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ABSTRACT

The research aims to prepare polymer microcapsules encapsulated iron aluminate
(FeALL,O4) microparticles as new infrared (IR)-reflective materials by microsuspension
iodine transfer polymerization (ms ITP) for heat reflection.

Firstly, FeAl,O, microparticles were synthesized by a solid-state reaction of
aluminum oxide with iron oxide. Then, the prepared FeAl,O4 microparticles were coated
with oleic acid (o-FeAl,O,) at a ratio of 1: 1. This made the microparticles to be
hydrophobic and well dispersed in the organic phase. Secondly, the coated o-FeAl,04
particles were encapsulated in the poly(methyl methacrylate-butyl acrylate-divinyl
benzene) (PIMMA-BA-DVB)) shell prepared by ms ITP. A maximum 30 wt% of o-FeAl,O4
particles was used. It was found that using MMA: BA: DVB at a ratio of 40: 40: 20 resulted
in high colloidal stable spherical microcapsules and high encapsulation efficiency (93%).
Finally, the obtained microcapsule suspension was used as a spray and easily self-coated
onto the substrate without an external binder because of incorporating a low Tg PBA
component in the polymer shell. The obtained polymer microcapsules showed a high
percentage add-on (90%) with good IR reflection, close to that of the pristine FeAl,04
particles. Moreover, the temperature control efficiency in terms of AT of P(MMA-BA-
DVB)/o-FeAl,O,-coated glass (15-16 °C) and metal sheets (12-13 °C) was much higher than
that of the bare glass and metal sheets (3-4 0.

Therefore, it could be concluded that the polymer microcapsules can be
prepared to encapsulate o-FeAlL,O, with a high encapsulation efficiency. Also, the
microcapsule obtained exhibited excellent IR reflection, temperature control, and self-
coating property on various substrates. Thus, they could be a good novel candidate for
cooling applications.

Keywords: heat reflection, iron aluminate particles, microsuspension iodine transfer
polymerization, polymer microcapsules, infrared rays
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Bunssaldd awnsawsenldainmsvidisenseninavineenleduazezaiiun (3, 4] daunis
fi 2.1

1
Fe0, +2A,0; —>  2FeAlO; + O, (2.1)

dl U a
WA 2.3 dnuaizrodloTousrgiiun (ron aluminate; FeAl0s)

2.3 Tulastauuaugiads (Microencapsutation)

1Y

lulasteuwadgiatuilunszsurunisiiasddgiionda a1sununais W Iandu

o

a

gsnwnlsn ansinuenyadase laveeenlys 1Uudu wvieviumeaisveriu lulaseuualgady
fdofvaneUszns wu mavieviuansiifienshsiedanden fe a1siigneendladlide lrouas
guvniuazarudunsadig Wudu asshldansdandnianuasiituuasivinuldenu
nsrvIuMIRanantiedostuasfiszivens fgaanisiufiteivesaiuan azmansenis
iluldeu savisannsamueumstanUdesansluguinuidonislunafivunzanls faly

wallAldgnuszgndlivinununInssy dme 81m13 Wagn1suNme
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lassaiavedlulasualya Usenaume 2 dwundn e a1siigniieviuuazaisildviesiy

1 Y v

ansfignvieviusiniluresnaivisevednds 13undn ununaa (Core %30 Internal phase) d3uans
P v v A C% a 1 1 v & . . o Y a LYY <
Mvevulindutdeuns 9 138091 @151y (Shell 30 Coating  material) vilvilinn133nsdu
Lulasuaugagadvuasans 1 aufis 1,000 lulaswns

lulasuaugaivateUseiny YuegAUaN¥MEI0IaITHNUNATT a15vevuild wasidnis
nan e ludnduundszianveslulasuadyanudnvauzvesaswnunals Wu 3 Usziam

FININN 2.0

AN 2.4 é’ﬂwmmaﬂlﬂﬂmﬂwgmwu Microsphere (a) Uni-nuclear microcapsule (b) wag

Multinuclear microsphere (c)

24 LﬂﬂﬁﬂﬂqiLauttﬂUsIJLa‘a’u
Tulagdumsieunadgiadursonmswssunediuesualyaiivatewada wiseonidu 2
nau A nadanisteuwalgladunianign1n (Physical method) wazinafianisiouuwaugiadu
yaedl (Chemical method) Fsnsidenmafialunisifounedwesuatyatuegiunslda
uaransununaTiaesteriy Tnefseanden Gl
2.4.1 wAdAN15ULAYATUNINIENIN
Humadaiifeslilugravnssy TumaiinduuaUgaaslifinsafnujidoued

Fallageeiunanemaia 1y
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2.4.1.1 wadan1swudu (Spray cooling/chilling)
nswssnsunakalyalasldinaliai azvilagnsdinediuesiazans
I3 X a o v ° | o o 1% < ° v
wnunasunazaetduilowmennu a1nuu Wrlunulussuuanusustaeazloausdulunisviila
& a 6 a < LY o v [ @ % a n:glj 1o v
Wasnnadiwasiinnisudafl vinlranunsanniivanswnunanahile newedaidazlavinlians
Lmuﬂmangmaiuizwmmiw'wﬁu [32-34] JUNU1EAVASNAA18F1918 S oLFBUENINLLBIN
ANUSaUlAIe
2.4.1.2 wATANTISIUWAS (Spray drying)
Juwedandeuiunldlulssugaamnssudseiannisnssunediues
walgauanshindunsesa Judumaianfidunui wissdlendne duituiumediadudildly
Isanugeamnssy umallafildrnufeulunsitlifaneduwesualga lnevinismseuven

' '
IS I

ansdunidnilansmdulasnnausvaisinunarsuazdivinazateseaiaseslaludlugesazle

a v o o

dfadu wazdhlunuiiauiuen gaumgivszana 100 - 160 asangaifea virlviinuagivi

I Y a s o | a Aoy o oa )~ =
asma‘izmaaaﬂi‘dﬂﬂﬂmwaaLmaiLLmJ?ga AN 2.5 INAUAUUVDLAY AD %Nmiqmmﬂmi

a

wnunasllunsdu dansununaraduminfianunsessveliisvielivugaumgl [35-37]

Y

Core material Homogeniser
g Heated air

O O O O O or gas
Solvent A
s Mix tank

Shell material / l\
Cyclone
Powder
Drying Collector
Chamber
Collection

Vessel

A 2.5 msteusAladumemAianuL [36]
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2.4.1.3 wallansszwigiviavany
wiadatiluwedafiine azaan dnisldiaiesfionalyiaanninmng
win1siluuszendldanululssnugramnssusuiaén 1wy n1swssunedwesiaugaiuinnfiug

AEMANANITIEMEAIYINaLane tagltmnAalANISMIoUNEAAITOUNI T UUALAYN AINTNA 2.6

a A

TosimednsananinuwadnawazIndudazarelmduilamedfulusivinazateMmunzaundiin il

YVa v v

NAUNUAISAaTa8vRIa1sanwsanai Yrlutdumieiasealaludluiees agladdatuvreanen

a sa

A1582a183UNTENUTLNUMIY NOALDALAARNWLITA IM1TUD wardivinarateNazarudulile

(%
o o

= ) v o Y a s A a a a &
LAYINU 7MUY U’liﬂiﬁLﬁﬂﬁﬁmﬂagﬁqﬁlaaﬂﬂlgiﬂwaaLN@iLLﬂU%ﬁai@EW]EJW@@LL@aLLaﬂ@ﬂLL'P]“(I@]LU‘LJ

a

2 Y a a a A a a a - I a a = 44' Qll
LUaaﬂVjN’JW’]@Ju@ LUDNIINNDALLDALLAAANLLDYANAITUYBUUININNTIIATUUD IILAADUNDDANN

suvannatgtdulldon wadAn1sseinedivinaralodl azdedannediuasniauyaull

[
[y

] = a v v v a s A o« vy a A a |l
Nqﬂﬂ'ﬂqaqiLLﬂUﬂa’Nf\N‘\]gLﬂ@]ﬂ’]iﬂ/}lﬂm@ W@aL@J@iLL@U"gaWL@ﬁH@JI@ﬂ?ULW@U@UQSN%UW@@UWi%@IU

Y
13

Lulaswasuaziinisnszangdininin mndesnisiivuinvesnediuesuaugativuinauniaidnad
wardinsnsgnemiiuavaansaldvmaiansnleumenansdunsdLuudu 9 Wy kuunauigaina

mIUANUWALANTTTEWERINazaY AN 2.7

)Y . PLLA
Vitamin E

Solvent - Dry

X S SN
evaporation Room temp

— &

A 2.6 ialianisieulAUgatuLuUNSIEMEmTazany agIsnswleunenasBunIdiuy

Sady [38]
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‘OPLLA il
Vitamin E a
L
O PVA g” 4

DCM

S | e e v E

—

("800rpm , 2ml /min

M 2.7 wallanisieulalgaduwuunsszmeivinagaty lagltnisinseunenasduniduuy

naudnnna [38]

Mnawd 2.7 1umsessumedwesuadgauindudmomaianis
suineiinazay ngldimealianiswseunenarsduniduuunauingnia lnsdinedusawansin
wodn Infiud warnedhilaueanssed avaeduideoriulumrharaneflmunzeay sty
iluduseluiniienuss 800 seusewit Tunasfitulires 4 nenansazaisvesansanusefis
o = o

Radnwiinasluansazarsdunsdeednsnirnasinazinuizay Wenatkiuluaziinnisndu

Tpaainneeasazanenefiues 1Nty ihlussmediinazangaglanediuesuauya
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2.4.2 wallAnsouwAUgatunIuAil
wmadaideuld Ao nsnnpzneudieaisiail (Coacervation) [39] N135EivEda
¥avane (Solvent  evaporation) [40-42] n1snedielsduisessosenineia (Interfacial
polymerization) [43-45] wazn1sdaszsineuawasiagldnalnnisuenigninnialy (Internal
phase separation) [46, 47]

2.4.2.1 NMIHNALNDUMILATTIAL

I3 a A 9] a s N v v
LTJ‘UL‘VW"I'UF’]LLﬁﬂVII%IUﬂ'ﬁLSULLﬂUGQLa%U W@aLN@iLLa%ﬁ'ﬁW‘ﬂ%W@VINW@@

ansaiulduarldazangluigniadellies lnemseseunediwesuaugamemailail a1u1se

A ¥ =

wiseenilu 2 35 Ao Nsanagnousmeasiaiiuuudte (Simple coacervation) [48, 49] uagnis

ANAENBUMIBESIATILUULT U (Complex coacervation) [39, 50] Feaziitumaulunisinadu
a 6 1 g.J/ S gj a a a6 a A

wodlesualyaey 3 Tuneu Ae 1) TumeumsmIsuena15aUNId 2) Maiiadenuay 3) N3

a s o a
LL?‘JﬂWE]aL@JaiLLﬂﬂ"gﬁ@aﬂﬁﬂﬂﬂ’]ﬁagaqa PNAINY 2.8

AN V=

Polymer Drug Add nonsolventwhile stirring

dissolved particles Y 4
in organic . )
solvent //
Nonsolvent X

Coacervate forming <—

1 K

Precipitation Engulfment and
without encapsulation encapsulation

L] ®
a0 8 ®
Mﬁ?fm—;f ©%,% ©

‘:I a U 4 14 = 1
AN 2.8 LVlﬁUﬂﬂTiLauLLﬂﬂsgLaéﬁwﬂ'JEJﬂ’]'ﬁG]ﬂG]%ﬂ@Uﬂ’JEJ?ﬁiLﬂNLL‘U‘UQ’]EJ [51]
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N0 2.8 @unsnedutensiinwedinesuauyalasinadanis
anmgnousneaisiadiiuuield TasiFuduimedimefazarslufvinazarefmunzanlsiu
ansazaneBuns 1Nt thansiisesnsviu 1wy 81 nszaesegluasanussisinduouniaves
gudaunadluasazaiedunid andu uivihazanefildazanewediuesd shliamsazareves
wodluesanas aziinnznouveanediuesiuuen lngazdduivueldiAndunedimesunlya

wavadnildléiviuen antu Avinisuenuelgaiuetsendanalsazalefiing1e

C. Reticulation by
pH change X

formol

20— ©3 Q{:I e | @ @

and pH

Emulsion Coacervation Reticulation

Gum arabic
Gelatin

Oil

o a o 1% = a v
AINN 2.9 LW@UﬂﬂWiLQULLﬂU"gLaﬁUUIWEJﬂ'ﬁmﬂ@]%ﬂ@u@ﬂ&la"ﬁLﬂﬂJLLUULGIJQGZJEJU [52]

dmsunseunaUgatulagmInnagnaunIgansIALiLUULTou d13150
adunensiianediwesualgala lnaisuduainiinaaarfunazinduazatoduiefiotulag
o a o v a g =2 Y o ) Va v o aa <
fifwegsUnvimihiuansanusedle udrluduasladdadu lneniiiey 6 asazatvsnaudu
Weleatuudidlofeninnisiasuuladitdesndt 6 (Uszuna 4.5) astinn1sdadaiduden
waUgalnedasanusafemiutdensa vy Weainiievanas waaifuazduszailuuan

= [ a

dufinersdn dusyaluaviohliifauswiagaseninalsey 9ty yinsiiueumgiinieiiiey

¥
add

agyilviaeniinnisildeunuatuasdasesiauansununals asnind 2.9 35 duisnine
wivzlanedwesuaugaludnnundesinsizinalnlunsiinnediuesualgareudiegsen Ao

a dd a Y
VCENANWUNIENTUY
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2.4.2.2 wadan1swedalsiwtuisesmnaseninami
ANSNOALND LS TUNTREADTLUINIRIUTLNBUAIY 2 NATA AD NS

daA518MuuUBUdY (In situ polymerization) [53-55] wagkuuAIULULY (Condensation

A ¥ =

polymerization) [56-58] lngmsdaasiznwuumukiuinannsiianediwesialya fe agdodd

wauswesyiailivouiuazarsideanisiuazasduiloderiuluigniavesasduvsduad

N oAl U

i lunszanesiluansazangvesasanwsaiaing inluduaslanenvesansazaiedunsgnnszanes

agluin N1 WusewewesBnwlianilifiveuinavareiudisisuufisenatlvlussuuiasiin

1% '
a

MsWeRualsTUNTaeRasENILRIvBILaUaW RS Naratelul T uNazaneluasdunI duwinuu

' '
1l aa aaa s

dlugdsisuuisenfildasidunaninend (Redox initiator) Ao dn1slikaznisiudidnaseu

drunsduangiuuududnaziindnnisfinnedwesuauyauundy 2 @ fie usuelwes warals
Phesnsiniu Buduihasinesmsiniiulunszanedluaisazatvanusfsmuazassisy
UfAse e iiivesansidesnisiniiulanssisuuiizen udnhunszatediluaisazaisuous
wes Ny Flias3isuuiiseuandifiveasifesnsininuasausounssujisemi

= s a ' | a o v v & 1% a I3 9 = !
il dousesITTuNseAelg UL veanTinen1sAnAUlAneAesuAYYa AT 2.10 us

a dy o ¥ a s o v = a a fa

watlaibinllanediwesuaugaludruiundesiliesanniineunianediesdase (Free polymer

particle) luthudsduiunsiiauuiauesasnfesnisiniy

OCH,
HIf
: o
H3CO—Si—OCH; Sl 2B 8 os’
~oSios-osr 073 0°agp o
OCH3 OH DY/ XY B on Osiosig o
100N H =© 0 o si

TMOS H,0* S ® Sion H oo,

+ AIBN, 60 °C ——E ~on, ™ oy e, ;
_@ H oH,CH= ey CH._/@
- . 6 L

— o OH
nwrOS0. o oY + 0Si-One
on +SioSlosi on
o
?

styrene

a

=] [ L3 a a aa v o L3 a
AN 2.10 msmLﬂswwwaaalmu/szjamwa AIYNTLUIUNITALATIZRLUUDUTN [53]

Y
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2.4.2.3 nsduaszviusuameslngldnalnnisuenigninnielu

(%
a o

Humsdaenevinedwosuatyaluszuunszaelaefifhindusinaisds
folndulinsivdunndeunasfoulflulssnuenamnssy adaidelfindounededualya
AD NITAILATIZALUULIIUADY (Suspension polymerization)  kazuwuudiatu (Miniemulsion
oolymerization) #eilnalnnisduasizdiindunieluneaususiyes (Monomer  droplet)
wileutu wedwesuatgaiwioyldriivuneglusedululasumsuazunluns awadu Taglu
nuiAtetlaginanisanediueshilauatya Judenldnsruiumsdunmsiuuuiuay

nsdanszimedmesiensEuIunsuULLYILaeY Winseuunwils

Aa 1Y) Y] 2 o a a6 o oA
nlsulunisgravnssu Tussuudssneuluaie 2 1gna fis Tgnirduniduazignirseias

'
Y a

Sudulasnauuouawes §33uUARTe" wazansidesnmsilfiduidedentu (fnaedunid)
ihlunszaeiiluasararevesansanussisialuth (fpmedeides ) elfuaunaiiosdmiu
MsurIuasy wdnhmsturdsuvenfmesasusudeuas ssiansuaniveseusiueseaniiy
peaurauaosaglufinas lnevhluudremnduiiuguinawomenusuaieiiiAntuazey
Tugasdszanas 10 - 1,000 Lulasiuns %uagjﬁ’ummL.%ﬂumifjum%wsm Mnturhnsdaaey
wlsmeaweslulasuntga Faislnonalansusnigmanielu nedevsusmesivasuluilune
dwed anuihduldvesansiidesnsiuiunedwesazasy q anasauaeldnedmosonda
#173n09 (Critical chain length) shlsiwedies (Afiauvautuinniy) indoufleanunduuen

= 1

< A [ i = 1% a & 4 o = = J a
natgtdutdasn asnIwng 2.11 1umﬁl,mammsLwﬂuﬂuwmaqmmmm LINANTEUININA

1%
[y

(Interfacial tension) Y89UAUBLUDSAULN FILTIFITLNINRIVDIUBUBLUBSAULNIAISHAILBENIN

WI9FNTENINRIYRIETARINT SR AULY

37



Monomer droplet Polymer capsule

(_/ a4 PDVB
DVB/ \L
oD/
BPO
N
DVB+0OD+BPO Homogenized 70 °C/24hr/N, \Q/

NN
~ ~

Stirring rate 200 rpm @
o O O
A~ PVAsolution A O O @ @

(PVA~/)

M 2.11 nsieuualgatumemalansdunsizinuuiIuaey [46]

2.5 msaaaszvineawasalenalnlendnelalefu (lodine transfer polymeri-

zation)
nsduATIEInedinesalenalnouyadassuuunasu (Conventional free radical
. . I3 A Yo a o ¢ a ¢ A Xy
polymerization) \lunalnfilasuanuidenlunisduasizinediues Weannawnsaldlatuneus

