments, the
residualsolventswereremoved by distillation andmulti-
hollow polymer particles were yielded. This method
involves residual organic solvents, which obviously
bringsin many drawbacks9,10) .

According to Garti, double emulsions are commonly
preparedby two-step mode: hydrophobic emulsifier for
the W/O inner droplets,and hydrophilic emulsifiers for
the externalO/W emulsion. However, this processalso
involvestoo many procedures11,12).

Recently, we have found an easymethod to prepare
multi-hollow spheresof epoxy resins by incomplete
phaseinversion progress13,14) with the addedadvantage
that no organic solvents are involved in this method.
Therefore,from the viewpoint of a practicalapplication,
this method is very attractive to achieve multi-hollow
polymerspheresowing to its low costandsimplicity. In
this paper, we attempt to understandthe formation
mechanismof the multi-hollow spheresprepared by
phaseinversion emulsification.

Experimental part

Materials

Bisphenol A epoxy resin E-20 (epoxide equivalent value
0.20mol/100g resin)with an averagemolecularweight M

—
w

= 1000,waspurchasedfrom ChineseEastTianjin Chemicals

Communication: Micrometersizedmulti-hollow spheres
of epoxy resin were preparedby a physical methodso-
called phaseinversionemulsificationtechnique.The for-
mation mechanismof the titled sphereswas studiedby
incompletephaseinversion.The requisitefor the forma-
tion of multi-hollow sphereswasthat irreversiblecoales-

cenceamongthewaterdropletsundershearactionbefore
the phaseinversionpoint existed.This processcould be
facilitated by a lower emulsifier concentrationand a
higheremulsificationtemperature.Moreover, a theoretical
explanationof theformationof thetitled sphereswaspre-
sented.
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Co. and usedas received.The polymeric emulsifier E325
with an numberaveragemolecularweight M

—
n = 4.66104,

measuredby GPC15), is a multiblock copolymercomposedof
10 wt.-% of epoxy resinE-20 asa hydrophobiccomponent
and90 wt.-% poly (ethyleneglycol) PEG10000asthehydro-
philic component.Both of the epoxy resin E-20 and the
emulsifierE325arepowderyat ambienttemperatures.

Descriptionof phaseinversionprogress

After the powderybisphenolA epoxy resinE-20 andsome
amountof emulsifierE325werechargedinto a glassemulsi-
fication device at ambient temperatures,the mixture was
progressivelyheateduntil melted. Then, the mixture was
kept homogeneousby stirring and keepingthe temperature
constant,anddeionizedwaterwasaddedto themixturecon-
tinuouslyto drive the phaseinversion.Meanwhile,the elec-
trical propertiesweremonitoredby directly readingthe cur-
rent impedancevaluemeasuredwith a HIOKI 3520LCR Hi
TESTER,which wasconnectedwith two well designedpar-
allel rod electrodesfully immersedin the mixture. Oncethe
impedanceof the systemsuddenlydroppedaccompaniedby
anaccelerationof themotorduringtheexperiment,a contin-
uousphaseinversionfrom theepoxyresinto thewaterphase
had occurredand the systemcould be dispersedin water.
This critical watercontentis definedas the phaseinversion
point (PIP). Next, a large amount of water was addedin
orderto cool anddilute theinvertedsystem,andtheproducts
wereobtainedafterdrying undervacuum.

Characterization

Very diluted dispersionswerespreadonto a metalplateand
driedat ambienttemperatureundervacuum.Thedriedpow-
derswere sputteredwith Au and observedwith an Hitachi
scanningelectronmicroscopy(S-530).

During thephaseinversionprocess,samplesof representa-
tive water contentwere takenoff the emulsificationdevice
andcooledimmediatelyin an ice/watermixture.Thecooled
sampleswere fracturedin liquid nitrogen,and the fractured
surfacewasdriedat ambienttemperatureundervacuum.The
dried fracture was sputteredwith Au in vacuumand then
observedunder a scanningelectron microscopy(S-4200).
The water contentof the systems,which is defined as the
weight ratio of waterto epoxyresin,wasdeterminedby dry-
ing the systemsat 1408C for 30 min andweighingthe mass
lossunderambientconditions.The emulsifierconcentration
refersto theweightratio of theemulsifierto epoxyresin.

