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ABSTRACT

Solid nanoparticles can be used as stabilizersfor oil/water emulsionsinstead of the conventional surfactants. Silica
nanoparticles can aquire different particle size as afunction of pH, which isthought to influence its emulsification
potency. Emulsion polymerization of styrene, as an example of polymerizable oil, was started in the current study
after ultrasoni cation of the monomer into the agueous phase, with the aid of silicananoparticlesas sole stabilizer for
the process, as a function of pH, either before or after the ultrasonication process, while the concentrations of the
monomer, initiator and silicawere fixed. The results reveal ed that when the pH was adj usted before sonication, the
emulsification of the styrene proceeded more effective at low pH (2 and 4) while when the pH was adjusted after
sonication the affect of the pH on the stability disappeared completely. This was attributed to surface charge
density and consequent extent of electrostatic repulsion when the pH was changed before sonication whereas after
sonication acompact protective layer of the silicananoparticles was already surrounding the styrene dropsin water
and could not be destroyed by changing the pH. Accordingly, the emulsion polymerization was conducted with the
pH adjusted before sonication and it was found that both the conversion %, aswell as the average molecular weight
of the resulting emulsion polymer increase, associated by aremarkabl e decreasein the particle size of the composite
latex particles.  © 2014 Trade SciencelInc. - INDIA

INTRODUCTION

Pickering sabilization of emulsion derived itsname
from the American scientist Pickering who suggested
thisprinciplein 190714, Inthe subsequent decades,
hugenumber of articlesfocusing onthistopic havebeen
published?3. It was observed by Pickering that solid-
stabilized emulsions (Pickering emulsion) could be ob-
tained whenfine solid particleswere mixed with water
and oily solvents, without the need for any true surfac-
tantg4. Numerous types of inorganic nanoparticles
were suggested for usein Pickering emulsion polymer-
ization such asmagnetite®, cobalt ferrite®, ceriumdi-
oxidd", titanid®, and silicd®'%. Many factorsaffect the

gability of Pickeringemulsions, including particlescon-
centration, wettability, Sze, interaction between the par-
ticles, pH, and e ectrolyte concentration*tl, Thus, this
method ischaracterized by lower toxicity and cost, green
to environment in addition to more control over the
particles properties. Furthermore, no by-productsare
produced from this process. Thefinal product com-
prisesapolymer corewith ashell of nanoparticles, ac-
cordingly canbeusedin catdys's, € ectronics, and many
othergz13

It wasfound that increasing or decreasing the pH
level changestheamount of ionsavailableinthedurry,
which affectsthe chargein thedoublelayer surround-
ing the particles, suspended in thefluid and so affects
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the zetapotential. Presumably, if the zetapotential is
too low, the particleswill agglomerateand createlarge
clusters, and the particleswill belessstablein the col-
loids. Whileat high zetapotential values, the particles
aremore stableinthecolloids. Thecurrent work will
focus on optimization of these conditionswhereas mak-
ing useof silicananoparticles asthe sole stabilizer for
styreneinwater emulsions, before and after polymer-
ization.

EXPERIMENTAL

Materials

Ludox HS-30 and Styrene were obtained from
Aldrich Chemical Company. Potassium persulfate
(PPS), sodium hydroxideand hydrochloric acid were
obtained from S.d. fine-chem. Ltd

Prepar ation of pickering emulsion

Distillated water asdisperson medium and Ludox
HS-30 werestirred for two min. under magnetic stir-
ring. Therequired amount of monomer was sonicated
inthe dispersion medium for three min. at 50% power
using CPX 750, Cole-Parmer ultrasonic processor,
U.S.A., with power 750 watts and afrequency of 20
kHz. Theformed emulsion and therequired amount of
potassium persulfate, dissolved inleast amount of wa:
ter, werethen charged into a250 ml two-necked flask.
The polymerization reactionswererun ahead at thetem-
peraureof interest (+:1°C) in an automatically controlled
water bath under mechanical stirring at 350 rpm. In
order to determinethe conversion % during the poly-
merization, it was necessary to withdraw samplesat
varioustimeintervalsfrom thereaction mixture. The
withdrawn sampleswere extremely small so that the
compositioninthereaction vessel wasnot serioudly af-
fected. Onceasamplewasremoved and put in awatch
glass, the reaction was ceased with 7 ppm of hydro-
quinoneand the contentsinthewatch glasswereevapo-
rated at roomtemperaturethendriedinaneectricoven
until constant weight wasreached. Sincethe composi-
tioninthereaction vessd a thesamplingtimeisknown,
theconversion % can be calculated gravimetrically.