LWI9SIIUIUNIN LasnuMIUsaan1lunsFuATIE a81alsAnu MIdaAs1Einedesmenaln

o w |

Aananivednin wu lianusaauauiininluanauazn1snszaedivesdmunluanals vivli

' 1%
saa v o

Ignodmesninsnszaedwesiminluanafining uayliaunsalddaaszvinedio i
Tnssadadudou wu vdenlanediues (Block copolymen) 1§ lugaswansUfikuundsldiinng
ﬁmu'ma"l,ﬂmsﬁ'qmeﬁ‘waaLaJa%wu*ua%a5aize‘§ammiamuaumimzmaé’waaﬁmﬁfﬂiuLaqa
(Molecular weight distribution; MWD ( M,/M,, ) k¢ fie n1sduasizinedmesiuunoulnsa/

AW3e ushnea (Controlled/living radical polymerization; CLRP) Feusznaulume 2 wmeoud

aAaa

d1Agy Ao N138TIA (Livingness) By druudndiuvesanslanofiueinanunsanoaislaned

=

woslulaiey o wesliususiueiiniesylussuudeaislgnadiuesnenun wagn13AUAY

(% '
= o Y

(Control) #uNeng umuﬂimaqamﬁsﬂﬂaﬁmu (Number average molecular weight; M,)

12
=

yoenedues niiuTuludunss uagn19n5ENeMve NN LUENALaNINNUNTNLTUTET
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s & ¢ a ¢ & a ¢ . = ' o
Woesiudnisidesuneusiuesiluneiiues (Percent  Conversion) Fsagunnaisiunalawuy
AN mInIaNain LD T IATIRATILIN wasiinnsAuanvesujisenlainedwinli
nsaruAnIniinlaanaitlaenn (@anuenivesaielduandiaiuuin) aey Jiinsdineiia
nsduAsTIEinedwesuuuaaulnsa/anie usinea udssendldlumswseunediuesualyaly
NsTUIUNITAUATIERLULLYIUARY taglanizinalialandielelafu (lodine  transfer

. . = o 9 = = o 5 o
polymerization;  ITP) @4inalnuandfianing 2.12 F3a11150AUANNITNTEINUAIYDIUINTIN
luanalidinisnszatedinuauldd laeldarsusznavleleladiduaislondreasly (Chain
transfer agent) 1u lolalavesu (lodoform) Fadulinsredwindeuuazsiaign laedivdnns
o A o/ | <] a a = o ! a aaa =
e e anstendreaneldazunndiilulelefuusines dailaudethilunisiinufisen 3
sgyhmihiiluanslondreansle lnsazindounszninsaasanslaniusinea (edlnwesusinaa)
inlanglaninvuluneaueusiuesaviloniatdosuinfivsiadouil (Exit) 28nU1INYYANOUD

s A a a o 5 A a =~ ty A I a
wesienninnediwelsiwduluu Wesnusireavziiiaiosunazeglugudase (K >>
Koo Toeaggnanslendneaneleduly nmsifineunialvg (Secondary particle) luignimsieliiesds

a I3 - a I3 a & - | a s
anasluvazinuudssvesldonnafiuesualgaiziindu ilesnynaiglenediue s
o 6 o a = v 1Y v A (Y = <
duasienlasnalnlendrulelonu ssinnuerilndifeadiu nsdasesiivesaelgiadaiudy
selauga@auandnsannmsdaasiilaeniluiinuenasldgunnaeiudesssduinduuden

a s a1 I I o vy < £
W@ﬁLJJEJ?’\]ZMGUENDNEJE‘JJJWEJIUVHIMMWJ’]QJLL“UQLLNUE]EJ

Termination Termination
K
/ 2L
P + P —A s=s——= /P + P—A
| 2 K 2 |
X

2NN 2.12 nalnmsduasizvnedwaswuulendelalany
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2.6 ATeReTa

esnussmalneidusmafieglunginawndou Sududedindanudaunnly
nsaneuderuluaasiiinendusonisidiaiesusuormedadudamudnvesseme tedain
Uinumslindanulaiinfiugetunn Tne¥adbunsusaduaimaddgiviiliarudouiai

U A v 1 ! P)

vulan Js5sdminandunivzgnganaumeiaguuiilannateidunnuseuazauuazdndiunis

[ (% '
1Y

ggnavvieuduluduuusseniauentan lunsdldunganiuliluiaguulaniu Weanimeinie

v aa =

59U 9 Taniganausaddunsusadanumgianas anuseunazadluanvaiiuazgniasysenin

q Ry
<

Junszanlakazuassinuld S989UNIILSAE1N150 @09HIUNY

=

yhlvlandeudu Tunsdvosnilsd.
nszan vhligamninnelugatu Ssdinmsfnuinsedeueynelanzesnleduiasing 4 ioagiiou
SeBususalugUiuusiig 9

Jaecheol Yun uag Yangdo Kim [59] la@nwinisinSeueuniaunluleseusyaiiun
(FeALO,) fiflassadramdnuuuadiva Tnsduaszsiiiunszuiunisalsolnlslada BUNIANAIN
leseunraiiiun gndansizsinionmgil 900 ssrwadya 19nan 40 Anssoundt luussenia 5%
Hy/Ar  fio9ntiu dunsgviouniauiluleseusrgiiunaineynianaidleseussgiiunlagld
nszuaunsuakuUlen wdsanuaduian 60 wiil tluAnwdnuasmsdagiuiveisiendes
qanssAtBIAnmsouLUUdDINIY wuieynaleseuszgiiunlivuinideUsyana 50 unluiing

Yu  Zhang wazamg [60] lavinsdAnwinisidalasu-Unfiaszasiandniiulauean
ovgiilun (CoALO,) warldansmunuszq (CCA) hmsnumilsiduvesansiigndansig ity
lnewgiesnsudnesudunsisnaninsalnl (Fourier transform infrared spectroscopy;
FT-R) wazfnwiauaudinisaiiudeuntginatdavesiunsidiuninezuilada
(Thermogravimetric ~ analysis;  TGA) HaNSANYIGNBUENIIFUFIVINGIAIENFDIaNTIAY
BifnaseunudeInan wazAnwimuineynia nuheynaeouinantuiamiuaiiase wun
DYNALENALALMINTEBVDIWUINBYNIAM 9ntu Anwimawdounedweslulasuatyalasd
ausalunistiu 400 seuseunT Usunaues PVA CoALO, way CCA wiadu 1.0, 1.5 wag 0.05
N3U AUAIAY agmﬂﬁlﬁmﬁuLLazmmiﬂsxmaﬁuaqauﬂfmlﬁmﬁ Adfh (b*) wagauduvesd
() vosoymAnexlndnfiutunninalaveadergiiun Wouiinmvedaveadesgiium iy
1.5 n¥u liUseAvinmvesdafian uenanni sedrsmenlndniiiiunisun (7 1,000 e

wales) WuAnddieguneunsng waradeiulaveadezgiiiunneunisiy
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Hsien-Tang Chiu wazaz [61] lavinnis@neiniseseusyninuiluuyiuassveiing
Juv3d lnoIBnsuadadiiunnsisiy WednwiBiumnzanlunisuaising Anvidnumz eynie
diad (vuimoyna AuSanisanagnou wazamiaies) lnemadanistuueniiaszi lag
sunmAluLuaesvessinddunidiedould WethluAnwidnuugmaduginedemeaia
ﬁ;aﬁn35ﬂﬁ§L§ﬂmiauLLUUﬁaQﬂi’lm (Scanning electron microscopy; SEM) LLﬁzﬂﬁ@ﬂﬁ;ﬁV]iiﬁﬁ
dldnmseuluudesu (Transmission electron microscopy; TEM) WU31 WANITTINAIUDS
YUIABYAAGILALNNTNTENEFIVIeyAindi a1 sUALindsn wdaniy U1oynA
uluwrusssvesfindsunidlldlunsuansnsosasdiituuuee LCD wulh Ussansainnis
ﬂimum%ﬁwfﬁuqﬁﬂ 85.46 LUasiFun

Ekin Karakaya wasma [62] levinisfinwmediwesuuunarsiiffindfivuasedalmllng
Fupeiinunszuiunmsduazinedwesiuuuriuassvesdatunuy "dluhdului Tne
Tdwfaniasiannaziefdulnansalawninsian lng@nvinansznuvesasannsafaialy
Snvnzvosdndrussninsdiuiiveuihiudiniive vty (Hydrophilic-lipophilic balance; HBL)
semuatosvesdtatuiluiiiu uasfnwawavemi TnewSeud susswinsansanuseiain
Span 80 waz Tween 80 7f1 HLB Wi 8 Tnefisnsndruuousiassoasanussisianeti 7
75.59 e 9.4 ¢ip 15.1 wuinsnszatefvesuIaiinesnts Inefnudnumenieduguing
vosiiufauarlassadrsnanswondadnodiweifemaiiandoqanssmididnaseunuudensig
LaNAIansIAUBIANATOULUUABINIY UAZATIT@OUE L * a * b uazmnuiveafindwediues

a1 =

WU?T A1ANNAULAININD 97.3  Wasigud USuinsuasude 50 iwesidudlasusuialusau

1%
S @ Ao

YaNNU WndlAAnusuINmkazaulsaviniduadoula
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= LY

2619157073 21N15AENBIIUATERNILLN FeldnunsAneuseansannisaznoused

a =

Bursusnvasounalulasloseuezaiiun Julueynialavzeonleniiilasiadandnuuua

Y

a

Jiua

[ ¥
a1 v oA v v v

wazdledutinsrinugs Feunasiusednsainlunisasviowssd@unssana dsliu lunuidedas

€

o

Jaiumsimuiniswisunedweslulasuadgadniiveunialulasleseuezglund mivasviou
$a@8unsuIn lngagldinatinnsdunsizinedwesuuuuriuasemenalnlendrulelofulunis
wisunedweslulasuauya Tnsnedweslulasuadgafildasdionuaiosas nsvanedalulés
wazannsadldduasdindavasuuriTanuionivuglalaenss wnUszaunadnsaluiiiosus
warmndonIaiAdou uRiruisannsnndaufunsurldvainuats e uin wagwanain 16

| = a a a v U aa Y] 44 ] =
DY WNNUNTU GZN"\]3LW@JUiga‘WﬁﬂqWT’Uﬂ7338%@‘14533@741/\]7]Li@iuqaﬂﬁﬁaﬂqsﬁugmqﬂ 9 L'Via']u‘lm
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uni 3

FATUUIY
3.1 ansadivazaunsal
3.1.1 a3uAd
d134Ad kN30 8o
1. leseu (1) eanlwa (Iron () oxide; Fe,05) Technical grade Sigma-Aldrich
2. azq:ﬁtﬁamaaﬂ%ﬁ (Aluminum oxide; Al,Os) Analytical reagent  Sigma-Aldrich
3. n3alatadn (Oleic acid; OA) Technical grade Sigma-Aldrich
90%
a. I‘V]@Jﬁu (Toluene) Analytical reagent RCl Labscan

5. wulgdalleseonlun (Benzoyl peroxide; BPO)  Analytical reagent

6. wiawnesan (Methyl methacrylate; MMA) Purity 99%

7. UniaezAsian (Butyl acrylate; BA) Analytical reagent
8. lalflaluu®u (Divinylbenzene; DVB) Analytical reagent
9. ofiau lnarea lawniasian Analytical reagent

(Ethylene glycol dimethacrylate; EGDMA)

10. uialulnsiau (Nitrogen gas; N,) Purity 99.99%

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Praxair




AREIGEY NN

E%
g1o

11. lalasailuu (Hydroquinone) Reagent Plus 99%

12. lelalanesu (lodoform; CHI5) Analytical reagent

Sigma-Aldrich

Sigma-Aldrich

3.1.2 nsesdlanazaunsaiililuanide

\n3asilanazgunsnl U ivio
1. w3ostmadion 4 1w SI-234 DENVER
(Analytical Balance) INSRUMENT
2. wnestuies (Centrifuge) Speinette centrifuge IEC
3. Lﬂ%ﬁmmmwmﬂ DelsaTM Nano C Beckman Coulter

(Particle size analyzer)

4. wAuTeusa (Furnace) Muffle Furnace
5. Lﬂ%mﬁ'ummﬁqq (Ultrasonicator) VCX 130 PB
6. apIMuLmanuuUldAILSou C-MAG HS7

(Hot plate stirrer)

7. \SpawaNans (Vortex mixer) VORTEX GENIE 2

8. AnlwasuTsadawnulLAaDS WS DSC 4000

(Differential scanning calorimeter; DSC)

GALLENKAMP

Vibra-cell

Scientific Industries

Perkin Elmer
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\n3aslanazgUunsal

a v
g1

9. waslunshunsnezullatwes

(Thermogravimetric analyzer; TGA)

10.napsgansIAdnuulilas

(Optical Microscope; OM)

11. NHOIRaNIIABENATOULUUADINTIA

(Scanning electron microscope; SEM)
12 1aludluwes (Homogenizer)
13.ﬁauam§au (Hot air oven)

14.\p30gse i udnesy Bunsusaaila

Insfiwas (FT-IR Spectrophotometer)

15. \w3eadnasdanuisnlnimes
(X-Ray Diffractometer; XRD)

16. WASDIUALUUAILGY

(Ring Mill)

17.\A399U0alaa

(ball mill)

TGA 4000

SK-100EB & SK-100ET

JSM 6510

T 25 digital UL TRA
TURR
UNB 400

NICOLET iS5

SmartlLab

Bench Top Ring Mill

Perkin Elmer

Seek

JEOL

Memmert

Thermo

Rigaku

ROCKLABS
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3.2 YURDUNITABUUUIY

[

o a a v 1 [ I &
AN NUUNUIYRUBTU 3 VUADU AU

[
U

= a a
YUFABUN 1 ﬂ']iLG]iEJILIE)Hﬂ?ﬂlﬂiﬂﬂ@i@u@ﬁam,u@

¢

gj a = a a a
Tunaui 2 Msfnwanzimuzailunswseunedwesiulasualya

v o= a
Aniveunialulasloseusyaiiiun

¢

TJupauil 3 Msfinwiniswisuasddmsundounedweslulasualya

VUTANPULUY LagnAaRuUIEanTnIMNIsaEnausadduns s
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3.3 N1INAaBY
3.3.1 mawiseneunalilasleseusrgiium

Tudunouusnifunaiieundansesnladloseusrgfiiun fed fATenane
Y09 (Solid state reaction) [63] Inensazanensazgiiiluneanlan (Aluminum oxide; Al,Os)
ﬁﬁmmmagmma?{a 500 wluns Hautumdneenles (ron oxide; Fe,0,) ﬁﬁsummaymﬂ 300
ulwans Tuth Taefdasdinluavesezgiifonsenled uaziminoonled wirfu 2 do 1
Feanmglumsned 3.1 Tngldnawauuuu@entu ball mill iWunan 24 $3Tus vdsmndu eulv
wisiigamgil 100 ssrwaidea Wunan 48 $alus wdrnhlumn (Combustion) figamgil 1,700
ssrnwalea Wuan 20 alue thesiildanmsinluuade ring mill Tivunneynireglutae
400-3,000 wiluang azlddnunsnsdihniaveseynielalesloseusrgiium (ManTouuanss
AWl 3.1)

ntu Yinsfnunautisg q yesaynAiileienld 1wy nsvtaunuesoyna
lulasleseuszgiiunmsiniasinuuineynia (Particle size analyzer) AsI9@@UANWAILNNS
ﬁmg’luamEJ’]@T’Jaﬂﬁaﬁﬁ;amiﬁﬁaLﬁﬂmamwuﬁami’m (Scanning electron microscope; SEM)
waznsnsIvdeulassEdINEnTeEsUsENEURIUIAS e IR EANSIA B U IS Eend (Xray

diffractrometer; XRD) Jufu

/ .\
A
Fe,0; +Al,0, 4 \ °:- ﬁ
In Water \'«'-3 y '&

\’ »
Ball mill for 24 hr.

heat 100 °C
48 hr.

v
) ) Combustion
* Ring mill 1700 °C 20 hr. ‘
R e

FeAl,0, microparticles

A 3.1 uunmniswsereynalilasleseusaiiug

a7



] = a
197191 3.1 E‘m’l’wﬂ’]iL@iﬂmawﬂﬁﬂlﬂﬂﬂaiauazgmL‘um

Chemicals

Fe,O5 g (mol) 43.92 (0.28)
AlL,Oq4 g (mol) 56.08 (0.55)
Water ml 200.00

Wesnnnswisunedweslulasuaugaruounialulaslesousrgiiiunluauide
Tgyihnmsduassiuuunriuasy lnednludenseaiveunialulasleseusvaiiiunluteueies

witlosnneynialulasleseuerafiumduaisefiunidienfiaznszatediegluaisazany

= o '1(::(] = L

Bun3dld Feduduitesfesusvanimituinveseynialasnsindevounalulasleseussgiiun
fheansanusafiaviinfifidn Hydrophilic-lipophilic balance (HLB) #1316 1wy nsadluiadn
(Linoleic acid) uaznsalawadn (Oleic acid; OA) Wugu lewfiualaiwouri (Hydrophobicity)
revahlllumawdsumedweslulasualya TaedneaziBoadunounisvanos feil
Tutumeuiiagrhnisinwnaiadeveynialilaslosoussgiiiunfeasaniseis
Aafididn HLB ¢ 9 Gslunismeaesildidonldnsaleiadn tnetunazarelulngdu 9ni
theynnalulaslesouszaiiuniieieulsuifvaduasazarsnsaletadn lngazyinnisdne
Usnaveseynialulasleseussgiiunfivuineynias 4 se nsnlewadniimun 3 Snsrdau Ae
160 1, 10 2 uay 1 fe 4 tunwanlidnsulagldiesesluniu vdeent darsazaneilaly
szmelngduoenaunua wldidueymalilaslosouszqiuniignindeuseonsaloiadn (M3

a

LWTEURAAIAIAIND 3.2) 37nTu FgAnwanisAdulls (Partitioning) ¥atauniatulaslieseu
a d‘

pzafluANgnI1dIUAe 9 LiefinwiUsunansalaadniwungaufaiuisandovaynialulas

loseusvgiliunliiauliveuliiissme danns1an 3.2

a8



FeAL,O, microparticles
+
Oleic acid
"+

Toluene

MW 3.2 ununnnisindeveunialulasloseussaiiiuniiensnlownsn

A19199 3.2 M3Anwmsiduils (Partitioning) vateunalulasleseusrgiiunil

Toladnions1aumg o

A 1%

auUNIYNTA

FeAl,O, : Oleic acid

Chemicals

1: 0 \ -l 1.2 1. 4
MMA g 0.25 0.25 0.25 0.25
FeALO," g 0.25 0.25 0.25 0.25
Oleic acid g 0.00 0.25 0.50 1.00
Toluene g 0.25 0.25 0.25 0.25
H,O g 4.50 4.50 4.50 4.50

