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Communication: Micrometersizedmulti-hollow spheres
of epoxy resin were preparedby a physical method so-
called phaseinversionemulsificationtechnique.The for-
mation mechanismof the titled sphereswas studied by
incompletephaseinversion. The requisitefor the forma-
tion of multi-hollow spheresvasthatirreversiblecoales-

cenceamongthe waterdropletsundershearactionbefore
the phaseinversion point existed. This processcould be
facilitated by a lower emulsifier concentrationand a
higheremulsificationtemperatureMoreover a theoretical
explanationof the formationof thetitled spheresaspre-
sented.
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Intr oduction

Micrometer sized multi-hollow polymer sphereshave
found many potential applicationssuchasin the indus-
trial area of sepaationandadsorpion, catalysis, electro-
nic, printing and information. Recently hard latex parti-
cleswith interior cavities havebeenfoundto havepoten-
tial usesin coatngsasopacifiers.The pacificaion effect
originatesfrom multiple scatteringandinterferencecon-
tributed to the scdtering ability of the internal pores
ratherthan light absorpton of suchaskaolin or calcium
carbonag?. The study on the opacfication mechanism
of porows spheredndicatesthat visible light is scatteed
more efficiently by voids having diametes of 200-
800nm?,

Someapproabeshavebeenreportedto preparemulti-
hollow polyme sphees. According to Okubo et al#%9),
sub-mtrometer sized multi-hollow polymer structures
could be obtaned via stepwi® treatmentwith alkali fol-
lowed by acid of emusion copolymes contaning poly-
styreneand acrylate. Moreower, Okubo has succesfllly
preparel micrometersized polymer spheresvia dynamic
swelling seeded polymeization’®. In order to achieve
cavitieswithin the spheresthe posttreatmentis similar
to the aforementiored procedure.Gererally speaking,
this methodinvolves mary tedioustreatnent procedires,
produdng lots of waste.This makesthe prodiction more
time intensiveandthus the prodicts moreexpensgve.

Instead,Schlarbet al. develop& a new methodto pre-
paremulti-hollow polymer patticles, which involved for-

mationof copolymer containing acrylic acidasemusifier
for the secondemulsion polymerization in the presence
of orgaric solvents. At the end of the experiments the
residualsolventswereremoved by distillation and mullti-
hollow polymer patticles were yielded This method
involves resdual organic solvents, which obviously
bringsin mary drawbaks 9.

Accordng to Gatti, dowble emusions are commonly
preparedby two-step mode: hydrophobic emdsifier for
the W/O inner droplets, and hydrophilic emulsiiers for
the external O/W emulsicn. Howeve, this processalso
involvestoo mary procedues'*?,

Recenly, we have found an easy methodto prepare
multi-hollow spheresof epoxy resins by incomplete
phaseinversion progres'*!¥ with the addedadvantage
that no orgaric solvents are involved in this method
Therefore,from the viewpant of a practicalapplicaton,
this methodis very attractive to achieve multi-hollow
polymer sphees owing to its low costand simplicity. In
this paper we attempt to understandthe formation
mechanismof the multi-hollow spheresprepared by
phasanversian emulsification.

Experimental part

Materials

Bisphenol A epoxy resin E-20 (epoxide equivalentvalue
0.20mol/100g resin) with an averagemolecularweight M,,
=1000,waspurchasedrom ChineseEastTianjin Chemicals
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Co. and usedas received. The polymeric emulsifier E325
with an numberaveragemolecularweight M, = 4.6 x 10",
measuredby GPC?, is a multiblock copolymercomposef
10 wt.-% of epoxy resin E-20 as a hydrophobiccomponent
and90 wt.-% poly (ethyleneglycol) PEG1000Gsthe hydro-
philic component.Both of the epoxy resin E-20 and the
emulsifierE325arepowderyat ambienttemperatures.

Descriptionof phaseinversionprogress

After the powderybisphenolA epoxy resin E-20 and some
amountof emulsifierE325werechagedinto a glassemulsi-
fication device at ambient temperaturesthe mixture was
progressivelyheateduntil melted. Then, the mixture was
kept homogeneoudby stirring and keepingthe temperature
constantanddeionizedwaterwasaddedto the mixture con-
tinuouslyto drive the phaseinversion.Meanwhile,the elec-
trical propertieswere monitoredby directly readingthe cur
rentimpedancevalue measuredvith a HIOKI 3520LCR Hi
TESTER,which wasconnectedvith two well designedbar
allel rod electrodedully immersedin the mixture. Oncethe
impedanceof the systemsuddenlydroppedaccompaniedby
anacceleratiorof the motor duringthe experimenta contin-
uousphasenversionfrom the epoxyresinto thewaterphase
had occurredand the systemcould be dispersedin water
This critical water contentis definedasthe phaseinversion
point (PIP). Next, a large amountof water was addedin
orderto cool anddilute the invertedsystem andthe products
wereobtainedafterdrying undervacuum.