Characterizations
Thehydrodynamic particlesizeand zetapotential

—= Pyl Paper

were determined by dynamic light scatteringusing a
Zetasizer from Malvern Instruments (mode 3000-HS)
using aHe-Nelaser at awavelength of 632 nm. The
dispersonswerediluted withwater inaplastic cuvette
before the measurements. Particle sizesand zetapo-
tentidsaregiven asthe averageof three measurements.
Transmission Electron Microscope of JEM-1230
model, Japan, was used to measure the average par-
ticlessizefor thedifferent polymer latex particles. It
works at 120 kV, with maximum magnification of
600x10° and aresolution until 0.2 nm. A drop of an
aqueous dispersion of theemulsion wasplaced on a
carbon-coated copper TEM grid (300 mesh size) and
allowed to air dry for TEM characterization. The
sampleswereexamined additiondly with scanning eec-
tron microscope Modd Quanta250 FEG (Field Emis-
sion Gun) (SEM-FEM) attached with EDX Unit (En-
ergy Dispersive X-ray Analyses) whileworking at ac-
celerating voltage of 30 kV, for characterization of the
morphological featureson the surface, after gold sput-
teringusng EMITECH K550X sputter coater, England.
Fourier transforminfrared spectroscopy investigation
was performed using a JASCO FTIR-6100E spec-
trometer, Japan. Theaverage molecular weightsof the
latexesweredetermined by Agilent 1100 Gel perme-
ation chromatography (GPC), Germany, using tetrahy-
drofuran assolvent at 25 °C and narrowly distributed
polystyrene (PS) asthe standard, whilearefractivein-
dex detector wasused. A series of columns (100, 107,
10° A) with dimension of 7.5 x 300 mm were con-
nected in series, to cover mol ecular weight range 10°-
4x10° g/mol. Thermogravimetric characterization
(TGA)wascarried out withaSDY Q-600 thermal ana-
lyzer, U.S.A., onabout 20 mg samplesby heating from
25°C to 600°C at arate of 10°C/min. under nitrogen
aimosphere.

RESULTSAND DISCUSSION

Particlessuspendedinafluid aresurrounded by a
doublelayer whose charge density ishighly senditiveto
thepH, which strongly affectsthe zetapotential. If the
zetapotentia istoolow, theparticleswill agglomerate
and createlarge clustersthereforethe particleswill be
lessstableinthe medium. Kimand co-workers*® found
that the particlesizeof silicawasincreasing by decreas-
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Figure2: Dynamiclight scattering (A), and TEM (B[x=100.000]) of Ludox Hs-30 (pH =9.5)

ing the pH. They explained thisas some primary par-
ticlesformfew larger flocculated particleswhereasthe
higher thezetapotentia val ues, themorestablethepar-
tidesinthemedium.

Thezetapotentid of silicananoparticlesinsolution
(Ludox HS-30) wasmeasured asafunction of pH (Fig-
urel). Itisapparent that thezetapotentid isincreasng
inthenegativerangeasthepH increasesfrom 2 and up
to 10 then decreases back in the opposite direction up
to pH=12 wherethe maximum acquired zetapotentia
at this stage was -30 mV. It isimplied that the zeta
potential of silicaincreases|likely because of the com-
pression of el ectric doublelayer whenthe pH isabove
1107, In addition, the isoel ectric point of the Ludox
HS-30 wasassigned closeto pH 2.

Moreover, the particle size of Ludox Hs-30 was
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measured a pH 9.5 using dynamiclight scattering (DLS)
which giveriseto sizeof rageof 3.5- 17 nmwhilethe
averagesizewas8.8 nm at pH=9.5. Onthe other hand,
itwasassigned 14 nmusing TEM imaging asshownin
Figure 2whichliesin conformity with DLSthusthe
particlesof sillicasuspensiontendtoremainasprimary
particlesat pH 9.5.

Styrene, at a concentration of 0.435 mol/L, was
sonicated inwater using 5 v% of Ludox HS-30 assolid
stabilizer at different pH values(2, 4, 8, 10 and 12).
The pH was adjusted before and after sonication to
supervisethe stability of theformed emulsionineach
case.