" guneyninlilasloseuszafiiun (ulaswns): 8 7 uaz 4
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U INsENIUTINYesennalilasleTouarglunaanNin Ty e AT luTY

v ]
< fa v a

Wiiuld lngduneuilagyinnisAnwinisiduiisveseunialulasleseussgiiunlusenitatuiiiu

[ 1%
o o 1

o = o o ¢ ° a A A v a av v
UBUUINBDUNAENINTITAIAIIEN Iﬂﬁuqauﬂqﬂlmiﬂi‘l@iauazallLum%Lﬂa@U@ﬁﬁﬂﬁﬂI@La@ﬂWl@

31NN1INAae199u Tngldenanieivuineynialulaslosousrgiiiun 4 lulasuns wag

o |

dnsdrweynmalulasleseuszaiiiunronsaloadnilu 1 so 1 uaz 1 e 2 Any) Inetuway

I 1%
v o w

Jutudntu waivasiuduli vinistduduan 5 uai wanalAldmanniswendu lagay
nsAnwvinaeseunialulasleseuszgiiun Maunsanszateiieglutudiiulauniign

AUSu 30 - 45 Wes@udlaeinudn fam1s1an 3.3

A13199 3.3 annglumsfinuUSunaveseumealulasleseusrgiiunlutuingiu

o-FeAlLO, (%wt)

Chemicals

30 35 40 45
MMA g 0.25 0.25 0.25 0.25
o—FeAlZO4a g 0.08 0.09 0.10 0.11
Toluene g 0.25 0.25 0.25 0.25
H,0 g 4.43 4.43 4.43 4.43

aFeAlZOA: Oleic acid = 1: 1 uaz 1: 2
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332 mIsAnwannzimngadlunmasiouwedmeslulasuaugadnifveynialilag
losauargiiun
3.3.2.1 MIwseNaynIANDAes
TudosduldAnuanzfimmsanlunisnisueynianediuesdas

ATEUIUNSTALATITRUULYIUADY BSUAULAENSHANLaUBLURS a1stenieanelalalanu (lalals

'
Y aa a

wlosu) uaz3suuifsenuuledaesoonledlhduieiontu andy navaduduhitned
hiflaweanesediluasanussivinararsegiinnududu 1 Wedidudlnedmin wiavinisdu
iwSennenueusiuesfousudeugsludnanistu 5,000 seuseurdt 1uan 5 undl agldans
LnLABYYBMEANBUBIIDS INaNsuIURDEvmeBuaaslfadlurIndunanud i lregly
3zuuq@muﬂﬂ1ﬁimaﬂ15LﬂwLLﬁ”aiuImLf\maé’Uﬁumi@mﬁw%uﬂszmm 5 afs aantu ¥inas
Fuazamduiian 8 $alus figumgil 80 ssmwaldoalu 3 dalususn wazifiugamgiiiu 90
psrLwaldya aunsu 8 alus lensunat iveamsazanglalasailuu 3 ven udiguilenyn

Uiisen mntu iiveynafiwseulaligaumalivies deuhluAnwandisaing  Aeld

3.3.2.2 nsdupnzvnedweslulasuavyadnifiveunialulasleseusvgiug

dl' ¥ a -'-NI v I 6’5 goj L% Yo v

Jeldeunialulaslesausraiiiunnnszateiieglutuiniulafuaiag
o = a v < a v
dnldlumsinseunediweslulasualgadniiveunialulasloseussgiiiunmenszuiuns
dupswruuuwinasesignalnlendilelenu nsldanilewiuaintuneu 3.3.2.1

lngisusuazyimsnauueueawes lelalavesu uazsivuledaesoanlys
Whdudaderdundnfveunialulasleseussafiiunipdousnensaleadnnsyatadilulngdu
asly drludanirledia 71 30 Wosidud weundgn Wunan 2 uii ielieunialulasleseu

aratiiunnszaneslaa Lty 30ty nauadlutuinfinedlidaneansgediduansanusa

=3

2N

I o

9
a v v 2 e H o ° y = I3 % ¢
AafiAdudy 1 Wesiudlagindn drlulunsouneaususiues wastludunsies
WuReINuTURUN TN ELUNIANBADT (3.3.2.1) aglinedweslulasuauganiiounialulas
loseusvaiiiunnszaneiiegnisluy dunmd 3.3 Inslutuneutagyinisfnyidadusng qninase

v

a a v A
nswissunedweslulasuauya fail
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Oil phase: Monomer+ o-FeAl,O, + BPO+ Toluene + CHI, Polymer/ FeAl, g,
Water phase: Water + PVA microcapsules | 00® O
Se of gS
l ... e S
e @

2
Polymerization / \\ /

'0
80°Cfor3h, f:

_Water.~

A dl 3.3 uwuaimnisieseunedweslulaswavgadniiveunialulasleseuszgliiundae

NITUINNSELATIZIL UL INAREMeNalnauyadasswuulendelelafiu

1) dasnsUuwseuvenueusiles
ﬂl a dl = Y U ¥ 1
Wesaneunalulasleseuevgliuniwisuladvuindeudielvg
N157N9LRUBYNIARINATILAR FefalivuInveIrealouallasTMIIzay Aty Tulunaullay
AnwinareIdnTINsUuwmSsuneaueuaaHoTUIATeMmenlaUBLIBsLaTaUNIANBAWB Tl

[

Weliaunsauwaziniiveunialulasleseuezgiiunliuniign Inefnwinavesdnsinistu

WIuveaNaUDILDSTensIn1STu 5,000 2,500 1,000 500 wag 250 seuUReuTt lnadian1izsa

AN519N 3.4
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a a{'

a a a v [ [
A19197 3.4 anzlunmswieunediwesiulasuaugainiiveunialulasleseusvaiitunidns

nsdusng 9 °

Chemicals

MMA g 5.00

FeAl,Oq4 g 1.50

BPO g 0.40

CHl g 0.06

Toluene g 2.50

PVA g 0.45

Water g 45.00

® §m31m159u 5,000 2,500 1,000 500 LAy 250 TOUABUI

2) dnsdITRIBUBIIDS
Tutuneutiasnydnsdumemeuseiaessiin Ao witaiumedian
wazfiaozadian Aiflnasegusns Snvardugiuine wazeuansalunisindeuinvomed
weslulasuadga lnsagAnwidnsdiuseninuadfiamasiandedafiaozaiian Msnindau

50: 50, 70: 30 wag 90: 10 WodFurlnetimin fsan1izlunnsed 3.5

3)  BUALATUSUIUYDILBUDLIDSITDUI N
A a < 1 = = a ¢ A [l
WBLANANLTILTILALUGDNUAYYE T998LALLDUBILBSLYDNI AU
adbu TRgagynnsANYINISITLaUDLIDSLIANS 1 L ERITTn Ao mlidatuudy (DVB) wazlaiau
lnamaa launiasian (EGDMA) N19ns1d7uuiauninsiansatnfiansAsianfauausLuasiioy
379419 40: 40: 20, 35: 35: 30, 30: 30: 40 way 25: 25: 50 \WasiGudlagtiindn faan1izlu

AN 3.5
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A15199 3.5 annglumswisunedweslulasualganienssuiunsEATIERLUULYILADEAIY

nalnlendelalonu
Sample
Chemicals
1 2 3 q 5 6 7
Oil MMA g 250 3.50 4.50 2.00 1.75 1.50 1.25
BA g 250 1.50 0.50 2.00 1.75 1.50 1.25
FeAlLO, g 150 1.50 1.50 1.50 1.50 1.50 1.50
Toluene g 250 2.50 2.50 2.50 2.50 2.50 2.50
Crosslinked
. S - - - 1.00 1.50 2.00 2.50
comonomer
BPO g 0.40 0.40 0.40 0.40 0.40 0.40 0.40
CHls g 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Water PVA g 045 0.45 0.45 0.45 0.45 0.45 0.45
Water g 45.00 45.00 4500 4500 45.00 45.00 45.00

“'aladaluudu (DVB) uag tofiau lnaroa lawwyiasian (EGDMA)

3.3.3 Msveaeuauifuaranuazanivvameiweslulasualya
3.3.3.1 mnegeuantavessunialulaslosousyailiun
rouflaziheynalilasleseuszgiiunlulflunamioululasuatyaazyi

nsvasouantRIlasiu fail

1) vunaveseayna lnemsiieunialilasleseuszgiiiunlunszanesialy
i upgneaeuiBiriosinvuInveseye

2) dnwaurdugiuinet lnemsiheunialulasleseuszgiiiunluiiasisy
MUNADIYaNIIALBIANATEUKUUEBINTIA (Scanning electron microscope; SEM)

3) lassaiandnvesansusenau lnensiheunialulasleseusrgiiunly

AATIZAPIYLATDIIATIEINITLALIUUVDISIFLD NG
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4) n1sazvieuseddurssn lnenisiieunialulasleseusvgiiiunly
Anszimeladesaalvsines (Fiber optic spectrometer; AVANTES Avalight-DHS; Detector
AvaSpec-2048L) muNmigu ASTM E903

3.3.3.2 nMsvadevanUfvesnednesiulasuadgadiniiveyniatulaslosou
priliun

1) Mmanesiudiueusiesiddsuluidunediues (% Conversion)
Fowmadantsdeimin

yhmsteansuviuassresnediweslulasuatgainiivoynialulaslesey
ovgliuandsdunmeiuszunn 1,50 niu (Cuiintdmidnfiuuew) udilueuiigumad 80 aaem
waidea Wunan 24 $lus dehmiinuaveuseuthwiina andu Sufindwiinudeu aavhe

1%
v A

1NN BUBULALNEIBULIAUIMUS N UUBINea s TR Ulaeltaunis sl

We-Wepz+Woya+Weeai2oa tWapo+tWop)

% Conversion = x 100
Wm
) W, Ao Untinwediesans ( neusu - ndtey )
Werss Ao Wminlelelanesy
A 901 C% al a 6
Woya Ao Umtnweakilausanagea
Wieaizoa Ao Whntineunialulasleseuszgiug
Wapo Ap Unindsisuygnzen
Won Ao Umnnsalolasn
A %; U 6
W,,, Ao UninuousLLes
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2) MIANYIGN BN FUFIWING

thnedieslulasunugaiinioaldlufnwsusauasdnuvaznsdugiu
emendsiganssmivuulduas (Optical microscope; OM) wazndniganssAIBianmsouLUY
d04n319 (Scanning electron microscope; SEM) lagn1sin3eusiieeg19vaenassganssatuuuly
Wa %ﬁﬂéﬂmamimmammuaaasﬂaawa%Lmaéfluiﬂil,mﬂsgaﬂgaﬁauLLawé’qmsﬁqmeﬁ 1 1en
asuuwsiualad 91ndu Jadhenszantaaladuaziilunsantadremdweneimnyan Tunsdves
MIsENIRENYRINdeIgansIABIaNATauLUUdaInsIn bilaensiimedweslulasuauya
fupsouldluviliuds uazdndrdevamaniamdunat 24 $alus udnimedlalulsoasuuey
AsuBUIMUARRBEUULYILINSTIBENS (Stub) uavimsiadeunediuesiulasundgafionesd

Nty U lunsainmefidsenefiuunya

= & @ 6 ¢ @ 6 o I3

3) nsAnwesiduinisussquazlesidudnisiniveynialulasleseu
avafiiunlunedweslulasualya

] a L2 f < 6 a a

Mnsieseileiidudnisussyvessunialulasleseuszgiitunluned
weslulasuauga (% Loading experiment; %Ly Wnemstnsnediueslulasuaugaussunu
1.0 n$u lUauvigaumnil 80 asrwai@ea Tanninuazduiindmvtniuuuey (W) 30ty ity

a a s ) a al o w a 4 o ) g Y] Y=

Wgaun)il 600 sarwalded {Wuian 10 Wil iefidanediwesesn g minuagdudin

a

96’ o A ! 3 o ’oj o a A v
uminiwiueureteynalulaslesouesgiivun (Weapoed) 908U Wdmtinimisndaniswnll

Y

o f & & = = [y} &)\’ e a .
AR INUBIIIUANTTUTIY WIBUNBUNUUBILEUANITUTTIN1aNGBY) (% Loading  theory;

%L,) TaEnusamuIlAINENNT Aatl

Weeaizoa
%ol = ——— X 100

cap
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Weear204

%Ly, = x100
W x ( %conversion - %free polymer particle )
w + ( )
FeAl204 100
= & H o a
A1) Weeai20a A U’muﬂsﬂaﬂ’@uﬂ’]ﬂlﬂJIﬂil’e)‘JE]‘U’e]%ﬁllL‘NG]
eAl2O 4 Y
W, D ‘lj']‘lﬂﬁﬂm'e]‘Ll@LiJ’e]%ﬁ]"lﬂﬁﬂ’n%ﬂ’ﬁWﬂaaﬂ

dalszansnmnsiniiveunialulasleseuezgliunlunediwesiulas

wAlga Awdnladaauns

%Lexpt

%E = x 100

%lLih

1) MaUSinauazIUIAveteuNanedmesdasyluigniadeliles

thansuwviuassilindsanmsdunsziluvnmstumisseiriesdy
Wies (Centrifuge) 8n31157 3,000 soUaUT LHuAT 15 WA A1surIUABEILARMTUENT Y
seiawodiuedlulasuavgafuaynianedineidas: ihiuuuiifloynanedwesdaseloui
ounfl 80 asriwaldea WWunan 24 dalus dehwidnuazeuseautminai aandu fuamm

USuneunianediuessasyluignindeiilos (%Free polymer particle; %F,) ladsaunis

W,
%k, = (Wm x %conversion_ X 100
100
HE) We, Ao dminaunanedwesdastluignaseilissiviendiniseu
W, D UINUNUOUBNBSINNENTILNITNAABY

LAZYIMTINVUIABUAIANDENBSBATEAILLATEIIATUINDYAIA
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5) gumgiimsiAsuaniuzadiouivewediueslulasuausa

vn15itAsesiguugiinisildsuaniuzadiouia deazinade
UsgansnmlunisiedevinvesmedmeslulasuaUgaseiniesdnloisudsaaunuiluaas’
Hme3 (Differential scanning calorimeter; DSC) Tneflanesad

2aATINTIASIZA  -60 D9 90 BeALwALTYE

9 Y

(%)

DNIINITABNY 10 peFLwaLdd/ Ui

UIIYINA uhalulnsiau

6) Usgdnsammsiafeufinvemediueslulasuauya
deldnedweslulasuadyadniiveunialulaslesauszgliiunudl 9y
AnwinsafeuasuuianauLuy Inedivunausadl

ansuvinasgveaneduweslulasualganwsoulaunldniouasuuian

9

a

AULUU AB N52aN (Glass) waziulang (Metal sheet) Yu1A 6.25 ANSINTURLLAT Laelined

weslulasualgaumn 0.05 nfu Menswseuduausddanuasvuian vinliuiaielined

[ '
= a v U o ¥ =

weshilasuaugagaiaiuan 1ntuianiuwuuigniafeusignediuesilulasuaugalunsiag
anwazNISLAAEUMIENA039aNIIALBIANATeULUVdaINTIAkazNassgansTatLuUlduas
[ = wa o v v A = & < s =~ a v

MsfnuaudRvesiansuluurdinisedeu fe Wesiuinisiadeuia (% Add on ) AI8n1s

FIUNNUN AIFUATT

A
% Add on = (=) x 100
B
e A Ao Umilnnediwesualyariadeuuuianauwuy (g)

1%
Y]

8 UminTansunuunauaiou (g)

o)
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7) msfinwusyansanlunisasviowssddunsusaluianiuiuy

eldnszanuazriadniiadousewsdiweslulasundgainiiveynia
lalaslosousvgfiunuda luduneuasineas@nunisnmsasioussdbunlssavesnszanuasia
FnnouLasndnisiadeu fewdesaualnsines (Fiber optic spectrometer; AVANTES
Avalight-DHS; Detector AvaSpec-2048L) A1u11A5g11 ASTM E903 uazfnwinisasviou
Auseu lagnisuteynialeseuergiiuni1auuudunIzan uarfinmasluduila

(Thermocouple) 118l nlALl (200 W) Uszaned 5 wufiuns Ineldtoudsuninadu

<
a A

unsaestuaglvineudgiisregraiulseannl 5 lwuuns a1nty suihnstiuiindeyalagly

<9

(%
o

5 I3 o y o v O 1 Y o =
LAS8Y Data Logger LWULIAININUA 7 GU']IlN NWIDUAUYNUUA 5 LU LLAIUUNANSD

Bsususndeya
IMInTIvaeUALLAN1vegumgil tngld Data Logger Tunisduiin

HAN1SVAARY Fuesedlotannsawlaanseualiiiduenmginiimhedussmeadedla udy

' <

Tuiindayadinarinuld laslun1sinazdeatouse Data Logger  diumesluAuila

(%
v Y

= 5 U oa U a = Y ' Ay ° v I3 |
SZNL‘V]'P]iillﬂﬂL‘Uauum@@%ﬂLLNUW?@ﬂqﬂﬂmaﬂﬂqif\]gmiflf\]ﬂal] wqimﬂma%ﬁmaLaSULUu‘VT‘U'JEJENﬁ']

waldea wavirdeyanlauindennsviionaIuwand19Ye0uN I5eNI R IRUUULALRY

auanalagldluseknsy Microsoft Excel
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uni 4

NAN1SILaLNUSIUNE

4.1 mswlenayninlulasloseuszgiiun

Tudumeuusnazyinisduasiziounialulasloseuszgiiuniieujisenaniizuouda
[63] Ineldozafifiounanlyd uavmaneenled Ndnsaulua 2 de 1 \Wuasnwiu lngazians
aesunauwuuden udnhuevazldvewdadnuasduns (11wl 4.1 (a) antutlumn

a a < < o = = [ = [
gaunilas Iauvedsdnuaedn (A 4.1(b) vimsAnwidnuusianizveseunialulas

' 1%
] Y v a

losouevailiuniiniewla il

] < [ 1 a [
ARl 4.1 YoeudndanniiuniTeu (a) uareumakilasloseusrgiiuandinism (b)