Characterization

Very diluted dispersionsvere spreadonto a metal plate and
dried at ambienttemperaturaeindervacuum.The dried pow-
derswere sputteredwith Au and observedwith an Hitachi
scanningelectronmicroscopy(S-530).

During the phasanversionprocesssamplesf representa-
tive water contentwere takenoff the emulsificationdevice
andcooledimmediatelyin anice/watermixture. The cooled
sampleswere fracturedin liquid nitrogen,andthe fractured
surfacewasdried at ambienttemperatureindervacuum.The
dried fracture was sputteredwith Au in vacuumand then
observedunder a scanningelectron microscopy (S-4200).
The water contentof the systemswhich is defined as the
weightratio of waterto epoxyresin,wasdeterminecby dry-
ing the systemsat 140°C for 30 min andweighingthe mass
lossunderambientconditions.The emulsifier concentration
refersto theweightratio of the emulsifierto epoxyresin.

Resultsand discussions

Repesentativenorphologyof the multi-hollowsphees

Fig. 1 showstwo representatie scaning electran micro-
graphsof the multi-hollow particles of epoxy resin pre-
paredby the incomplete phaseinversion emdsification
technique at 85°C when the emulsifier concentration is
about 5%. The conbur of the particles is given in
Fig. 1A. It canbe seenthatthe particlesare multi-hollow

Fig.1. Representéwe scanningelectron micrographsof the
multi-hollow particles preparedat 5% emulsfier E325 and
85°C (scalebaris 5 um)

A: Contourof the particles (top), B: Internalstructureof the par
ticles (botton)

abaut 5 um diameterwith the hollows abaut 1 um dia-
meter. Fig. 1B shows the internal structureof the parti-
cles. It can be seen that the cavities are intercannectel
within the patticles.

Somevariablesto contmol formationof the multi-
hollow sphees

It is foundthatthe effectsof emulsiier concentrationand
emusification temperatureon the structural featuresof
the waterbane patticles preparecby the phaseinversim
emdusification technique are very pronaunced. Fig. 2
shows the dependece of water contentat PIP and the
structural features of the wateborne particles on the
emudsifier concentration.Below the curve,the amaunt of
water is not sufficient to drive phaseinversion from
epxy resininto theaqueousphase Therdore, the system
in region3 is a wate dispersedn oil (W/O) system On
the othe hand abovethe curve, phase inversion occus
andthe cortinuousphaseof the systemis wate. Thereis
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a transition regon simply indicated by a vertical line

from region1 to region?2. In region1, emulsifierconcen-
tration is relatively high anddiscretesmaller waterborne
particles (O/W dispersim) dominate.In region2, porows

particles (W/O/W dispesion) dominde at lower emulsi-

fier concentration.The watercontent at PIP agymptotesa

constantvhenemusifier concentrationexceed$%. This

infers that the emdsifier is sufiicient to almostsaturate
the W/O interface before PIP at this critical emulsifier
concentation.

Fig. 3 shows the dependece of water conent at PIP
andthe structuralfeaturesof the waterbane particleson
the emulsificaton temperatue. It can be seenthat the
water content at PIP increase monobnically with tem-
perature Below the curve,the water cortentis not suffi-
cientto drive phaseinversian andthe systemin regon 3
is a water dispersedin oil (W/O) system Above the
curve, the continwus phaseis aqueousin regon 1, the
emulsification tempeature is low, and discrete smaller
particles dominate resultig from the conplete phase
inversimn process.In region 2, when the temperaure is

higher a W/O/W complex dispersion dominates. This
meanghatthe perfectionof phasenversionbecanesless
with increashg temperature.This is likely to be come-
lated with the wealening interfacial film with tempea-
ture.

Formation processof the multi-hollow spheesby
incompletegphaseinversionemulsification

In orderto understad the formation processof the mullti-
hollow particles,the morphologial evolution was char
acterizedby obsening the represetative sampes with
SEM during the phase inversimn process as shownin
Fig. 4. It is noted that the emdsifier E325 corncentration
is fixed at 2.33% andemulsifcationtempeantureis 85°C.
In this cas, thecritical watercontentat PIPis 24.65%.