Resultsand discussions

Representativemorphologyof themulti-hollowspheres

Fig. 1 showstwo representative scanning electron micro-
graphsof the multi-hollow particles of epoxy resin pre-
paredby the incompletephaseinversion emulsification
technique at 858C when the emulsifier concentration is
about 5%. The contour of the particles is given in
Fig. 1A. It canbeseenthat theparticlesaremulti-hollow

about 5 lm diameterwith the hollows about 1 lm dia-
meter. Fig. 1B shows the internal structureof the parti-
cles. It can be seen that the cavities are interconnected
within theparticles.

Somevariablesto control formationof themulti-
hollow spheres

It is foundthat theeffectsof emulsifier concentrationand
emulsification temperatureon the structural featuresof
the waterborne particles preparedby the phaseinversion
emulsification technique are very pronounced. Fig. 2
shows the dependence of water contentat PIP and the
structural features of the waterborne particles on the
emulsifier concentration.Below thecurve,theamount of
water is not sufficient to drive phase inversion from
epoxy resininto theaqueousphase. Therefore, thesystem
in region3 is a water dispersedin oil (W/O) system. On
the other handabovethe curve, phase inversionoccurs
andthecontinuousphaseof thesystemis water. Thereis

Fig. 1. Representative scanningelectron micrographsof the
multi-hollow particles preparedat 5% emulsifier E325 and
858C (scalebaris 5 lm)
A: Contourof theparticles (top),B: Internalstructureof thepar-
ticles(botton)
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a transition region simply indicated by a vertical line
from region1 to region2. In region1, emulsifierconcen-
tration is relatively high anddiscretesmaller waterborne
particles (O/W dispersion) dominate.In region2, porous
particles (W/O/W dispersion) dominate at lower emulsi-
fier concentration.Thewatercontent at PIPasymptotesa
constantwhenemulsifier concentrationexceeds5%. This
infers that the emulsifier is sufficient to almostsaturate
the W/O interfacebefore PIP at this critical emulsifier
concentration.

Fig. 3 shows the dependence of water content at PIP
andthe structuralfeaturesof the waterborne particleson
the emulsification temperature. It can be seenthat the
water content at PIP increases monotonically with tem-
perature.Below the curve,the watercontent is not suffi-
cient to drive phaseinversion andthe systemin region 3
is a water dispersedin oil (W/O) system. Above the
curve, the continuous phaseis aqueous.In region 1, the
emulsification temperature is low, and discretesmaller
particles dominate resulting from the complete phase
inversion process.In region 2, when the temperature is

higher, a W/O/W complex dispersion dominates. This
meansthattheperfectionof phaseinversionbecomesless
with increasing temperature.This is likely to be corre-
lated with the weakening interfacial film with tempera-
ture.

Formation processof themulti-hollowspheresby
incompletephaseinversionemulsification

In orderto understand theformation processof themulti-
hollow particles,the morphological evolution was char-
acterizedby observing the representative samples with
SEM during the phase inversion process, as shown in
Fig. 4. It is noted that the emulsifier E325concentration
is fixed at 2.33%andemulsification temperatureis 858C.
In thiscase, thecritical watercontentat PIPis 24.65%.

As can be seenin Fig. 4A, when the water content is
21.72%before PIP, it is foundthatsomebiggerdeformed
water drops coexist with smaller water droplets. On
increasingwatercontent, for exampleto 24.64%, a local
phaseinversion occursandtheinterconnectedstructureis
formedby thecoalescenceamongthebiggerwater drops
(Fig. 4B). When the water content reaches 24.65%
(Fig. 4C), thecontinuousphaseis suddenly invertedfrom
epoxyresininto theaqueousphase,asshownby theabrupt
decreasein theelectricalresistance.It canbeseenthatlots
of smallerwaterdropletsaretrappedin thebiggerwater-
bornestructure.Therefore, a W/O/W complex dispersion
is obtainedin thiscase.As shownin Fig. 4D, thestructure
becomessphericalowingto thedecreasein surfaceenergy
onfurtheradditionof water. Someinterconnectednetwork
within thespheresis alsoseenin Fig. 4D. This is consis-
tentwith thestructureshown in Fig. 1.