4.1.1 msfnwvuauazsusnveseunialilasleseuszgiiug
= a My o v v oo v & 1%
Weannaunialulasloseusafiiuailandsninnsundnuaedudanuduiou
SnitvuneunInIvdINarioUzdnEanNsasioussd@dunsusn lnsvuinveteyniafeudu
A3 IMilaveInNEIAUTeIs @B U s Turauslivuinvemdndosawindn wazdaduidnis
vinivga [3, 4] FelaRnwinaveinisuafiia1aie 9 danudn Wesnatuaiisiueunialulasleseu

avgliumazivwineyniafidnas Tnefiaaiun 20, 40 waz 60 w1 sunialulasleseuszafiund



uatuseaululasiuns AUsEunu 8, 7 way 4 lulasiuns muansu tnelin1snseaNesuaIuue
Aoudraniraduaesyie uanadening 4.2 uaslethunfAnwiauiauazdinuneusnsiiendes

qanssmidiinaseunuudeansin nuineumakilasleseuezgiiundvuialndifeadiunialaain

4 o 9 =
LATBIINVUINBUNIA LFAIANNTINN 4.3

(a) (b)

6.0
5.0 5.0 4
4.0 40 -

20 -
1.0 1.0 -
0.0 T 0.0 -
0.0 0.2 25 39.8 631.0 10,000.0 0.0 0.2 25 398 631.0 8,700.6
Paticle size (um) Paticle size (um)

(c)
6.0

4.0 -

3.0 4

Volume (%)

|

|

i
1.0 ‘]\

0.0 | QU
0.0 0.2 25 398 631.0 8,709.6
Paticle size (um)

AT 4.2 DLS %’a‘[‘wLmiuLLamsummmgmﬂluiﬂslaiauasgﬁLumﬁnmum@m 9 (ul): 20 (a);
40 (b) wag 60 (c)
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LWATIIAIUARTY 9 (u): 20 (a);

A7 4.3 SEM  micrographs  weseunialulaslesousy
40 (b) uag 60 (c)

D)
jid)}

4.1.2 MIANBILATIES1INEN
dehoynialulasleseuszgiiiupiitaisuseujisonanzvesudandne
TnssadadndemaiamsiaovuvessediondlngendonsiaoiuuvessdiondiilosSadnn
nsgmuayn1A wudn dssuuntsidenuuiiusngfluusng q fadl 30.25° (220), 36.39° (311),
44.97° (400), 48.25 (400), 56.26 (422), 59.24 (111) WaE 65.47 (440) Fn1wil 4.4 Fsdenades
ﬁ’mzwmﬂgmLuuuwmgﬂumﬁmaﬁmhaaaﬁm (Joint Committee on Power Diffraction
Standard, JCPDS) waneiaw 00-034-0192 [64] aillassadrsndnuuvatiua Saduigadluv

(Hercynite; FeAL,O,) Felinpuautlunisasvioussddusisalan (2]
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1400 . . . . . : : :
(a) o = FeAlO, ]
1200 -
© (Fe Al ),0, .
1000 - ® Fe,0, -
3
< 8004 - g
[ =1
=
3 )
< 6004 ®
w
2 .
5
£ 400 -
)
= T )
200 - N
N ]
1 N I v 1 i 1 M 1 e. 1 L) 1
20 30 40 50 60 70 80
20 (degree)
(b) =
= -
SO
H s
- |
10 20 30 40 SO S0 70 80 90

20 (deg)

A 4.4 XRD patterns  aunalulasloseusvaiiiunilnsoula (a) wazeunialulasloseu

22iluUnUINIg U (b)
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4.1.3 MIANWIUTEAVTA NN TaLTBUTIFUNTNIA
idesaneynialilesleseussgiiuniiviouldfvueads 3 wuin fo 8, 7 uay 4
lulasiung amuddy Joinsfnudssansamlunisasfousaddunsnsnvoseyniaisany
Tutsmnuenay 750 - 1,300 uluwns A mil 4.5 99nN5nAass WU irnuenedy 750
89 1300 wiluiuns eynalalasloseusraiunit 3 wu1n annsnastousddunsusald lnei

[

aunalulaslesouszgliunvuiniade 4 lulaswng dussansamlunisasvieussddunsisngs

Nanfie 99.97 Wesidud lnsllsauineuniatulasleseuszaiiundvuinlngduasinli
Uszansnmlunisazviousaddunsisnanas uregslsing 5sddursisadiaugnindunaiy
1 dll = v ¥ a a ! 2 [ g.J/ 6’5 dy

PemugInau [1] Beeddruineunialulasloseusrgiiuniiuansdiaiu dedy Tuduneuias
reunialulasleseussgiiunnsanvuialudnwinisuivanimiiuiiveseunialulaslaseu

avgiliunluduneusioly

100

(c)
(b)

s

8 (@)

c

]

°

=

®

4

o

2

K|

]

14

10
O T T T T T T
745 845 945 1045 1145 1245 1345

Wavelengh (nm)

A 4.5 nsvluansuseanSanlunisasvieuseddusisaveseunialulaslesoussgiiuni

AWILRRLANS 9 (Lulasiums): 8 (2); 7 (b) waz 4 (o)
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4.1.4 Msfinwinsuuanmiuiavessunialilasleseuezaiiun
lunisfazdniiveuynialulasleseuszgiiiualinnelunadgaiinSaudie
nsrUIUNISALATIERkUULTINaRERiinalnn1sineunAsuY (Particle  formation) Tuwen

a ¥ U

souaeifinszaefeglut sunelilesleseusrgliunaedosnszaeildflunenveauous
wosuarliAnmanenduseninlusenitnisduesgidddinardeudisuiu udidesaneynia
lulasleseuargiiunduansotunisuasaoutnedin dadu nounszuiunsduasgisiduges
Ufvanmiluimeseyniaiiefiuanalaifiis nensindeveynalilesloseussgfiundisansi

NS Aa av Ay a Y a =% & = Ao | a H
L lunuddeiildidentdnsalondnduluansanusedislanlmaunasenineadiungoui

wazllveud 1Seni1 Avewwead (Hydrophilic-lipophilic balance; HLB) winiu 1 wagilealdiduy

I
1al o

asanussieialuszuudiaduiludy sutdedlfiedevinlanzoonledifiefiuauluid
ifuiuRa Wesannsalewadniinganiuenda (nmdl 4.6) felueynalulasleseusrgiiiuns
gnindeusensalaiadniiuiustlaniauditasiusylolasiau TnsluduusnaziAauuuiuse
Tanaudiou wazmnilinsaleadnuinneasiianuselelasiaulutuiiass fen it 4.7 [65, 66]
yhlitoymelslaslosousrgiiunfignindoudenseloadnindeuiiluogluturesngdu ununm
nsUSuanmiteynalulaslesouszgiiiumuanisisnimi 4.8 TnsaginsAnmsnsidiusyning
mémﬂlmimlaiauazqﬁl,umﬁgq 3 qu1n §30MT7 4.9 (8 (3, b, c uaz d), 7 (@°, b’, ¢’ uay d’) uay
4", b, ¢ uaz d”) lilasiuns) densalowadnidnsidan 1: 0, 1: 1, 1: 2 uag 1: 4 MuAFU
dlevinsfnwmniiduidluasnausousweiuarihueseynialulasloseusrgfiuniindouds
nsalowadniisnsnaIusg o WU Tunsaifildldnsaloadn (A il 4.9 (3, a’uas a’”)) aunAky
Tas loseusrgiiumazusndunnnznouasldegluduii iosanfinveseynialulaslesou
ozgiiundauiida (@vylansenda) ldanmsnnszarediluduvesueusiuasld udlunsdd

'
a =

aunalilas  leseuszgiliungninfausigninleladn wui sunialulasloseuszaiiiuniiinioy
Fonsalaiadnifintuamsanszaefludusousiuesléfity wioynalulesleseussgiiunild
yuLads 8 uaz 7 lulasiuns (1mil 4.9 (b, c waz d) uaz (b’ ¢ waz d) azdeslivimames
nsslaednAeutnannisgyilvioynanszareilutuseusmesliiommn lurnefioynauuin
de 4 lulasuns (A 4.9 (b7, ¢ uway d) fsnsnd 1: 1 wag 1: 2 AflUSuiawensa

laladniisaneneunialulasleseuszaiiiunaznszarvidlutuneusiuesianmun fadu Tu

Wasudazidentdounialulasloseuszaiiiuniivwingey 4 lulasiuns uagdnsndiueunia
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Lulaslosauezgiundansalowdnd 1: 1 waz 1: 2 lWvhnsfinwdsuamete unialulasleseu

avalliungaaniiausansyaedeglutuieusiesla

OH

a Y P a
AN 4.6 1AS9E519MNALURINTALaLadN

"L\/% C{\ ‘\‘\N«)‘H‘
OH O OH /CI

C
HO OH | O// o o
HO OH EE] n HO-CwvwA~A"AW\WN ————>  HO OH E[’IZI nH,O
0
HO OH L0 0\0#

OH “JI\N\‘\‘L(\ OH
> Q S

o = a a 1 a
AN 4.7 ﬂa‘lﬂﬂ']iLﬂa@UN?@Hﬂqﬂlmiﬂi'l@i@uaggllLumﬂ'ﬂﬂﬂﬁ@l@l’a@ﬂ
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N VY Toluene Toluene

N Ve, WJX

N

N

/V\/

— I RER
® o
®
*
& -

. Water Water
-~ Oleic acid
® :FeAlLO,

ﬂ'W\I‘VI 4.8 LLN‘L!ﬂ’]‘Wﬂ’]i‘Ui‘Uﬁfﬂ‘WN’Jﬁ‘lm’]ﬂlﬂﬂﬂﬂaﬁ@u@% fualnenisindoumensnlolasn

4.1.5 MmefnvUiameseymalulasloseusrgiiunguaniianinionszaedegludy
LI
routheumalilasloseusraiiuniiladeusnensalatadnluvhnsdunszsined
weslulasuaugamenszuIun1TAuATIBLULLYIUaeY sunalilasloseusraiiiundenszany
flaRluneavesueusiues FuinsAnuuiinaveseynialulasleseuszgiiungsgaiiannsa
mgmﬂﬁaaﬁlwﬁumuamaﬂﬁ FeagailildUszAnBainmsvu (Encapsulation effeciency) #igs
ﬁqfﬂ T,ﬂ81‘1/‘1’1msﬁmznamgﬂ1ﬂimiﬂﬂaiauazqﬁl,umﬁﬂ%mm 30, 35, 40 waz 45 Wasidudlae
thviin nuddu Genudn dieldeynalilesleseuszgiiunigniadeudiensnlemdnitsnaan
ounalilasleseuszgfiundensaloiadniidnsidn 1: 1 annsanszanedluduueusmosld
quanit 30 Wesidulagtmiin (awdl 4.10 (2) widleriuuTunueuymealulasleseussgiiiund

Y

gniadaumensaleaadnuInnInlagiivisdiinnisananeulutudy Tuvaenounialulasle

seueaiiiunigninfioumensalaadnitansidiu 1: 2 annsanseatedilutuneuaimeslagaad

q
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35 Wasidudlagtiudn (A9 4.10 (b))  weag1elsiniy Tuaniizildusunuvsinsalatadn
AoudINlziinasadnvazvesAUgawIeula Ay Jadensunialulasleseusgiiuni
LAADUAILNTALELABNTIENI1dIU 1: 1 wazUSunad 30 Wasibudlaguiinin Wuanineinunzay

sald

(a)

A# 4.9 arsnanveswsuawesuaritlunsAnwIniituiliveseunialulasleseusyaliiun
yuaade (lalasiuns): 8(a-d) 7 (@ -d) uwazd (@’ -d”) Wigniadeumensaleasnd
gndune 9 vaseunialulasleseusrgiiunsdensalewadn: 1: 0 (a, a’, a”); 1: 1 (b, b’, b”);

1:2(c,c,c”’)uwag 1:4(d, d’, d”)
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ARl 4.10 asHanvesaueaiiarn lunsinwnstullcvessyunalulasloseuesglivuni

wAsuMIensalotadnuSunaeng 9 (Uasifuilaedinin): 30 (@ wag a’); 35 (b way b’); 40

(c way ) way 45 (d way d’)

Fovhmsanulassaemaeisemeiangizoinsudre sudunsisaaalnsg
aled iWisuifluszninsounialulasloseuszgiundsdiu sunialulaslosouszgiiuniiadou
shensaleadniidnindiu 1: 1 waznsmletadn wuin eunalilaslesouergliunivinisiadeu
shensaleladn (1wl 4.11 (b)) uendnaxdifiafiAnNeARY 722, 579 uay 447 LwURNAT
Y8amyl A-O uag Fe-O muanu [66, 67] Lsziulﬁmﬁuamﬂm’%’maﬂagﬂWﬂlmiﬂﬂasauazqﬁLum&’jq
Fu (mwﬁ 4.11 (a)) uan Fimufiafinueninay 2,923 uay 2,854 %alﬂwawg -CH, Fadunis
FULUUALLIATLAOANNNAST WavAIINENIAAY 1,710 YaaAsuania (Carbonyl group; C=0)
Faduiiavdnuuaeldveansalowadn (1ndl 4.11 (o) Teanunsadusuldiamnsandoveynia

Llaslesousvgluniensalomdnladnse
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1710 cm!
CfO

2923 cm’ 2854 cm’

447 and 579 cm-!
(b) , asymmetric —-CHj; asymmetric —-CH,

Fe-O

A-O

mane aan o0 » .“;w;“— ‘,.-.‘ oo \/—\

Transmittance (%)
)

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm)

Ai 4.11 vgiSesnsudnesudursisnadnasureteynialulasloseussaiiiug (a) aunia

Lulasleseusrgliiunfiadeusmeninlowdnidnsdiy 1: 1 (b) uaz nalewadn (c)

4.2 nsAneInswssunaaeslilasualgaininuaunialulasleseuszgliundae

NTEUIUNITHALATIEINRABTUULLYIUGRY Lasldnalnayyadassuuulendle
lalafiu

Tuanddell WWAnwinswssunedweslulasualgadniiveynialulasleseussgiiiun
¥ U 4 ¥ a k4 a ¥ .1
menszuIumsdsaseikuusnuaeslaglinalneuyadassuuilendrelolenu lnglduousies
wan 2 ¥l fe witalwmesian wazdafiassesian uhnsdunssnduudennedwesiniu
aunalilasleseusraliuniviinisuSuanmiiuiawa lnefieunialulasleseusyaiiiuniigniu
wfpsnnaudilunisagveusiddunsusalndifesiveunialulasleseussgiliundidunauns
v o= A @ U a £
Anfiu waganunsarfeuasuuiansesiulalagnss lumswsmisuwaugaaldeunialulasloseu
azadiiun 30 Woesdudlagtninveaeuswes Taluanzimuzanainnisfinuludunoudn
I v aa aaa = a I3 s Y v s & & H @
H1uw F93uUA5en Ae wuledaleseenlediiniududu 8 wWesiudlaguminveweue

LBS LAZATITAALIIAINT A9 NOAINALDANTRAANNLINTY 1 WasiFdudlaguinin
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a

Mmsdaunsziidunag 8 91lue Tnsdunsizvnanunil 80 asrwwadea 1Jual 3 $alud way

9 Y

'
Y

nsdanTeideNgaumall 90 ssmgalea 8n 5 Tl Famsiianedweslulasuaugaduiin

' v
a =

H1unatnnisuenigninnieluvesanslenefiuesnintu wieisendt naln Self-assembly  of
phase separated polymer (SaPSeP) [68-70] lnafindnnns Ae Budunislunenueusiesay
Usznoumeueuawes f3suUARTearaeidudeiieaty wasdiounialulaslosouozgfiug
nszanesegneluneavesueuaes Welvirudoudsuujiseazunnduiunsinea Nt
nevewesndiuiisewardearslgluuaeldnediwesldaunsaazarauioioau
asavarneluveaveuaweslisn Suinnmsuenignia lnsanelenediedeimusefiaiafu
fesninaindeuiioanludniFessududeniuoynialilasleseusrgiiunlinglu denalni
anunsodUssgndldluniswseunedwesuaugadniiuaiseig 4 legaiussdnsam wu ns
wissuwedweshulasuaugadninuianiuaiuiou [20, 23, 26, 27, 69, 70] MsiaseuNedWDS

a a

lulasuaUgadniivaisves [71-74] uagniswmssunedwesiulasuadgadniiveunialans

(%
[

aanlad [9, 60, 75-78] Wudu setiu Tusddetidaladinatiasinauildluniswsounediuss

lulasuadgadniiveynialulasleseuszgiiun agldvinnisAinuladens q Alinadenisiia

1%
v A

wAUTA AU

4.2.1 navesdnsnsluwseunenuousiues
- a e vl ' v 1 =i v
Wesnnaumalulasleseussgiiunimieulativuinreudislng n1snagvy
UNIARINEILAR AR UINVBIEANDUBLN B NIWIINTaN Aaliu Tutuneulldslafnyinaves
9931NMUUSINEANIUDINRSARTUINYBIMEANR BB SHavouNIANEAWRSTIL WalWauise
vunazininveunialulasleseuszgiiiualiuinian Inednwinavesdnsinistunieuven
UAUBLUDS 718M51N15TUU 5,000 2,500 1,000 500 kay 250 SaUADUIT NUINNERSINISUULATY
neALauBLIas 5,000 2,500 1,000 kar 500 sousiouryt anunsaviteunialulasleseuszgiiunla
Weadnides lnedunaldainmsnszatedveseynialulasleseuezafiiunddusunadeslunen
s a ! Ao y L) s 1
usualBsHArNadas lulAsuAUYa unNE1IINTITNTINTUUWSENEANRUBIBIN 250 SaUMD
Wi Fadlvwnvemeaueusiaiiarnedwaslulasuauganilvauiniu Jeanunsaviueunialulas

loseuargliiunlauniianviilidunaiveuniaddidiuiuainnszatemluneatousiuesuay
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wodiuaslulasualya fanmd 4.12 Judendnsnisdunssuvenateusiuasi 250 sousaunil

Wuanziwanzanlunisdnwisell

AT 4.12 Optical micrographs 8sneaNauolles (a - e) uaznodwiawniasanlulas
wadgafniiveunialulasleseuesglun (@@ - e) Ndnsnisumseuven (seuseuni):
5,000 (a wag a’); 2,500 (b waz b’); 1,000 (c kag c’); 500 (d kag d’) kag 250 (e way e”)