As can be seenin Fig. 4A, whenthe water cortent is
21.72%before PIR it is foundthat somebiggerdeformed
water drops coexist with smaler water droplets. On
increasingwater conent, for exampleto 24.64% a local
phasénversimn occursandtheinterconneted structureis
formed by the coakescenceamongthe biggerwater drops
(Fig.4B). When the water contet reaches 24.65%
(Fig. 4C), the continwusphases sudcenly invertedfrom
epoxyresininto theaqueousphaseasshownby theabrupt
decreasén theelectricalresistancelt canbeseenthatlots
of smallerwaterdropletsaretrappedin the biggerwater
bornestructure.Therefae, a W/O/W conplex dispersio
is obtainedn this case As shownin Fig. 4D, thestructure
becomesphericabwingto thedecreasein surfaceenegy
onfurtheradditionof water Sameintercanectechetwoik
within the spheress alsoseenin Fig. 4D. This is consk-
tentwith thestructureshownin Fig. 1.

Theoketical analysisof the multi-hollowsphees
formation

Before PIP, the addedwater is dispersedn the viscose
epoxy resin and broken-up into smaler droplets under
shearfield'®1"1819, Meanwhik, the emulsifier molecules
diffuse onto the water/regnh interfaces, and interfacial
films are formed to stabilize the water droplets The
dynamic coalesceoe rate R amongthe water droplets
could be impedal owing to the interfacial film, which is
in agreemenwith the Smoluchavski?®?'?2 theay devet
opedby DavisandRideaf®:

dn 2 r E
B T Lt Gy @
wherek is the Boltzmanconstant, T theabsdute tempea-
ture, n the numbe fraction of dispesed phase,r the
radiusof dispersedphasey; the viscosity of the systema

the collision radus, and E is the enegy barrier mainly
determineddy the strengthof theinterfacialfilm.
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Fig.4. Morphological evolutionduringanincompléee phasanversionproces
(Waterconten A: 21.72%,B: 24.64%,C: 24.65% D: 28.85%)

The formation processof the multi-hollow particlesby
incomplete phaseinversian is shownin Fig.5. At low
emulsifier concentrations,the emusifier molecuks are
not sufficient to diffuse onto the newly formed water/
resininterface and smaler water dropletsare poaly sta-
bilized. Therefore the smalle wate dropletscoalese to
form larger ones.In this ca®, the interfacial film is less
saturatedwith the emdusifier molecuks. This analysis
explainsthe dependece of phaseinversionperfectionon
emulsifierconcentation. Eventheinterfacialfilm is satu-
rated, the strengh of the interfacial film will also
decreae with temperatureby wealening the hydrogen
bond betweenPEO units in the emusifier and water
Therefore,the coalescenceammg the smaler droplets

becomesnuch moremarked with increasimg temperature.

In thesetwo cases,anirreversiblecoalescenceamag the
dispersedvaterdropletsto form somelarger onesexists.
This processcorrespndsto the changefrom structure 1
to 2 in Fig. 5. For phaseinversion beforethe requiremet

is satisfiedthat the attracton amongthe waterdropletsis

comparablewith repulsia, larger water droplets will be
forcedinto a continwous phaseat PIP under shearfield,

and lots of smallg water dropletsare trappedwithin the
larger waterbane structure. This correspndsto structure
3. Therefore, multi-hollow waterbornepatticles of epoxy
resn (W/O/W dispersims) arepreparecby anincomplete
phaseinversicn emulsiication techrique asillustrated by

structure4 in Fig. 5.

To summaize, whencoalesceoe amang the waterdro-
plets occus prior to PIR, larger water dropletswill be
formed via the irreversibdle coalescenceamang smaller
water droplets under shearfield. They arerandomlydis-
persedin the epoxyresincontinwusphase This process
resuts in broad size distribution of the water droplets.
The water/regn interfacial film will becomefurther wea-
kened when the water droplets becomelarger In this
cas, the phaseinversian will take placevia the forced
coakscenceamag the deformedlarger waterdropssub-
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jectedto a shearfield, andthe smaler waterdropletsare
trappedwithin thewaterbornestructure Therdore, multi-
hollow patticles of epoxyresin areachievedby anincom-
pletephasdnversian emusification techrique.

Conclusion

The formation mechaism of epoxy resin multi-hollow

particles by incompletephasenversia is investigated|t

is found that the formation of larger water droplets by
irreversitle coalescenceamongthe smaler waterdroplets
before PIP is a requisite condition. This condition is
achieed by lowering the strengh of the interfacial film

by deceasingthe emusifier concentationandincreasng
theemulsifcationtemperature At low emudsifier conen-
tration, thereareinsuficient emulsifer moleculesto dif-

fuseontothe freshly formedsurface, andstabiization of
the dispersedwater droplets becomedow. In this cas,
theinterfacial film is unsaturéed by the emusifier mole-
cules. With increasilg tempeature, the strengthof the
interfacial film becaneslessandthe irreversibie coales-
cenceamag the water droplets are remakable. There-

fore, both deceasingthe emdsifier concentation and
increasingthe emulsification tempeaturecoud facilitate
the formation of epoxyresinmulti-hollow particlesby an
incompletephasdanversionemusification techrique.
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