Effect of pH on the stability of the emulsion be-
forepolymerization
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Figure3: Digital photogr aphstaken of emulsionsafter sonication asafunction of pH adjusted befor ethe sonication (A) and
after thesonication (B) at styreneconcentration of 0.435mol/L: pH=2, 4, 8,10, 12

pH: 2 -+ 8 10 12

Figure4: Digital photographstaken of emulsionsafter polymerization asafunction of pH adjusted beforethesonication (A)
and after thesonication (B) at styreneconcentration of 0.435mol/L: A; pH=2, B; pH=4, C; pH=8, D; pH=10and E; pH=12

Figures3 (A and B) represent the effect of thead-  sion becomes more stable especialy at the acidic con-
justed pH beforeand after sonication onthestability of  ditionsof pH 2 and 4 (Figure 3A). On theother hand,
theresultingemulsion at afixed styreneconcentration  in case of adjusted pH after sonication, it isobvious
(0.435mol/L). It wasfound that, in case of adjusted  that thereisabsolutely no effect of thepH ontheemul -
pH before sonication, asthe pH decreasestheemul-  sion stability after soni cation even at the acidic condi-
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Figure5: SEM of polystyrene/L udox HS-30 compositeprepared at pH =2, using Ludox HS-30 (5v%) asstabilizer and
potassium per sulfateasinitiator (3.69 mmol/L) at styreneconcentration 0.435mol/L, at different magnifications

tions. However, there was avery small layer of the
monomer appearing astop layer, Figure 3B.
Itisknownthat nano-SiO, particlesdispersedin
aqueous phase can acquirevarying surfacechargeasa
function of pH. The surface charge density of nano-
SO, particlesisdetermined by theconcentration of H*
and OH" inthe dispersion. According to Yang et d .18
there should be an energy barrier between the particles
dispersed inwater and the oil/water interface. Colloi-
ddl particlesmust overcometheenergy barrier in order
to beadsorbed at theinterface. Therefore, thefact that
SO, can stabilize Pickering emulsion at acidic condi-
tions (pH=4) rather than at neutral (pH=7) or strong
akaline conditions(pH=13) isascribed to thedramatic
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increase of surface charge density leadingtoincrease
of energy barrier with theenhancement of eectrogtatic
repulsion between the particles adsorbed at the oil /wa
ter interface and the particlesin theagqueous phase. A
limited adsorption of the particlesat theinterfacere-
sultsinaloose particlelayer onthesurface of oil drop-
letsand poor stabili zation for the prepared emulsion™.

In case of pH adjusted after sonicationinthepres-
enceof thesolid particles, therewasno effect and this
could be ascribed to the fact that SiO, nanoparticles
were aready adsorbed at the oil-water interfaceina
compact form hence neither H* nor OH” would beable
to cause defectsin the compact layer with the change
of the surface charge density.
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TABLE 1: Effect of pH ontheconversion %, weight averagemolecular weight and aver ageparticlesize of polystyrene/L udox

HS-30 compositeparticlespr epar ed using styreneconcentration 0.435 mol/L.

Experimental conditions

Water ml . Ludox HS.30v%  PPS mmai/L pH Conv.%  Mwt X10° (gmol)  Partidesize(nm)
95 5 3.69 2 78 72.2 1200
%5 5 3.69 8 838 75.3 328
%5 5 3.69 12 89.1 78.5 215

4 pm

Juanta FEG(ph13

HV | det| mag O WD spot
3000kV|LFD |180000x [110mm| 45 Qusz
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Figure6: SEM of polystyrene/L udox HS-30 composite prepared at pH =12, using Ludox HS-30 (5v%) asstabilizer and

potassium per sulfateasinitiator (3.69 mmol/L) at styreneconcentration 0.435mol/L, at different magnifications

Effect of pH on thestability of theemulsion after
polymerization

Figures 4 (A and B) reveal the effect of pH ad-
justed before and after sonication onthestability of the
emulsonsafter polymeri zation at styrene concentration
0.435 mol/L and potassium persulfate (3.69 mmol/L)
asinitiator, wherethe polymerization reactionswere
conducted at 80° C for 240 min. It could be noticed
that thetop separated |ayer of themonomer disappeared
completely at theend of polymerization.