4.2.2 HavDIBATIAIUVDINOUBLIDS

TuNSANBIONIIEIUVDINOUBLUDS MU AUADIVAN AD LUNALUNIATLAN LAY

'
a a a =

Uafinezesian Ninasezusn dnvaedugiuing) Yssdnsamlunmsinfveynialulasleseu

avgiliun uazAmuannsalunsinfeuiinvesediuesiulasuauyauuiansesiu liinisdny

Y

=3

dnsduszniruufiamesiansedafiaezasianyl 90: 10, 70: 30 way 50: 50 Wesiduslag
Uil MNKHANTMAaeINUI ansuviuassvesnediueslilasuauyaiwssulansaugnsidiud
v & o v [ = = a = a o o
anwauziduddinady AN 4.13 (a - o Fainndveseunalulasleseuazgiiiun e

a15uvruans e lUTuMIBImIEdns ST 3,000 saUMBUNT Wual 15 Uil azianIswentdulag

v
a A o

nnedweslulasuavgaszanasniuadidnvuziduaiuduinia 1lewnaAunuIRLuYed

v
a a0 ! o

wodeslulasunlgauazeunialulaslesouszgiiuniarganinuwilinediweslulasuauya

Y
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ANAZNBUBLAIUENY duAuULEn Ao aunialulasleseusrgiiunigniafausiensalawmdnily
gniulunediweslulasualya esinanunnuwiusiuvensalaadnuazeunialulasloseu

avaiiiundAinnitun ilveunialulasleseusvaliuniiniousiensalaiadnasyagauuy Lie

Y 9

NAFUNTULINATINGNE WU ABU S LELERIINNANDRUDIDATLIUTULNURY FI91NNNTIATIZI

(%
o A 1

sumsdahudnUsunaeynanedwesdasglutuliiaUszunn 1 8 6 Wesigudlagundn aa

v
o A

o v o o 5 D o 4' .
$19191 4.1 ﬂﬁ]ﬂﬁﬁaﬂﬂUaﬂ‘Hm%VI’Nﬂ’]EJﬂ']WGUBQ?IUUTVIﬂausll’]ﬂﬁ AN 4.13 (@ - ')

“"

a a a a a a a v <
AINA 4.13 A58 VIUADYVBINDAGLUNALUNIATLAN-UINABLATLAH) VL%JIﬂiLLﬂUGQaﬂﬂLﬂUEJHﬂ’]ﬁ

a 1

lulaslesousraiitunnou (a - o) wasnds @ - <) NMsUuWIBs NTRTIEIUAN 9 veuuiiaeyas
lansatiasyesian (Uasidudlaeinnin): 50: 50 (a wag a’) 70: 30 (b wag b’) waz 90: 10
(c kag )

- D % ¢ 1 a & =
Wesannisldnalnnisduaseieyyadassuuulendrslelefutuasilelels

Wosuluarsmivauaisld fe lolelavasuazunndalulolefiuusinea 3edarudedhilunis
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'
aaa =

AaUfAten Taasinnisiedouiiseniasleniusineanioledlnwesusinea vivlianelaledln
wosinnulsiveutnunniuisanmiaiedeufioonulutui (Radical exit) Feanunsnaruauns
AenedwelseduliiAnnelunenldd Fsazanlenalunmaifneuniadasslutuiasldagned
Uszavsnw [25) villvueusiuesilluszuvdnannuiindunedmeslilasuaugaidldnanan

TutSinaigs waglmudennedwesnianumuinudnsadunneanis

o s & a ¢ & a s s & a s
A1957199 4.1 LWUasFUANISIUAsUIINUBUBLUBDSLIUUNDALULDS LU@?L%U@]LL&SSU'U']@E]HJYW’\IW@@Lll@i

a d'

daseiinlutuignipdeilioswamed(uiiaumiesian-0fiaosAsian) Nnsiaueng 9

Free polymer particle

Conversion (%w/w)

MMA: BA (%) relative to
d (nm) d (nm) d/d
(350°) total ; : o

monomer
50: 50 75.41 (+0.84) 1.18 (£0.20) 218.30 (+15.20) 215.40 (+14.50) 1.03
70: 30 68.64 (+0.87) 3.81 (+0.15) 220.60 (£44.00) 199.50 (+35.10) 1.11
90: 10 64.32 (+1.02) 5.81 (+£0.18) 195.00 (£40.50) 176.70 (+29.70) 1.10

*N=23

a 4

Lﬁasmaaaué’ﬂwmmmm@mauama%uazwaaLuaﬂmimmﬂﬁaé’wné’m
qanssanuulduas wul neumsduasizineaveseusesiidnvazidunsinay finsnszany
Mvewgaroutanarivuneglusyivlulasiuns F10 T 4.14 (a - o) Fadudnuazinly
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wu1 wedweslulasuavgadinslidnvauzidunsinay In1snsgateiiverenaout1aniig
fvumegluszivlilasiuns wazdnsdidnvariivwaniesaniioynalilasleseuszgiiungnin
Auegaelulunndmsidu dsnmil 4.14 (@ - <) wanslifiuireynielalasleseuszaiiund
JsuanmiaudrannsanszaeildfluneauousiuesuazliiiAianisuontusenseninenig
fuared dethuaUgaiildluAnudnvasiuinnisusndendesganssaididnmsounuudes
319 WU Nndnsdmlanuazilunsinay Arveswalgaianvaseu lifleunialulasleseu
orgfliununEiia fsn1ndl 4.15 (a - ©) Faaonndesiunisnsiaaeudnuaznedueslulas

¥ ;4 ¢

i
walgasendesganssaliuulduasiiananiniugy Tuthadu

AWl 4.14 Optical micrographs vasigAtauales (a - ) uaznedluiiawmeasian-Tafia
ozasiam) lulasuaugadniiveynialulasloseusrgiiun @ - <) ASnadusng 9 vos
witaevesiansedfiaeyesian (Westdudlneymin): 50: 50 (a way a’); 70: 30 (b uay b’) wa
90: 10 (c waw ¢’)
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AT 4.15 SEM  micrographs - 9asned(ufianiasian-Uniiaerasian) lulasuadyadiniiu

aunalulasloseuszgiiun Ndnsdiuss 9 veauiiaesasiandedniiaozeian (Uosidudlag
Uwmidn): 50: 50 (a); 70: 30 (b) wag 90: 10 (c)

Wesanagihmsmuiinaeseunalilasleseuszgliwaiigniniulunediwes
LulasuavgadienisiiieliUdenwatgaaaied daty Jsdndusemsugamgilunisaansda
vosUdenwediesuaznsnlawadn lnldmalinmesiunsiwunsnezunlada Fanudn nsaleiadn

aanefioamnll 220 f3 340 psrwadea wageynianediweinldiniiveynialulasloseu

a

avgiiunaniefifgumail 200 81 440 asanaidea Tuvuznaunialulasloseussgiiiunlyl

'
[ 1 [ I

danefINT NN IfIng1s AN 4.16 aely Jausadnwvszdnsamnisiniiveynia

)
llasleseusrgiiundromaiinmsdadiniin Tnstwedieslalasuaugafisnaiusne 4 T
flgaumadl 600 ssmiwadea iefianeduiiawmeiian-Tifiaeyesian) sen Wivdsediios
symalilasleseusraiiun eflarsaniovaznisussgeunalulasleseusygiiunnieluudon
wodlweslulasuauga wuin wedmeslulasuaugaiiwIowls Siosidudnisussgeyaialilas

al

losousrafiiuniigs lneiUasifudn1sussanisnaasegussunn 27 d 29 IndiAeeiungud

(Uszanas 29 G 34) dawaliusz@nsaimnisiniiureudiegelssuna 84 83 93 Wosidus 3

A15197 4.2
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AN 4.16 TGA MasluLNTuYBINTALELABN (LALEBAYY) BUAIANDA(UTAUNIATLAN-

Uaiinerasian) (1Uw) waveunialulasteseuazgiium (1100)

a s & ¢ a a v & a a
A13199 4.2 Wesiduin1sussauasUssdnsamnisiniiveunialulasleseuezgiunnigluned

weslulasuaugandnsduing q veuuiiawmesiandeiiiiaeasian

%L oading (Y%ow/w) %Encapsulation
MMA: BA
Experiment Calculation (%w/w)
50: 50 27 29 93
70: 30 27 32 84
90: 10 29 34 88
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WavhnsAnwandinisanuiouvesnediwesiulasualgainIoulansaiy

dannrlagmyinAgumginisiudsuaniugadieuid fuavinareaudinisinfiduvesmediues

=~ a sl

WesanlunedweslulasuaUgaiineddanaozasiandussdusznoududunedwesifigungl
msasuanuzadtaniin Juiafidulsdieuastenlddussruseneuluaisindounis o lng
nsieseimemainanilesuduaaunuiawaaasuvs wudl dargunginiswasuaniue

[y

ARNBUAT -13.5, -10.7 uay 10.9 A wallusd f18ns1du 50: 50, 70: 30 Uag 90: 10 MUAIGU
(07 4.17) IngArgamgiinisildeuaniugaagimanainulunauesdinassasianiiuay
lnefidnsndin 50: 50 anwnsawssuwaUgansinaunivssdnsnmnisiniiuas uasingoumgl

= Y Y o a = A o ! I3 A ]
ﬂ']ilﬂ.]aEJUﬁﬂ']ugﬂa']EJLLﬂ'J@']VIQW “NLa@ﬂﬁﬂqﬁgﬂﬂﬂﬁ’nL‘Uuaﬂqag‘wLM@JW%@@JIUﬂ']iV]@aEN@@VLU
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Temperature (°C)

il 4.17 DSC wosluwnsuveaneduiiawmiesian-Unfiassasian) lulasualgadniiuaynia
Llaslosousygiun NenT1dnnn o vesuiiaezasianrelanaozasian (Uesiwudlaguimin):
50: 50 (a); 70: 30 (b) thag 90: 10 ()
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4.2.3 navesriauarUiinaveseusilofiensiaum

luniswssunedwesiulasuavga uanvainagldiiiatuniesiannazioia
ozasianduueusiuesudnuda TihnsAnwvlauagUTunaveseusiedifensiaun el
mnuudsusaunnediweslulasuaugade Tngaginsdnunisliueusiuesifensrsuvansuiin
fio lalalaiwudu uazieidu lnanea lawmiatian Lesanduneuswefidensruniitouldlu
n1swssunediuesiassinuwnlugnainnssusii q wazdeuldlunisnisunefiuesualya
TngvhnsinuiignsduuiiammasiansedifiaozAsianseuousiuesiions1aunil 40: 40: 20,
35: 35: 30, 30: 30: 40 uag 25: 25: 50 WadFudlagmin

4.2.3.1 wavesUsinalabiliaiuuiy

NnMsAnmdnsdumiamyesiansedfiaesasiansiolalfiaiuudui
40: 40: 20, 35: 35: 30, 30: 30: 40 uay 25: 25: 50 WosiFudlngnmiin Wi ATUTILADEYES
nedweslulasuntyafiniosldidanneidnuunduiiine fannil 4.18 @ - d) evans
wruaosldlutiumissheanua 3,000 seusowt Wunan 15 uid asAanisuentulaed
wodlweslilasuaUyarzanasiuans Wosanaumuuusuvemedieslulasualyauaz
oumalulasleseusrgiiuaiidngandit WeResanduiduuu nui deudhdla uansiin
syniAnediwesdasrlututihuiinutesluyndnidiu aainmsinegidismaianisds

5 o a a ca S~ S o = ¢
UTNUN ﬂimmaymﬂ‘waaLuaiaaiﬂmﬁummmmmiuizmuuﬂumm HA1UITUIM 2 09 10

P v

s & H o 1 v o & 3 o =
Lﬂ@ﬁLsﬁuﬁiﬂﬁJquUﬂ H0AAINUANWEUSNINNIYNTNYDIVULUN ﬂ@usll"l\ﬂﬁ AN 4.19 (a - d)

LATANSIN 4.3
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a a a a a A a a IS
AN 4.18 muwauaamaawaa(wamemmm—mmaazmmm—imlauaLuuﬁnu) iaﬂml,mﬂsga
Aniveyninlulasleseuerglivunnaunistumiesnsnsidiunng q veuuiialumiasianse

TfiseveSianrelalialudy (Uedgudlagthmiin): 40: 40: 20 (a): 35: 35: 30 (b): 30: 30: 40

(o) wag 25: 25: 50 (d)
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a a a a a A a a IS
AN 4.19 mumauaammwaa(wamemmm—mma@zmmm—imlauaLuuezm) leIIF’]iLLﬂU‘Qa
Anviveynialulasleseussaiiumnanistumis sidnsdiudis o vesuiiaumiasianse

TfiseveSianrelalialudy (Uedgudlagthmiin): 40: 40: 20 (a): 35: 35: 30 (b): 30: 30: 40

(o) wag 25: 25: 50 (d)
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o s & ¢ a s a ¢ s & & a s
M195199 4.3 L USIFUANISIUAUIINUDUBLUBDSLUUNDALULDS LUEJSLGUW]LLammﬂm}gmﬂwaaLuai

a d‘

dassintutuwignipdaiisswaaned(uitawniasian-Uifiassasian-lalidiaiuudu) Nonsidiu

A
Free polymer particle
Conversion (%wW/w)
MMA: BA:
. (%) relative to
dv (nm) dn (ﬂm) d dn
(+SD*) total ’
monomer

40: 40: 20  83.80(+0.26) 1.99(+0.29) 162.20(+94.50)  128.80(+36.70)  1.26

35:35:30  75.58(+0.27) 4.57(+0.17) 169.90(£79.90)  133.80(+36.60)  1.27

30: 30: 40  69.69(+0.13) 6.78(+0.18) 189.50(+75.10)  154.80(+32.10)  1.22

25:25:50  67.83(x0.23) 10.33(+0.26) 192.10(£38.90) 160.20(x42.60)  1.20

N=3

\WeonTI3aauanyusro oL lulASHAUYYAAIENd099aNTIALLUY

Tduas wuin ﬂ'aumsé{’qmeﬁ‘wamamauaLuaﬁﬁé"ﬂ‘wmzL‘flumaﬂa:u 1N19nN5218AIVIEN

N o

Aoudanauazivinnegluseaulilasiuns veaueusiesidnuuedn v Wewinnisnszany

Avateunialulasloseusrgiiun Aen1ni 4.20 (@ - d) WOHIUNTEUIUNITHUATIEN WU

a v

wodweslulasuayadinalidnvazlunsinay In1snseareivemennsutianiie Svunegly
=2

seaululaswng waslianvauzddfivuadundnsidiu dsnmi 4.21 @ - d) uandliiuing

sunalulasleseueraiiiungninivegnieslu Tuusuiaumnas
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Al 4.20 Optical micrographs  vaEANBUBLLDS T8nT1dIUAN 9 TonuTiaezaTianse
Triaszestansalalifiaiuudu (Wasidudlaeuiudn): 40: 40: 20 (a); 35: 35: 30 (b); 30: 30: 40

(c) wag 25: 25: 50 (d)
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AN 4.21 Optical micrographs waswed(wiiatuniasan-Uafiaszasan-laldaiuudu) lulas

a el'

wadgainiiveynialulasleseuezgliuaidnsdiusie q veauiiaevasiandediiiaozadianse

Talfawudu (Wesidudlagyinmiin): 40 40: 20 (a): 35: 35: 30 (b): 30: 30: 40 () WAy
25: 25: 50 (d)

4‘ o a A a = (% (7 a
LllEJu'TWEJﬁLN@ﬂNIﬂiLLﬂ‘UfgaVILﬁﬁﬂll‘l(;ﬂﬂﬂﬂ‘H’]ﬁﬂ‘Hm%Vl'NﬁmgWu@‘Vlfﬂ‘U@ﬂ

Waenwedweslulasuauganiandesganssaldidnasounuudeansia wuidl ynonsiaud
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anwauzidunseinay dduidnseu wazldfioyninlulasleseuszaiiunuiinizining
AINNT 4.22 (a - d) TeaenndesiunnTIdeudnuuenadiueslasuAUyamunaeganssal

wuuldnas fanlanauwallugnenu

At 4.22 SEM micrographs  vased(ufiammiadian-afiaezasian-lahdawudu) lulas
wavgainiveumalulaslesouszgiiiun Msnsdusing q vosufineeiansedifiaezaiianse
Talfawudy (Wesidurlaeiwidn): 40: 40: 20 (a): 35: 35: 30 (b): 30: 30: 40 () WAy
25: 25: 50 (d)
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IINNINAFRUNITARIERITIEANTouTRINeAwes lulasuAlgalagld
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loseueargiiiunliinisaanedluyitaamgil 600 asrwaldua Amuisdongumgl 600 oeen
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widawigsaynialulasloseuezgliuniigniniiuegnielu Famuimedweslulasuauganiviey
lafesidudnisussgeunalulasleseusrglunainnisnaaesegusyana 25 f 27 Tndidssiu
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svgiliunuisdiuniguennediuesiulasialya AN 4.22 c wag d
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NHANITNAFDY NUINNTEE Al Ra U LT U T UES TR UT 1 AAIUT0
wizunedweslulasuavgadniiveunialulasleseuezgliuaniidnvuzidunsinay Iany
wBause wazlvszanSamnisiniuiireudsgmnanig nenasunisfnenisindeutansuuuy
lavins@nwandiniepiiuseuvesnedwesiulasuaugainsoulanidan1izlagn1sing
gauniimsUguanuzaen nzinaneaudinisiaiauvesnediues lnun153nseae
wadadvasudsaaunuilnaaesuns nul WeuSiameddahiliaiuuduiudu Argauma
A5 UABUED UL ARNELNIALLNNTY taedian -10.0, 1.1, 7.5 way 16.2 aIALYawted NonsIaIu
40: 40: 20, 35: 35: 30, 30: 30: 40 kA 25: 25: 50 AUAU (AW 4.24) aealsAnu wadwes
LulpsuaUgansdanedinsdigumgiinisidsuaniugaiiowiininingamaiivies Jeastined
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MW 4.23 TGA wasluunsuvedninlaiadn (Laudenny) wed(uiiawmeasian-Uifiaezasian-

Ialadauudu) (Uiw) wazeynialulasleseuszgiivum (1))

a § s a a [ 3 a a
A13199 4.4 Wesidudn1sussauasysydnSamnisiniivennialulasleseuszgiunnigluned

weslulasuaugandnsdusing 9 veuuiiawmiesian-Unviaozasian-lalidauuiy

%Loading (%ow/w) %Encapsulation
MMA: BA: DVB
Experiment Calculation (%w/w)
40: 40: 20 25 27 93
35:35: 30 27 30 90
30: 30: 40 27 32 84
25: 25: 50 26 34 76
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Temperature (°C)

Al 4.24 DSC wesTuunsuvesned(ufiawninsian-Irfiaezasian-lalidauudy) lulas
wadgainiivaymalulasleseuerglundnsdius q veauiineresiandeliiinezasiansoln
haflawudu Weddudlaeimdn): 40: 40: 20 (a); 35: 35: 30 (b); 30: 30: 40 (c) uaz 25: 25: 50
(d)