Theoretical analysisof themulti-hollowspheres
formation

Before PIP, the addedwater is dispersedin the viscose
epoxy resin and broken-up into smaller droplets under
shearfield16,17,18,19). Meanwhile, the emulsifier molecules
diffuse onto the water/resin interfaces, and interfacial
films are formed to stabilize the water droplets. The
dynamic coalescence rate R among the water droplets
could be impeded owing to the interfacial film, which is
in agreement with the Smoluchowski20,21,22) theory devel-
opedby DavisandRideal23):

R� ÿ dn
dt
� 2

3
kTn2 r

ga
exp ÿ E

kT

� �
�1�

wherek is theBoltzmanconstant, T theabsolute tempera-
ture, n the number fraction of dispersed phase,r the
radiusof dispersedphase,g theviscosityof thesystem,a
the collision radius, and E is the energy barrier mainly
determinedby thestrengthof theinterfacial film .

Fig. 2. The dependenceof watercontentat PIP andthe struc-
tural featuresof the waterborneparticleson the emulsifiercon-
centration

Fig. 3. The dependenceof watercontentat PIP andthe struc-
tural featuresof the waterborneparticles on emulsificationtem-
perature
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The formation processof themulti-hollow particlesby
incompletephaseinversion is shown in Fig. 5. At low
emulsifier concentrations,the emulsifier molecules are
not sufficient to diffuse onto the newly formed water/
resin interfaceandsmaller waterdropletsarepoorly sta-
bilized. Therefore,the smaller water dropletscoalesce to
form larger ones.In this case, the interfacial film is less
saturatedwith the emulsifier molecules. This analysis
explainsthedependenceof phaseinversionperfectionon
emulsifierconcentration.Eventheinterfacialfilm is satu-
rated, the strength of the interfacial film will also
decrease with temperatureby weakening the hydrogen
bond betweenPEO units in the emulsifier and water.
Therefore,the coalescenceamong the smaller droplets
becomesmuch moremarked with increasing temperature.
In thesetwo cases,an irreversiblecoalescenceamong the
dispersedwaterdropletsto form somelarger onesexists.
This processcorrespondsto the changefrom structure 1
to 2 in Fig. 5. For phaseinversionbeforethe requirement

is satisfiedthat theattraction amongthewaterdropletsis
comparablewith repulsion, larger water dropletswil l be
forced into a continuous phaseat PIP under shearfield,
and lots of smaller water dropletsare trappedwithin the
largerwaterbornestructure.This correspondsto structure
3. Therefore,multi-hollow waterborneparticles of epoxy
resin (W/O/W dispersions)arepreparedby anincomplete
phaseinversion emulsification techniqueasillustratedby
structure4 in Fig. 5.

To summarize,whencoalescenceamong thewaterdro-
plets occurs prior to PIP, larger water dropletswil l be
formed via the irreversible coalescenceamong smaller
water dropletsunder shearfield. They arerandomlydis-
persedin the epoxyresincontinuousphase. This process
results in broad size distribution of the water droplets.
The water/resin interfacial film will becomefurther wea-
kened when the water droplets becomelarger. In this
case, the phaseinversion will take place via the forced
coalescenceamong the deformedlarger waterdropssub-

Fig. 4. Morphological evolutionduringanincomplete phaseinversionprocess
(Watercontent A: 21.72%,B: 24.64%,C: 24.65%, D: 28.85%)
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jectedto a shearfield, andthe smaller waterdropletsare
trappedwithin thewaterbornestructure.Therefore,multi-
hollow particlesof epoxyresin areachievedby anincom-
pletephaseinversion emulsification technique.

Conclusion
The formation mechanism of epoxy resin multi-hollow
particles by incompletephaseinversion is investigated.It
is found that the formation of larger water droplets by
irreversible coalescenceamongthesmaller waterdroplets
before PIP is a requisite condition. This condition is
achieved by lowering the strength of the interfacial film
by decreasingtheemulsifier concentrationandincreasing
theemulsificationtemperature.At low emulsifier concen-
tration, thereareinsufficient emulsifier moleculesto dif-
fuseontothefreshly formedsurfaces,andstabilizationof
the dispersedwater droplets becomeslow. In this case,
the interfacial film is unsaturatedby theemulsifier mole-
cules. With increasing temperature, the strengthof the
interfacial film becomeslessand the irreversible coales-
cenceamong the water droplets are remarkable. There-

fore, both decreasing the emulsifier concentration and
increasingthe emulsification temperaturecould facilitate
the formation of epoxyresinmulti-hollow particlesby an
incompletephaseinversionemulsification technique.
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Fig. 5. Illustrationof incomplete phaseinversionevolution