TABLE 1 summarizesthe effect of the pH onthe
monomer conversion %, theweight average molecular
weight and average particle size of theresulting poly-
mer |atexes.

The conversion percent increaseswith the pH ad-
justed before sonication and the weight average mo-
lecular weight of the compositelatex also increases
whiletheaverage particlesize decreases. Theemulsion
polymerization at pH 2 exhibits the lowest stability
where the emulsion was settling and coagul ation took
placewithintwo weekswhichresultslarger particlesize
of theemulsionthanthe usua (Figure5). Thismay be
correlated with the efficiency of theemulsification pro-

cess of themonomer using the particlesunder thedif-
ferent employed conditions at the start of the process.

Figures 5,6 show SEM images of polystyrene/
Ludox HS-30 composite latexes, prepared at pH=2
and pH=12, respectively, a different magnifications. At
pH 2, abroad particle sizedistributioninthe microme-
ter range was observed, indicating some coagul ation
had occurred. Thisisplausible aselectrostatic stabili-
zaionthrough chargerepulsion at low pH ispoor®. At
pH 12, the particles appears moreuniformin sizepre-
sumably asaresult of moreeffective e ectrostatic re-
pulsion.

It was also found that the Ludox HS-30 content
hasan important impact onthemorphol ogy of the prod-
ucts. At low concentration, acoreshell microspheres
were obtained while at high concentration, hollow
mi crospheres (capsul es) were obtained (Figures5,6).
Themechanism of capsuleformation wasdiscussed by
Essawy and Zhou'??2, At high particle content, more
ludox HS-30 were availablefor being adsorbed at the
oil-water interface, leading to high coverageat theail/
water interface and so lead to someinhibition of the
formed oligoradicalsin the aqueous phaseto transfer
into the monomer reservoir inthedropletsso the poly-
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Figure7: EDX of polystyrene/L udox HS-30 composite prepared at pH=2 (A) and pH=12 (B) using Ludox HS-30 (5v%) as
stabilizer and potassum per sulfateasinitiator (3.69 mmol/L) at styreneconcentration 0.435mol/L, at onespot on thelatex

particlessurface.
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Figure8: TG tracesof (A) Ludox HS-30, (B) polystyrene/L udox HS-30 compositeand (C) purepolystyrene

merizationwill takeplaceonly a theinterface. Thecon-
version of the styrenewasrather low for the conditions
listed in Figure 6, whichisan evidencefor retardation
of the oligoradicalsin the agueousphaseto arriveinto
themonomer inthecore (TABLE 1).

Figures7 (A and B) show therelated EDX for the
samplesprepared at pH=2 and pH=12, respectively,
at single spotson thelatex particles. From the EDX
spectrum, it can be clearly seenthat Si** and O* are
existing predominately on the composite particle sur-
facewhich provesthat the emulsification processpro-

flano Soienoe and flano Teohnology

ceeded viaPickering system.

Itisimplied that thechemica composition, heating
rate, temperature, and inorgani c content arethe major
factorsthat affect thetherma behavior of material 2.
F gure8 displaysthegravimetricthermogramsof Ludox
HS-30, pure polystyreneand polystyrene/Ludox HS-
30 composite. It showsthat the Ludox HS-30 loses
about 11% of itsweight intherange 50-150 °C due to
remova of physicaly adsorbed water and then becomes
stable. For the pure polystyreneand polystyrene/L udox
HS-30 composite, theweight |losswas about 2% at the
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Figure9: TG tracesof polystyrene/L udox HS-30 compositesprepar ed at different pH values
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Figurel0: FTIR spectraof Ludox H SSO (A), polystyrene/
L udox HS-30 composite (B) and polystyrene(C)

first stagefrom 100°C to 250°C due to the liberation
of physically bound water, at the second stagealarge
rapid decrease of weight took place, about 98% and
61%, respectively, at (440-470°C) due to the decom-
position of polystyrene.

It is obvious that the polystyrene/Ludox HS-30
composite exhibits enhanced thermal stability dueto
presence of theinorganic component. Thedegradation
temperaureof PSin PS/SO, hybridwasabit higher in
therange280-380°C which was originally resulting from
thephysical interaction between the SO, nanoparticles
and the styrene units during the polymerizati on process
and after the polymerizationintheform of aprotective
sheath surrounding the particles. Thissheathmay also
have acted asan insulating layer against the heet trans-
fer thusthethermal stability waselevated. Thiseffect
extended to some extent in therange 430-600°C and

represented by aresidua weight about 38%.