4.2.3.2 pavaslSunauafiau lnanea lawmniasian
wananiabhdawuduwds lanwnisidedau lnarea lawmesandu
YeuoLesLTauT1wnse Tnsvhnisanesnsidruafianiasiansedifiassasiandorofiay
Tnarea Tawmnesianit 40: 40: 20, 35: 35: 30, 30: 30: 40 wag 25: 25: 50 WosFudlaatmiin
PNNANITNARBI WU mnmuaamaawaﬁLmaﬂuiﬂil,mﬂsgaﬁm’%amlé’ﬂy’ﬁmnzﬁé’ﬂwwL*T;Juﬁ
dhana wansiannd 4.25 (a - d) evansuviuassilgludumissdieainuia 3,000 seuse

w7 1Wuan 15 udl %Lﬁﬂmmaﬂ%'uimaﬁwaﬁmaﬂuimLLszga%mﬂmzﬂauaﬂﬁma'wﬁé’ﬂwmz

Juasuduinia esainanunuisidusiureinedweslulasuaugasazeunialulasloseu
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sunenedwesdasslutuleUszann 4 G 11 wWesidudlaeumin denndosiuanvuzn

ANYAINVDITULNNADULSLE FININT 4.26 (a - d) hazes W7 4.5

AN 4.25 A15HLYVIUADLVDINBA(LLUNALUNIASIAN-UITazASIan-1eNaY tnamaa tawniAsian)
lmiml,mﬂegaﬁ'ﬂl,ﬁuamgﬂmlﬂmiasauazqﬁLumaum'ﬁjum%mﬁé’mmd’;uﬁm 9 YU
wnAsannatiianzaSansatafiau tnansa lawniasian Uasidudlaeuinin): 40: 40: 20

(a); 35: 35: 30; (b) 30: 30: 40 (c) way 25: 25: 50 (d)
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AN 4.26 @15HIUADYVDINDA(LUNALUNIASLAN-UITIarASLan-LBNAY Namaa tAwNIASLan)
lulasuavgadniiueunialulasleseusvaiiiuandsn1stumissfidnsdiunng 9 vesudia
wnnasanmatiiaszasandatafiau tnansa lawuniasian Uasidudlaeuinin): 40: 40: 20

(a); 35: 35: 30 (b); 30: 30: 40 (c) wax 25: 25: 50 (d)
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o s & ¢ a s a ¢ s & a s
A1957199 4.5 L USIFUANISIUAUIINUDUBLUBDSLUUNDALULDS LU@?L%UG’]LL&SGUN']@@HJYW’\IW@@Lll@i

dasgiinlutuigniaselieswesned(ufialumasian-Uiiaosasian-efiau lnanoa tatumn

ASLAR) NORNTIAIUFN 9|

Free polymer particle

Conversion (%w/w)
MMA: BA:
(%) relative to
FGDMA d, (nm) d, (nm) d/d,
(+SD*) total
monomer

40: 40: 20 77.17(+0.08) 4.23(+0.15) 151.10(+67.80)  124.30(+34.00)  1.22

35:35:30  70.11(+0.08) 5.65(+0.14) 234.70(+101.70)  174.70(x47.10)  1.34

30: 30: 40  65.26(+0.09) 8.12(+0.36) 229.50(£112.90)  168.30(+49.10)  1.36

25:25:50  63.28(+1.03) 11.24(+0.28)  254.20(£138.20)  174.60(+49.30)  1.46

N=3

Wensrvaeudnyuzvesnadieslulasuadyamendeqanssaduuuly

WA NUIN ABUNITEILASIZNNEAVDIUIUDLL DS NwMzIUNTINaY T1N15N5218AIVINA

1 2 ¥ a [ Iy} [ -'-N' % 7 'S a 6

ﬂEJ‘wUNﬂT]\‘iLL@%&JTJ‘U’W]EJEﬂUizﬁUleIIﬁ’iLaJG]i ANNTINN 4.27 (a - d) Ba9NNITEUATIEN WOALUDS
[ a o < a Y] 1 v ¥ a I Y}

VLaJIﬂiLLszgastqmaﬂwmzL‘Uumsdﬂau UNITATLINYHIVDINYAADUVIINING mmmagﬂuiz 2]

a

Lulasiuns wazdidnwaziivwadluyndnsndiu danmi 4.28 @ - o) uansliiiiuinfeuynialulas

[
=

losousrgiiungniniivednielu wiluannenfeniu lnarea lawnesaadiiudu Nensndu
25: 25: 50 WU waansdaszvinedweslulasualgailaliaies ianisdudamududou fe

A 4.28 (d)
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AWl 4.27 Optical micrographs WeevEANauaLDs T8nT1dILAN 9 vesufiaumASiande
Tnilaevasiandeoloiiau lnarea lawmasian (Uesidudlaeuimn): 40: 40: 20 (a); 35: 35: 30
(b); 30: 30: 40 (c) way 25: 25: 50 (d)
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AT 4.28 Optical  micrographs YosweaA(lufialunIAsLan-TafiaszaAsian-lafidu lnanoa
lawninasian) lulasuavgadniiueynialulasloseuszgiiiun Ndnsdiunie 9 veuuda
wmasiandetnfiaozAsiandetefiau tnanea lawmasian (WeosiGudlaginmin): 40: 40: 20

(a); 35: 35: 30 (b); 30: 30: 40 (c) wax 25: 25: 50 (d)
dothmedmeslulasuaugaiinioslaludnudnuvasmeduguinede

ndosanssABIAnmsouLUUdeINsIn WU ASRIEI 40: 40: 20, 35: 35: 30 WAz 30: 30: 40

waugaddnuwazdunsinay fuRaseu waslvnnegluszaululasiuns funmd 4.29 @ - o) A
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INNINTIEAIU 25: 25: 50 MAANITTUAAUDUADY AININT 4.29 (d) FIdanAdINUNIT

nyvdeuanvurnedweilulasuaUgamendeansaduuulduasilananuailutidiy

AT 4.29 SEM micrographs vaaned(ufiamesian-tiiaezasian-efidu lnanea lawmn
sian) lalasualgadniiveynialulasleseussgiiun Adasidiusng 9 vesufiamiesiande
SniinezaTiandeiefiau lnaroa laumiadian (Wefduflaetwning 40: 40: 20 (2); 35: 35: 30
(b); 30: 30: 40 (c) way 25: 25: 50 (d)
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= [ [

nnsmUsinaveseunialulasleseuszgiiiuniigninivlunediues
lulasuatgadonissnuazdaimin wui wedweslulasuadgafiniouldfivefidusinisussy
aunalulasleseusraliiunannnisnnastegusyunu 26 fe 28 InalAgsiunguiuseunu 29 89
37 denalviuszanSaimmsinifudoudiageUszana 73 81 90 Wesldud fmnssil d.6 ae
JsrAvBamnsfnfivanaadieviinuvenefidu lnanea laumesianiuiy donadestunasin
ndosdldnaseunuudesnsin Anuindeifinuiinavemediuesidoninumenau lnanea law
masian Uveleunialulasleseuszgiiiunuisdiuvanesnuiluseninmnisduasies waviin
msdudnududou
M99 4.6 WeslFumsussquazdszansnmmsinifveynialilasleseuszgiiunnieluned
Luaﬂﬂﬂﬂmﬂega%’mmﬁhwm 5 YeaNAanIAsIan-Unfiaszasian-leiiau lnanoa Lo

ASLER

%L oading (%ow/w) %Encapsulation
MMA: BA: EGDMA
Experiment Calculation (%w/w)
40: 40: 20 26 29 90
35:35: 30 28 32 88
30: 30: 40 28 34 82
25: 25: 50 27 37 73

PNHanIsAaesinedu nuin nstdeniau lnarea lawniasanduans
Heusnuniiuunas 20 30 wag 40 Wedidudlastiuin aunsainiouwedweslulasuauganse
nax dAuudause dauadiosmeneaasenls waslivszansamnisiniudeudisgs lneneu
nsfnmnsiadeuianduuuy levhmsAinnauiimeuiouvesediweslulasuaugaiinsen
sauannglnenisindguvninsisuaniugadouidemaindnnosudsaaunuds
waaodiuv wuh WeUinaveneiidu lnarea laumiesianinty Agaumgiinisiasuaniuy
oLz indy Taoflen -19.7, -11.5 uay 18.2 ssAaneadoa Adns1dau 40: 40: 20,

35: 35: 30 way 30: 30: 40 AUSIHU (AN 4.30) agslsAnu wodeslulasuadgaisany
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anzdindigamgiinsudsuaniugasieniiiiniionmniivies Jsnsinedweslulasuadgans

awaneluAnuiniswsendaniusuulunisaeyausiddunsnsamen1siAdeuatuunNsEINLaY

Wwiadneeld
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AN 4.30 DSC Wasluwnsuupsnad(tuialuninsian-uiiaszasan-1a9iau lnanoa tawuni

asan) lulasuaugadiniiveynialulasleseusrgiiiundnsdiusng o veaufialumipsianse

Tanzasiandaiafiau lnanea lawnesias (Wostduslaewiniin): 40: 40: 20 (a); 35: 35: 30

(b) wag 30: 30: 40 (c)
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4.3 mawseudaaduuuulunisazieuieddunsisadlsnadiuaslulasuauganin

< a
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ARTICLE INFO ABSTRACT
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Although various metal oxide particles have been used as infrared (IR)-reflective materials, the development of
cost-effective new materials has still been a challenge for highly efficient IR reflection. In this work, a spinel iron
aluminate (FeAly04) particle was first proposed as a new candidate IR-reflective material in the form of com-
posite polymer particles prepared by suspension polymerization. High colloidal stable and spherical poly (methyl

gz:yy::::?;:;sm particles methacrylate-butyl acrylate-divinyl benzene) (P (MMA-BA-DVB)) particles containing oleic coated-FeAl;04
Infrared rays particles (P (MMA-BA-DVB)/0-FeAl;04) with high encapsulation efficiency were obtained. Because of the low Tg

PBA component in the polymer particles, the prepared composite polymer particles were easily self-coated onto
the substrate without an external binder. The obtained P (MMA-BA-DVB)/0-FeAl,04 particles at a 40:40:20 ratio
of MMA: BA: DVB showed the highest IR reflection, close to that of the pristine FeAl;04 particles. Moreover, the
temperature control efficiency in terms of AT of P (MMA-BA-DVB)/0-FeAl;04-coated glass (15-16 °C) and metal
sheets (12-13 “C) was much higher than that of the bare glass and metal sheets (3-4 °C). These results indicate
that the prepared composite polymer particles represent excellent IR reflection, temperature control, and self-
coating property on various substrates. They would be a good novel candidate for cooling applications.

1. Introduction excellent IR reflection, the pigment’s particle size must be at least half

the wavelength of the IR (d = 4/2) according to Fresnel's rule [9-11],

Solar energy is the cleanest and most abundant alternative energy
resource [1,2]. However, intense irradiation of sunlight directly results
in very high ambient temperature, causing discomfort. As a result, a lot
of energy is needed to control the temperature of or cool down buildings
and vehicles. This is the main problem, as it increases the amount of
energy consumption. The solar energy that shines on the Earth consists
of 7% ultraviolet rays, 39% visible light, and 53% near-infrared (NIR)
rays [3]. The NIR region can be divided into short-wave NIR (700-1100
nm) and long-wave NIR (1200-2500 nm) [4,5]. These IR rays are the
leading cause of the increase in global heat [6] when the Earth’s surface
material absorbs this radiation, resulting in heat accumulation. When
the IR-absorbing materials’ temperature has decreased, the heat accu-
mulated within those materials is released, causing global warming.

Besides cooling equipment, one of the most popular methods of
reducing heat in a building is to use IR-reflective pigments [7,8]. For

while the crystal size must be small. Their refractive index and electronic
structure also influence their reflective performance [12]. The inorganic
class of IR reflective pigments is mainly metal oxides. They are
increasingly used for roof and building coatings because of their high
heat stabilities and chemically inert [13]. Although they have been
attractively developed, many of these pigments mainly contain toxic
heavy metal elements such as Cr, Co, Cd, and Pb [14,15]. Therefore,
there has been a strong attempt to prepare excellent IR-reflective pig-
ments that are less hazardous, more durable, and could serve as superior
alternatives for traditional toxic and heavy metal-based pigments. High
refractive index metal oxides such as titanium dioxide (TiO3) [16],
lanthanum-strontium-copper silicate [17], zinc oxide composites [18],
bismuth vanadate composites [19], and aluminum group compounds
[20] are widely used. Among others, spinel-type oxides with the general
formula AByO4 are an important group of compounds with high IR
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reflectance performance [21]. However, very few studies have reported
on spinel brown pigments. Although pigments based on rare earth
compounds have been recently studied [22-24], the rare earth com-
pounds used for synthesizing pigments are relatively expensive and
therefore not economically available. Thus, the development of
cost-effective new materials has still been a challenge for highly efficient
IR reflection. Although a spinel iron aluminate (FeAlyO4) has been
extensively used in magnetic applications [25-27], less attention has
been paid to the area of cool pigments. Brown pigment FeAl,04 particles
were first developed as a new candidate for NIR reflection [28]. How-
ever, there is still no report on their IR reflective ability and utilization.
Therefore, aiming to be possibly applied for cooling purposes, the IR
reflective and temperature control performance of the prepared FeAl,04
particles needs to be carefully studied.

In general, IR-reflective material powders are directly added to
exterior paint to reflect IR from a building or employed in the
manufacturing of a cool roof [8,29]. However, when mixed with
water-based paints, such metal oxide particles, especially those con-
taining aluminum, are easily corroded and present low colloidal stability
[30,31]. Particle coagulation easily occurs, which increases particle size,
reducing their surface area and reflection efficacy. Therefore, it is
imperative to modify the metal oxide surface to have an appropriate
functional group to enable the metal oxide particles to disperse well in
the target matrix [32-34]. Polymer material is a possible solution that
has been gaining popularity [20,35,36], making the particles highly
stable. The distribution or encapsulation of metal oxide in polymer
particles would successfully enhance the colloidal stability, prevent an
environmental reaction, and enrich metal oxide particles’ distribution in
various matrixes.

Various techniques are used to prepare metal oxide-containing
composite polymer particles or polymer microcapsules. Among them,
microsuspension iodine transfer polymerization (ms ITP) is an excellent
alternative means [35-41]. It is a highly efficient technique for pre-
paring polymer particles and capsules that are able to store substances
efficiently. Using ms ITP, secondary or free polymer particles’ formation
in an aqueous medium via emulsion polymerization competed with a
main suspension polymerization is effectively suppressed. The existence
of iodine increases the oligomeric radicals’ hydrophobicity, which re-
duces the exit of radicals to an aqueous medium during polymerization.
As a result, polymer particles or capsules with high shell strength and
encapsulation efficiency are produced. Particles of polymethyl meth-
acrylate (PMMA) and its copolymer were successfully prepared by ms
ITP. They were also used to encapsulate various core substances such as
RT27 [37,39], octadecane [41], methyl anthranilate [38], and bismuth
vanadate particles [35,36] for a variety of applications. Because the
polymerization occurs in monomer droplets where the core substance is
previously dispersed, high encapsulation efficiency is achieved. Based
on this technique, the distribution of FeAl,04 particles in the polymer
particles would smoothly proceed to form FeAl;04-composite polymer
particles. Polybutyl acrylate (PBA) is a low glass transition temperature
(Tg) polymer [42,43]. It is a soft and sticky polymer that easily forms a
film that coats well on the supporting material. Thus, incorporation of
PBA in the polymer shell of composite particles could create an effective,
durable self-coating on substrates without utilizing an external binder.

Therefore, in this work, polymer composite particles containing IR-
reflective pigments are prepared by ms ITP. The spinel FeAl,04 parti-
cle is selected as a new type of pigment for IR reflection. The influences
of FeAl,04 particle size, stirring rate, MMA: BA ratio, and amount of
crosslinked comonomers are investigated. Compared with the original
FeAl,04 particles, IR reflection and temperature control efficiencies,
including the coating performance of FeAl,O4-containing composite
polymer particles, are systematically determined.
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2. Experiment
2.1. Materials

Iron (III) oxide (Fe2O3; Technical grade, Sigma-Aldrich), aluminium
oxide (Al;03; Analytical reagent, Sigma-Aldrich), oleic acid (OA; Tech-
nical grade 90%, Sigma-Aldrich), toluene (99.5% purity, RCI Labscan),
hydroquinone (Reagent plus, 99% purity, Sigma-Aldrich), and iodoform
(CHI3; Analytical reagent, 99% purity, Sigma-Aldrich) were used as
received. Methyl methacrylate (MMA; 99% purity, Sigma-Aldrich) and
butyl acrylate (BA; 99% purity, LOBA Chem) monomers were purified
by passing through a column packed with basic aluminum oxide to
remove the contained inhibitors before use. Divinylbenzene (DVB; 80%
purity, Sigma-Aldrich) as a crosslinked comonomer was purified by
passing through a column packed with basic aluminum oxide to remove
the polymerization inhibitors before use. Benzoyl peroxide (BPO;
72-77%, Merck) initiator was purified by recrystallization in methanol.
Polyvinyl alcohol (PVA; 89-90% hydrolyzed, average molecular weight
30,000-70,000, Sigma-Aldrich) was used as a surfactant. Deionized
water was used throughout the study.

2.2. Preparation of iron aluminate microparticles

FeAl,04 microparticles were prepared by solid-state reaction [28] as
follows. First, a mixture of 2 mol of aluminum oxide powder (Al203) and
1 mol of iron (III) oxide (Fe;03) was dissolved in deionized water and
mixed in a ball mill for 24 h. After that, the water was evaporated at
100 °C before the dried powder was calcined at 1700 °C for 20 h. The
powder was ground with a ring mill at 20 and 60 min to form FeAlyO4
microparticles with different particle sizes.

2.3. Surface modification of iron aluminate microparticles

Before composite particle preparation, surface modification of
FeAl;04 microparticles was conducted to increase their hydrophobicity.
An OA, low hydrophilic-lipophilic balance (HLB) surfactant, was used to
coat on the microparticle surface to form o-FeAlyO4. The FeAl;04
microparticle was dispersed in toluene, dissolving the OA. After that, the
dispersion was transferred to a beaker and stirred at 200 rpm overnight
before toluene evaporation. The appropriate FeAl,04 microparticles: OA
ratio was investigated at 1:0, 1:1, 1:2, and 1:4, as shown in Table 1.

2.4. Partitioning study of iron aluminate microparticles

The partitioning of the obtained o-FeAl;04 in the monomer phase
was studied using various o-FeAl;04 amounts under the conditions
shown in Table 2. The obtained o-FeAl;04 particles were dispersed at
different ratios in the monomer layer, mixing with water. The mixture
was stirred for 30 min at 80 °C and left until a layer of monomer and
water was formed.

2.5. Preparation of composite polymer particles

The composite polymer particles containing o-FeAl,04 microparti-
cles were prepared by ms ITP. First, precise amounts of MMA and BA

Table 1
Reagent amounts for the surface modification of FeAl,04 microparticles using
various OA contents.

Chemicals FeAl,04: OA

1:0 1:1 1:2 1:4
FeAl:04" (8) 10.0 10.0 10.0 10.0
0A () 0 10.0 20.0 40.0
Toluene (g) 20.0 20.0 20.0 20.0

# 8.00 and 4.00.um
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Table 2
Reagent amounts for the partitioning study of o-FeAl,04 microparticles in
monomer phase.

Chemicals 0-FeAl,04 (Y%owt)

30 35 40 45
MMA g 0.250 0.250 0.250 0.250
o-FeAl,04" g 0.075 0.088 0.100 0.113
Toluene g 0.250 0.250 0.250 0.250
H0 g 4.425 4.425 4.425 4.425

? FeAl,04: OA at 1: 1.

(with and without crosslinked monomers) were homogeneously mixed
with BPO and CHI3 as an oil phase before dispersing the o-FeAl;04
microparticles. Subsequently, the dispersion oil phase was poured into a
PVA aqueous solution (1 wt%). The monomer droplets containing o-
FeAl;04 microparticles dispersed in an aqueous phase as an O/W sus-
pension were produced by applying mechanical stirring for 5 min. The
obtained suspension was successively transferred to a round-bottom
flask, sealed with a silicone rubber septum, and purged with a vac-
uum/N; cycle five times. The suspension was finally polymerized at
80 °C for 3 h, followed by 90 °C for 5 h. The influences of the stirring
rate, the MMA: BA ratio, and the amount of crosslinked monomers were
investigated under the conditions listed in Table 3.

2.6. Infrared ray reflection and temperature control efficiency

The IR reflection efficiency of the prepared composite polymer par-
ticles was determined as follows. The P (MMA-BA-DVB)/o-FeAl;04
composite particles were directly coated on glass slides and metal sheets
as prototype substrate materials without a binder. The 5% solid content
of P (MMA-BA-DVB)/0-FeAl204 composite particles was directly coated
on the prototype substrate material. It was then left for water evapora-
tion to form a self-coating film attached to the substrate. The IR reflec-
tion efficiency of P (MMA-BA-DVB)/o-FeAl;04 composite films was
measured by Fiber Optic Spectrometer (AVANTES Avalight-DHS; De-
tector AvaSpec-2048L; UV/Vis/NIR range from 200 to 2500 nm)
compared with original FeAl,04 microparticles. The IR reflectance can
be obtained from the following equation [11,30,32,44,45].

[ SA-rh-di

Jio

(€5]
[ Si-d

Rio-n =

where Rjo-;1 is defined as the irradiance-weighted average reflectance
between wavelength iy and %, of its measured spectral reflectance r; at
the wavelength 2.

S, is solar spectral irradiance.

The prototype substrates coated with o-FeAl,0,4 composite polymer
particles were thermocouples attached both above and below the sub-
strates for temperature control measurement. The coated substrate was
placed at a distance of 5 cm from the lamp (DAHCHI; INCANDESCENT
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LAMP; 200W). The data recording for a total of 7 h of light irradiation
with 5 sheets was started using the Data Logger connected to the ther-
mocouples. The measured electricity both above and below the sub-
strates recorded by the Data Logger was converted to temperature in
degrees Celsius. The temperature differences were then calculated and
plotted versus irradiation time.

2.7. Characterization

The particle size and morphology of FeAl;04 microparticles were
determined using a laser diffraction particle size analyzer (Hydro 2000s,
MALVERN, England) and scanning electron microscope (SEM, Prisma E,
Thermo Scientific, United States), respectively. The crystallinity of the
FeAl,04 microparticle powder was measured by X-ray diffraction (XRD,
Rigaku, SmartLab, Japan). The chemical structure of the o-FeAl;04 was
investigated using a Fourier transform infrared spectrophotometer (FT-
IR, NicoletTM iSTM 5, Thermo Fisher Scientific, United States) in a
wavenumber range of 400-4000 cm ™', The dried o-FeAl,04 particles
were washed three times with ethanol to remove the free OA from the o-
FeAly04 surface before FT-IR measurement. The polymer composite
particles were observed with an optical microscope (OM, SK-100EB &
SK-100 ET, Seek Inter, Thailand) and SEM to investigate their inner
structure and surface morphology, respectively. For SEM observation,
the dried polymer composite particles were placed on a nickel SEM stub
and coated with Au. Energy-dispersive X-ray spectroscopy (EDS-SEM,
Prisma E, Thermo Scientific, United States) in conjunction with SEM was
used to analyze the incorporation and distribution of FeAl,04 particles.
Percent monomer conversion and existing FeAl,04 contents or experi-
mental loading (Lg) in composite polymer particles were measured by
gravimetry. Suspension samples (ca 1.5 g) taken from the reactor were
transferred directly into an aluminum cup and exactly weighed. A few
drops of hydroquinone solution (1 wt%) were added in suspension
before the evaporation of free liquid in an oven at 80 °C. The sample was
dried until a constant weight of the dried polymer was obtained.
Monomer conversion was obtained by comparing the weight of dried
polymer with that of the original monomer. The glass transition tem-
peratures (Tg) of polymer particles at various monomer ratios were
measured with a differential scanning calorimeter (DSC, DSC 4000,
PerkinElmer, USA) using a scanning rate of 10 °C/min under N, atmo-
sphere. The film formation and distribution of composite polymer par-
ticles on glass substrate were observed with an OM and SEM. The
contact angle measurement (DM-CE2, KYOWA, Japan) was also used to
confirm the formation of the polymer film. The glass plate was placed
into the contact angle goniometer platform until it matched the needle
before rotating in a water droplet-sized ca. 0.2 pm. The platform was
placed into water droplets before contact angle analysis.

Table 3

Reagent amounts for the preparation of polymer composite particles containing o-FeAl,04 microparticles by ms ITP.
Chemicals Run

1 2 3 4 5 6 74 8

MMA g 5.00 4.50 3.50 2.50 2.00 1.75 1.50 125
BA g - 0.50 1.50 2.50 2.00 175 1.50 125
DVB g - - - - 1.00 1.50 2.00 2.50
o-FeAl,04 g 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
Toluene g 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50
BPO g 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
CHI3 g 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
PVA g 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45
Water g 45.00 45.00 45.00 45.00 45.00 45.00 45.00 45.00

# 250, 500, 1,000, 2500 and 5000 rpm
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3. Results and discussion
3.1. Preparation of FeAl;04 microparticles

The FeAl,04 microparticles were prepared via a solid-state reaction.
The brown powder of precursor FeAl,O4 was produced as shown in
Fig. Sla. After water evaporation and calcination, the FeAl,04 powder
(Fig. S1b) was obtained. Regarding the XRD patterns of the prepared
FeAlyO4 (Fig. 1), the mixture of Fe;O3 (JCPDS Card number 00-084-
0311), the new plases (FexAlj.x)203 [28] and FeAl,04 (JCPDS Card
number 00-034-0192) was founded, indicating the incomplete solid
state reaction. However, the majority of FeAl;04 phase was observed,
evidencing the formation of a spinel FeAl,04 structure possessing a good
heat reflective property. The solar reflection efficiency relies on the
refractive index of materials. The materials with a higher refractive
index usually have higher reflectance [3,46-48]. The reflection, trans-
mission, and absorption can occur when a beam of light falls on a
powdered sample. The transmitted light is negligible if the sample is
optically thick enough. Generally, there are two types of reflection,
specular and diffuse reflections. Specular reflection is significant for
highly absorbing samples and optically smooth surfaces. Diffuse
reflection occurs when the incident radiation penetrates the sample and
reflects by the particles’ grain boundaries. Diffusion reflection depends
on the particle size. When the particle size decreases, the number of
reflections at the grain boundaries increases. As a result, the depth of
incident light penetration decreases, leading to a decrease in absorption
and an increase in reflection. Then, a decrease in the absorbed portion
and an increase in the reflected portion of light occurs [13].

After grinding the obtained FeAl;04 in the ring mill, micrometer-
sized FeAl,04 particles were observed, as shown in SEM micrographs
(Figs. S2a and b). The average FeAl,04 particle sizes of 8 and 4 ym for
20- and 60-min grinding, respectively, were measured by laser diffrac-
tion particle size analyzers by dispersing particles in water (1 wt%) to
provide good dispersion during the measurement. However, broad
bimodal particle size distribution curves were detected (Fig. 2a and b),
especially in the case of 20-min grinding, representing two main particle
sizes. Because the particle size plays an important role in solar reflec-
tance, the relationship between particle size and solar wavelength is the
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most important selection criterion for particle size [11]. As previously
mentioned, the particle size of materials having excellent IR ray
reflection that must be at least half (d = 2/2) of the IR rays (NIR ~
750-2500 nm) according to Fresnel's rule [9-11]. A particle size of at
least 350-550 nm is essential to reflect 700-1100 nm short-wave NIR.
Similarly, a size distribution of about 550-1250 nm is required for
reflecting 1100-2500 nm light [11]. An appropriate particle size would
present highly efficient IR reflection. The weight fraction of smaller
particles (~0.24-2.88 ym) in the case of 60-min grinding (Fig. 2a) was
twice (42.0%) that in the case of 20-min grinding (21.5%) (Fig. 2b).
Thus, it was expected that the particles ground for 60 min would present
higher IR reflection efficacy. To confirm this assumption, the IR reflec-
tion performance was determined for both particle sizes. The results
demonstrate that the obtained FeAl,04 particles exhibited good IR
reflection ability. As shown in Fig. 3, along with both short- and
long-wave NIR, the IR reflection efficacy of the smaller-sized particles
was much higher than that of the larger ones, as expected. The
irradiance-weighted average reflectance value calculated by Equation
(1) of the smaller-sized was 70.76% which was twice higher than that of
the larger ones (35.61%). However, both FeAl,04 particles will be used
for further study.

To apply particles as IR-reflective materials, encapsulation of the
prepared FeAl,04 particles in the polymer particles would be more
beneficial for their mixing in various matrixes or coating on many kinds
of substrates than direct usage. Therefore, the preparation of composite
polymer particles containing FeAl,04 particles is further studied.

3.2. Surface modification and partitioning study

In microsuspension polymerization, to incorporate FeAl,04 particles
into the polymer particles, the FeAl,04 particles must disperse nicely in
the polymerization oil phase or monomer droplets. Because of the hy-
drophilic nature of metal oxide particles, the excellent dispersion and
existence of such particles in the monomer phase are comparatively low.
Thus, improving their hydrophobicity by surface modification with a
low HLB surfactant is a simple alternative method. OA with an HLB
value of about 1 is generally used as an emulsifier in an inverse (W/0)
emulsion system [49] or surface coating of metal oxides [50-53] to
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Fig. 1. X-ray diffraction (XRD) pattern of the prepared FeAl,04 particles.
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Fig. 3. Infrared reflection efficiency of FeAl,0,4 microparticles ground in ring mill at various times (min): 60 (a) and 20 (b).

improve hydrophobicity. Therefore, in this work, OA is used to coat on
FeAly04 particles directly. The FTIR spectra of o-FeAl;O4 particles
compared with pristine FeAl,04 particles and OA are shown in Fig. 4
(a-c). Two prominent peaks of OA were observed at 2854 and 2923
em™ !, corresponding to the symmetric and asymmetric ~CH, stretching,
respectively, whereas the carbonyl peak of the carboxylic group was
observed at 1710 cm™! [54,55]. All of them were observed in the
spectrum of o-FeAl,04, whereas characteristic peaks of FeAl;,0, at 447
and 579 cm ! related to Fe-0, and 722 cm ! related to the Al-O bond,
were still found [56]. These indicated that the FeAl,04 particles were
successfully coated with OA.

The partitioning study of both the pristine FeAl,04 and o0-FeAl,04
particles in the monomer phase was carried out to confirm the surface
modification performance. The concentration of FeAl,04 related to the
monomer phase was fixed at 30 wt%. The FeAl,04 particles modified
with OA at various ratios were dispersed in the monomer layer mixed
with the water. When stirred and set aside to create a layer, the distri-
bution of the o-FeAl;04 particles in the monomer layer increased with
OA content, as seen in Fig. 5. In larger FeAl;04 particles (average ~ 8
pm), a relatively large amount of OA is required for the particle coating
to enhance the dispersion in the monomer layer. Without OA (Fig. 5a),
most pristine FeAl,04 particles precipitated in the bottom of the water
phase. When OA content was increased from the FeAl;04: OA ratio of 1:

1 to 1: 4 (Fig. 5b-d), most of the particles floated to the upper monomer
layer. However, some of them were still observed in the water phase.
This indicated that the coating of the particles with OA successfully
improves the hydrophobicity of the larger size of FeAl>O4. Still, it was
not enough to drive all FeAl,04 particle partitions to the monomer layer.
For the smaller size (~4 pm), using a smaller amount of OA is enough to
improve the hydrophobicity of the surface (Fig. 5b’-d"). Like the larger
particles, some of the pristine FeAl,04 particles (Fig. 5a’) dispersed in
the monomer phase were found. After surface modification, the distri-
bution of FeAl,04 particles was improved, even at low OA content at a
ratio of 1: 1 (Fig. 5b’). Therefore, an 0-FeAl;04 particle at an average 4
pm coating with OA at 1: 1 was selected for further study.

Before composite particle preparation, the maximum quantity of o-
FeAl;04 particles that could be thoroughly dispersed in the monomer
layer was determined to obtain the highest percent loading. The FeAl,04
concentrations related to the monomer phase from 30 to 45 wt% were
optimized. When a more significant amount of o-FeAl,04 particles was
used, some were separated in the water phase (Fig. S3 b-d). By contrast,
at 30 wt% of FeAlyOs, all of the particles were distributed in the
monomer layer (Fig. S3a). Therefore, the maximum loading at 30 wt%
was selected for composite particle preparation.
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Fig. 4. FT-IR spectra of FeAl,04 (a), o-FeAl,0, particle (b), and oleic acid (c).

Fig. 5. Binary phase photos of partitioning study of o-FeAl,04 microparticles with average size ~8 pm (a-d) and ~4 pm (a’-d’) at various FeAl,04: OA ratios (%w/

w): 1:0 (a and a’); 1:1 (b and b’); 1:2 (¢ and ¢’) and 1:4 (d and d°).
3.3. Preparation of composite polymer particles

In previous microsuspension polymerization studies [57-60], many
submicrometer-sized free polymer particles were formed as a by-product
in an aqueous medium in competition with microcapsules or micro-
particles when hydrophilic monomers such as MMA and MA were used.
This phenomenon is based on the initiator/oligomeric radicals exiting
from the polymerizing particles in the early stage of polymerization. As a
result, new or free polymer particles were formed in the aqueous phase
via emulsion polymerization. Although the chain transfer CHI; added in
ms ITP could depress this phenomenon, it seems to work well only with
the moderate hydrophilic monomer.The performance of CHI3 was
reduced with more hydrophilic monomers [40]. To overcome this
drawback, a low polymerization temperature at 80 °C was used for the
first 3 h to minimize the generation of the radicals in the early stage of
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the polymerization [41]. When the internal viscosity of the polymerizing
particle increases with the conversion, the oligomeric radical will have
difficultly exiting from the polymerizing particles. The temperature was
then increased to 90 “C to shorten the polymerization time.

In this study, various parameters were investigated to produce high-
performance FeAl,04-composite polymer particles for solar heat
reflection.

3.3.1. Effect of stirring rate

Based on microsuspension polymerization, the monomer droplet size
must be large enough to envelop the particles dispersed therein.
Accordingly, the appropriate stirring rate influencing the monomer
droplet size was investigated. At a high rate (5000 rpm), tiny droplets
and PMMA particles were formed with low o-FeAl,04 particle content,
as a few black contrasts were seen in both monomer droplets (Fig. 6a)
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Fig. 6. Optical micrographs of PMMA/o-FeAl,04 composite particles before (a—e) and after (a’-e’) polymerization at various stirring rates (rpm): 5000 (a, a’); 2500

(b, b%); 1000 (c, ¢"); 500 (d, d) and 250 (e, €’).

and composite particles (Fig. 6a’). This may be due to the monomer
droplet size (~5-30 pm) similar to that of o-FeAl,04 particles (Fig. 2a),
which is insufficient to envelop such particles. The droplet and PMMA
particle sizes increased from ~10 to 70 pm with a decrease in the stirring
rate from 5000-250 rpm, respectively (Fig. 6b-e and b’-e’), whereas the
incorporation of o-FeAl;04 particles increased. In the case of 250 rpm
(Fig. 6e and e’), large monomer droplets and polymer particles were
formed. As a result, a solid dark region due to contained o-FeAl;04
particles was clearly observed. After the synthesis, a large amount of o-
FeAl,0,4 particles were still encapsulated in the PMMA particles.
Therefore, the stirring rate of 250 rpm was suitable for the preparation
of composite polymer particles.

3.3.2. Effect of MMA: BA ratio

Because of its low Ty, PBA is a sticky polymer that easily forms
polymer film at room temperature [61-63]. Therefore, in this work, BA
is used as a comonomer to produce copolymer particles exhibiting
self-coating performance. The influence of MMA: BA ratio on the
encapsulation efficiency of o-FeAl;04 particles in the P (MMA-BA) shell
was studied. After the polymerization, suspensions of P (MMA-BA)/o--
FeAl,04 composite particles without any coagulation were obtained.
Brown milky suspensions (Fig. 54a-c) were observed at various MMA:
BA ratios. After centrifugation at 3000 rpm, all composite polymer
particles were precipitated, whereas quite transparent supernatants
were obtained (Fig. S4a-c). Aqueous supernatants containing a few free
polymer particles (~1-5 wt%) with a size of about 200 nm were found.

Fig. 7. Optical micrographs of P (MMA-BA)/0-FeAl,04 particles before (a-c) and after (a’-c’) polymerization using various ratios of MMA: BA (%w/w): 50: 50 (a, a');

70: 30 (b, b’) and 90: 10 (c, ¢).
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This is because of the good performance of CHI; to trap the oligomeric
radicals, preventing the radical exit from the polymerizing particles
[35-41].