Figure 9 showstherelevant TG thermograms of
polystyrene/Ludox HS-30 composites prepared at dif-
ferent pH values at Ludox HS-30 concentration of 5
v% and styrene concentration of 0.435 mol/L.

Theeffect of thepH isinitidly trivia and becomes
more obvious at the temperature range above 350°C
whichreved sthat thethermd stability and residud weight
increasewith moreincreasein the pH rangeup to pH
12. Thisisthought to be rel ated to the compactness of
the stabilizing protective layer on the surface, which
formed during the polymerizationz

Figure 10A depictsthe related FTIR spectra of
Ludox HS-30. The pesk at 1111 cm refersto the Si—
O asymmetric stretching and that at 798 cm? is as-
cribed tothe S—O symmetric stretching while the peak
at 466 cm* isattributed to the S—O asymmetric bend-
ing vibrationi?!l, The FTIR spectraof polystyreneis
shownin Figure 10C. Thebandsat 755.9 and 695.2
cm? could beattributed to C-H vibrations of the ben-
zenering whereasthe bands at 1600, 1489, and 1448
cm'! could beassigned to benzenering vibrations (C=C)
of polystyrene and the bands at 3061, 3026, 2921 and
2855 cm* were referred to C-H aromatic and C-H
aiphatic, respectively. Also, theband at 3443 cmtwas
related to O-H of absorbed water.

Thespectraof polystyrene/LLudox HS-30 composite
isadditiondly revedled in Figure 10B which showsthat
all themagjor characteristic bands of both polystyrene
and Ludox HS-30 are present and that the spectradoes
not differ very much from that of pure polystyrene.
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TABLE 2: Attributesof Pickering emulsion polymerization of styrene (0.435mol/L) at 80°C at different pH values in the

presenceof Ludox HS-30 (5v%) assolid particlesstabilizer

Conver son, %

pH Time (min.) Rp (X10° mol/L sec)
5 10 15 30 45 60 90 120 150 180 210 240

2 21 36 47 87 132 183 293 418 568 7.5 763 78 3.05

8 3 48 64 114 175 237 351 499 633 79 81 838 3.46

12 5 86 118 19 267 3.8 494 653 784 8.7 876 8.1 4.01

Thiscombination of bandsis pertainingto both com-
ponentsin the hybrid which indicatesthe participation
of bothintheformation of thishybrid. Thisfurther sup-
portsitsformation viaPickering emulsification route
especidly that theintensity of the SO, bandsismore
pronouncing as compared to pure polystyrene.
TABLE 2revedstheeffect of thepH ontherate of
Pickeringemulson polymerization of syrene(0.435mol/
L) at 80°C in presence of the PPS (3.69 mmol/L) as
initiator and Ludox HS-30 (5 v%) as solid particles
stabilizer. Itisobviousthat therateof Pickering emul-
sion polymerization aswell asthe conversion percent
increasewith increasing the pH. The promotion of the
reactionwith increasing the pH isthought to be caused
by higher emulsification potency of the Ludox HS-30
at higher pH values despite the fact that the higher
akdinitry pH islikely to stop theaction of theinitiator.
Thismay beexplaned by anefficient thermd initiation
instead under theemployed reaction conditions.

CONCLUSION

Silicananoparticlesproved to beeffectivesolid sta
bilizersfor emulsification of styreneinwater, whichisa
necessary step beforeits polymerization. Theemul sfi-
cation potency of the silicananoparticles can be opti-
mized when the monomer is ultrasonicated in water
under acidic pH (2 and 4) prior to polymerization. On
the other hand, adjusting the pH after sonication was
not of any importance asthesilicananoparticleswere
already set intheform of aprotective sheath covering
the monomer dropletsin the agueous phase and there-
forecan not bedestroyed easily when changing the pH.
Theresulting compositelatex particles acquire higher
thermal stability ascompared to the conventiona emul-
sion prepared in absence of silicaparticles. Thecon-
version %, average molecular weight and particlesize
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can be controlled as a function of the pH when ad-
justed before sonication of the monomer.
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