The results agreed with the OM observation of monomer droplets
and composite polymer particles at various MMA: BA ratios (50: 50, 70:
30, and 90: 10 wt%), as shown in Fig. 7. In all cases, well-distributed
monomer droplets (Fig. 7a-c¢) and polymer composite particles
(Fig. 7a’-c’) were spherical, with a size range of about 20-60 ym. It is
well known that the monomer droplets and polymer particles generated
by mechanical high shear rate have broad particle size distribution [58,
59,64]. However, the monomer droplets and polymer particles did not
differ in shape and size at all MMA: BA ratios. Dark monomer droplets
and composite polymer particles were clearly seen, representing
numerous o-FeAl,04 particles. This corresponded well with high %EE
(93%, 84%, and 88% for MMA: BA of 50: 50, 70: 30, and 90: 10,
respectively) in all cases. The results implied that BA in the polymer
component did not affect particle formation and encapsulation effi-
ciency. However, the T of the copolymer increased with the reduction
of BA content, as shown in Fig. S5. Ty values of P (MMA-BA) were -13.5,
9.7, and 15.9 °C for MMA: BA ratios of 50: 50, 70: 30, and 90: 10,
respectively. Then, considering the film formation and self-coating
properties, the highest BA at MMA: BA of 50: 50, yielding the lowest
Tg value, was chosen for composite polymer preparation.

3.3.3. Effect of crosslinked monomer

To improve the strength of polymer particles, DVB was incorporated
as a crosslinked comonomer in the composite polymer particles. As seen
in Figs. S6 and Fig. 8, the presenting DVB did not affect the encapsula-
tion of o-FeAlpO4. Well-distributed spherical P (MMA-BA-DVB)/o-
FeAl,04 composite particles with smooth outer surfaces (Fig. 8) were
formed at all ratios. Moreover, %EE values were still high at 76-93%.
However, after self-coating of these particles on the glass substrate,
percentage add-on of the composite particles reduced with increased
DVB content (92, 90, 80, 62, and 42% for MMA: BA: DVB [%w/w] of 50;
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50: 0, 40: 40: 20, 35: 35: 30, 30: 30: 40, and 25: 25: 50, respectively).
This is probably because the increase in DVB and reduction in BA
decreased the film-forming performance of composite polymer particles.
However, T values (Fig. S5) of P (MMA-BA-DVB) for MMA: BA: DVB
ratios of 40: 40: 20, 35: 35: 30 and 30: 30: 40, respectively, were still low
enough (-10.0, 1.1 and 7.5 °C) to achieve a high percentage add-on.
Therefore, the P (MMA-BA-DVB)/o-FeAl,04 composite particles using
MMA: BA: DVB ratios of 40: 40: 20, 35: 35: 30 and 30: 30: 40 were used
for the IR reflection and temperature control efficiency testing compare
with a ratio of 50: 50: 0 (P (MMA-BA)/0-FeAl;04) and P (MMA-BA-DVB)
(MMA: BA: DVB of 40: 40: 20) particles.

The incorporation of FeAl;O4 particles in the P (MMA-BA-DVB)
particles was confirmed by EDS analysis. Fig. 9 corresponded to EDS
maps of the P (MMA-BA-DVB)/0-FeAl,04 particles. A detailed analysis
of these maps obviously displays the incorporation of Fe (yellow spots)
(Fig. 9b) and Al (red spots) (Fig. 9¢) that can be distributed throughout
the P (MMA-BA-DVB) particles.

3.4. Infrared ray reflection and temperature control efficiency

3.4.1. Preparation of FeAl;04-composite particles coated prototype

The P (MMA-BA-DVB)/0-FeAl,04 composite particles were directly
coated onto glass and metal sheet substrates without any external
binder. After water evaporation, the composite polymer films were
smoothly formed, where the o-FeAl;04 particles were distributed
throughout the film (Fig. 57a-d). This indicated that P (MMA-BA-DVB)/
o-FeAl,04 composite particles showed high colloidal stability and
exhibited good dispersion in the medium during the coating process. The
contact angle of the glass substrate coated with composite polymer
particles (105°) was increased from that of bare glass (62°), corre-
sponding with the formation of the polymer film (Fig. S8). The per-
centage add-ons of the P (MMA-BA-DVB)/0-FeAl;04 composite polymer
particles on the substrates were 92, 90, 80 and 62% for MMA: BA: DVB
ratios of 50: 50: 0, 40: 40: 20, 35: 35: 30 and 30: 30: 40 %w/w,

Fig. 8. SEM micrographs of P (MMA-BA-DVB)/0-FeAl,04 composite particles (a-d) at various ratios of MMA: BA: DVB (%w/w): 50: 50: 0 (a); 40:40:20 (b); 35:35:30

(c); 30:30:40 (d) and 25:25:50 (e).
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Fig. 9. EDS analysis of P (MMA-BA-DVB)/0-FeAl,04 composite particles (a) and mapping (b and c) using MMA: BA: DVB (%w/w) at 40:40:20.

respectively. It reduced with the increase of crosslinked comonomer and
decrease of BA content, as previously mentioned. Because of the excel-
lent film-forming property of PBA, the reduction of BA content in
polymer particles would reduce the self-coating performance of the
composite polymer particles on the substrate, as found. The incorpora-
tion of the o-FeAl,04 particles did not influence the coating performance
of composite particles as a similar % add-on (92%) of P (MMA-BA-DVB)
(for MMA: BA: DVB of 40: 40: 20) was obtained.

3.4.2. Infrared ray reflection

For cool materials, solar reflectance is of great importance, as it
provides a theoretical evaluation of the cooling efficiency [11]. In this
work, the IR reflection efficacy of the prepared P (MMA-BA-DVB)/o--
FeAl,04 composite particles was studied compared with that of pristine
FeAl,04 particles and P (MMA-BA-DVB) particles. A 6.25 cm” glass
substrate was coated with composite polymer particles containing 0.05 g
of FeAl,04 equal to pristine FeAl,04 particles. The bare glass showed a
constant low IR reflection (Fig. 10a). When the glass was coated with P
(MMA-BA-DVB) particles without FeAl,04, low IR reflection perfor-
mance was a bit improved and constantly maintained at about 20%
along the NIR region (Fig. 10b). However, the IR reflectance was grad-
ually increased up to approximately 60-70% in the short-wave NIR re-
gion for all pristine FeAl,04 and composite polymer particles (Fig. 10). It
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was continuously increased up to 100% in the long-wave NIR region in
the case of pristine FeAl;04 (Fig. 10c). A slightly lower IR reflectance
was observed in the case of composite polymer particles (Fig. 10d-g).
These results indicate that the polymer matrix partially affects the IR
reflection performance of the distributed FeAl;04 particles. However,
the reflectance efficiency was still high (>75%) and up to 90% in the
case of P (MMA-BA-DVB) particles using MMA: BA: DVB at 40: 40: 20.

In order to compare the IR reflectance quantitatively, the irradiance-
weighted average reflectance values in a range of 750-1300 nm of all

Table 4
The irradiance-weighted average reflectance values.

Sample R(750-1300 nm) (%)
Glass 8.16

FeAl,04 70.76

P (MMA-BA-DVB) 16.47
Composite-50: 50 : 0 63.81
Composite-40: 2 67.22
Composite-35: 61.21
Composite-30: 30: 40 54.50

Composite: P(MMA-BA-DVB)/o0-FeAl,04 particle at various ratios
of MMA: BA: DVB.
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Fig. 10. Infrared reflection efficiency of bare glass (a), P (MMA-BA-DVB) (b), FeAl,04 microparticles (c) and P (MMA-BA-DVB)/o-FeAl,04 composite particles at
various ratios of MMA: BA: DVB (%w/w): 50: 50: 0 (d), 40: 40: 20 (e), 35: 35: 30 (f) and 30:30:40 (g).
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samples were calculated according to Equation (1) and the results are
displayed in Table 4. Indeed, bare glass has the lowest value of 8.16%.
By the coating of P (MMA-BA-DVB) particles, the IR reflectance was
improved up to 16.47%. The reflectance values were significantly
increased with P (MMA-BA-DVB)/0-FeAl;04 composite particles indi-
cating the reflection efficiency of the existing FeAl,04 particles as shown
in Table 4. In addition, it is noted that the values were reduced with the
increase of DVB content. This may be because of the denser PDVB
network structure in the composite polymer particles, which partially
shielded the reflection of the IR rays of incorporated FeAl;04 particles.
However, the irradiance-weighted average reflectance value of P (MMA-
BA-DVB) particles using MMA: BA: DVB at 40: 40: 20 was the highest
(67.22%) closed to that of the pristine FeAl;04 (70.76%).

Although the content of FeAl,04 in all composite particles (based on
30 %loading) was equal to the pristine FeAl,04 particles, a large number
of polymer matrixes (two times of encapsulated FeAl;04) coverage
FeAl,04 particles core. The absorption ability of incident rays in the NIR
region in place of reflecting was enhanced [30]. Moreover, because
FeAl;04 particles were encapsulated in a confined space, some coagu-
lation might occur. Thus, the size of encapsulated FeAly04 particles may
be larger than the pristine FeAl,O4 particles, which reduced the reflec-
tive performance [9-11,13]. These are why the reflectance efficiencies
of all composite particles were lower than the pristine FeAl,04 particles.

3.4.3. Temperature control efficiency

Because solar reflectance is an indirect and theoretical method,
temperature tests were used to evaluate the actual cooling effect [11]. In
this work, the temperature test was conducted to directly assess the
temperature control efficiency of the prepared composite particles. The
temperature control was reported in terms of temperature difference
(AT) between the upper substrate surface, which was directly irradiated
with alamp, and the lower one. The results for glass coated with various
P (MMA-BA-DVB)/0-FeAl,04 composite particles and P (MMA-BA-DVB)
particles are shown in Fig. 11. The AT values of the bare glass were
relatively constant at about 3°C. This is mainly due to the high trans-
mittance of the glass, through which the light passes easily. Only a small
amount of light was absorbed by the glass, which slightly reduced the
lower substrate temperature. The AT values of the glass coated with P

Solar Energy Materials and Solar Cells 230 (2021) 111248

(MMA-BA-DVB) particles were a bit increased to about 4°C throughout
the measurement. The results indicated that a small amount of light was
absorbed by the coated polymer particles. In contrast, large AT values
were found with the glass coated with P (MMA-BA-DVB)/0-FeAl;04
composite particles at all ratios. The AT was similar for MMA: BA: DVB
ratios of 50: 50: 0 and 40: 40: 20 wt% and maintained at about 14-15 °C
and 15-16 °C, respectively. They slightly decreased with the increase of
DVB content to 12-14 °C and 11-12 °C for MMA: BA: DVB ratios of 35:
35: 30 and 30: 30: 40 wt%, respectively. However, large AT about 4-5
times higher than those of the bare glass were obtained even with
increasing time. This remarkable difference is attributed to the existence
of P (MMA-BA-DVB)/o-FeAl,04 composite particles that effectively
prevent IR rays from passing through as the schematic diagram shown in
Fig. 12. As a result, the lower substrate temperature was drastically
reduced from that of the upper one. High solar reflectance usually leads
to high cooling efficiency. As found, the cooling efficiency is consistent
with the aforementioned IR reflectance values displayed in Fig. 10. The
reflectance efficiency of composite particles using MMA: BA: DVB at 30:
30: 40 was slightly lower than that with the 35: 35: 30 and 40: 40: 20
ratios because of the shielding effect of the denser PDVB network
structure in the composite polymer particles. The temperature control
efficiencies of bare and composite particle-coated metal sheets show a
similar trend to that of the glass substrate, as shown in Fig. 13. The re-
sults indicated that the prepared P (MMA-BA-DVB)/0-FeAl;04 com-
posite particles exhibited highly efficient IR reflection and temperature
control and can thus be applied as a novel type of IR-reflective material
in cooling applications.

4. Conclusions

Spinel FeAl;O4 particles as a new IR-reflective pigment were suc-
cessfully prepared in the form of composite polymer particles that would
be more beneficial for mixing in various matrixes or coating on many
kinds of substrates than direct usage. A series of studies were carried out
to prepare high colloidal stable and spherical composite polymer par-
ticles. The maximum percent loading of o-FeAl,04 was 30 wt%, where
the encapsulation efficiencies were high in all cases (>80%). The pre-
pared composite polymer particles easily self-coated onto the substrate

4 5 6 7
Irradiation time (hr)

Fig. 11. Temperature control efficiency of bare glass (red) and coated glass with P (MMA-BA-DVB) (green) and P (MMA-BA-DVB)/0-FeAl,0, particles at various
ratios of MMA: BA: DVB (%w/w): 50: 50: 0 (blue), 40: 40: 20 (orange), 35: 35: 30 (pale blue) and 30: 30: 40 (pale green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. The schematic diagram of IR reflection and temperature control of the P (MMA-BA-DVB)/o-FeAl,04 composite particles.

18
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14

4
Irradiation time (hr)

Fig. 13. Temperature control efficiency of bare metal sheets (red) and coated metal sheets with P (MMA-BA-DVB) (green) and P (MMA-BA-DVB)/0-FeAl,0 particles
at various ratios of MMA: BA: DVB (%w/w): 50: 50: 0 (blue), 40: 40: 20 (orange), 35: 35: 30 (pale blue) and 30: 30: 40 (pale green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

without an external binder because of PBA presence. The percentage
add-on decreased with an increase of DVB but a reduction of BA.
Although the FeAl;04 particles were encapsulated in the polymer ma-
trix, the IR reflection performance of the distributed FeAl;04 particles
was still high, close to those of the pristine particles. Relating to IR
reflection efficiency, the temperature control efficiencies of both glass
and metal sheets substrates coated with P (MMA-BA-DVB)/o-FeAl,04
composite particles were much higher than those of the bare substrates.
Therefore, based on their self-coating performance, high IR reflection,
and temperature control ability, the obtained composite polymer par-
ticles would be a novel suitable alternative IR-reflecting material for
cooling applications.
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5. gasnsudanedwesuaugainiiveymalanzesnlesmenszuiunsdunsizinedmesuuy

wyruaey mudeiiedns 1-4 veladenils 7% fM3GUUGATEY annsadenliain wuleda wes
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oanlan (Benzoyl peroxide; BPO) 5o Lolalaleledafilslulasd (Azobisisobutyronitrile) aensla

v aa aaa =

' o aa a P a 5
DE1mTle TIF9 ABEUNUGATeN Tunzandian Ao wuleda wWesoenled (Benzoyl peroxide; BPO)

6. gasnsnaanedwesuaugainiiveymalanzesnledmenszuiunsdunszinediuesuuy
wwauaee audetiedns 1-5 deladenis N33 eymalanzeenledild fe losouszgiiun (Iron

aluminate; FeAlL,O,)

7. gsnswdanadwesuaugainiiveumalanzesnledimenszuiunsduanzinedwesuuy
wauaes audefieans 1-6 deladonis Adiarsusvanimiiuis awnsadenldain nsalewadn
(Oleic acid; OA) nsmdlwadn (Linoleic acid; LA) #se 3-(lasumendleda)lnsiia wmasian
(3-(Trimethoxysilylpropyl methacrylate) #i%s asuFuan iR Vimexauﬁqm fio nsnlaladn
(Oleic acid; OA)

8. gasmswdanedwe suaugainiiveynalavzesnlesmenszuiunsdunszineduesuuy

v a v v = dé & a - v aq_a
wvauaes mudeiiodns 1-7 deladenis 18 arsanussfsiia awrsadenldain wedlilia
ueanegea (Polyvinyl alcohol; PVA) wedsestun 80 (Polysorbate 80; Tween 80) 5o woddlnIu-
{A-uladn wedn (Poly(styrene-co-maleic acid); PSMA) a813laaganils 199 a15anlsafiany i
winzaudign fie wedlillausanesed (Polyvinyl alcohol; PVA)

9. nysuisnananediwesuagainiiveumalavsesnledmenssuiunisduasizinediuesuvy
wwuasy fdunou nsnisunedue fuatgarulesouszgiliundaonszuaunsduaneiuuy
wuaey BunnuasNsuaiuasuliadivil uousweiviaiiaes uaxiisuuiten Wavareduie
Weniu udmnaniusunialeseuszgiiium wavarsUFuanmiuin Wutuarsduns Ol phase)
9y wadluasayaneatsanusaiein wisaneaasdunidutoveaususiueslaglisnsusiluns
Puit 250 seudewd Wuna1 5 il arldiansuvauassvemeaueuBLIEs (Monomer droplet)
iy wansunuassvemenseusmesadluniafunay udrlladegnesddlau (Silicone rubber
septum) shlvioglussuvvasfialulasaulasnislitfiugaasuiuthufalulasiou 57 seu ud
Guihnsduaneilasiluldaslugismuaugungiii 80 ssrnwaidea uazvhnsduassidu
1 3 dalis 9nifu Usugmmgfidiu 90 svrigaida uasvimsduasgiseitunan 5 $alue

10. nssuidnAnnedweiuavgainitiveymalanvesnledmensyuiunisdunsivineduesuvy

v & a 1% 1 o aa v a o &
wyiuaey mudeiiedns 1-9 Yeladenils 7% vliarsuriuassvemedweslulasuaugainiiu
aymelanvesnledlimelu newedwesuavgainifiveynialanvesnledfildasiidnuasidunse
nau Raseu faun 40-80 lulasiuns
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1 ansuIuapeveAUga (n) Mmainndesganssatluuulduas (Optical micrograph; OM) 484
nedwesualgainiiveynialavzeanlen (v) uaznmanndesganssaduuulduas Optical

micrograph; OM) wasfldunedinesunugainiiueunalanzesnled (a)
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Iron aluminate composite polymer particles for heat reflection

Jittipat Omsinsombon', Chumphol Busabok’, Amorn Chaiyasat ', Preeyaporn Chaiyasat "
IDepartmem of Chemistry, Faculty of Science and Technology, Rajamangala University of Technology Thanyaburi,
Klong 6, Thanyaburi, Pathumthani 12110, Thailand
*Expert Centre of Innovative Materials, Thailand Institute of Scientific and Technological Research (TISTR),
Khlong Luang, Pathum Thani, 12120, Thailand
*Advanced Materials Design and Development Research Unit, Faculty of Science and Technology, Rajamangala
University of Technology Thanyaburi, Klong 6, Thanyaburi, Pathumthani 12110, Thailand
Phone +66 25493536, * E-mail: p_chaiyasat@mail.rmutt.ac.th

Abstract

This research aims to study the preparation of poly(methyl methacrylate-butyl acrylate-divinyl benzene (
(P(MMA-BA-DVB)) composite particles containing iron aluminate (FeAl,O,) for infrared ray reflection.
Approximately 4 um FeAl,O, particles prepared by solid-state reaction were surface modified with oleic acid at a
FeAl,Oy0leic acid ratio of 1:1 to increase their hydrophobicity. They were then encapsulated in POMMA-BA-DVB)
particles by suspension polymerization. Using Fe Al,O,: monomers ratio at 30.70, MMA :BA :DVB at 40:40:20 wt%,
and a stirring rate of 250 rpm, the spherical composite polymer particles with high encapsulation efficiency at about
97 % were obtained. The composite polymer particles can be easily coated as afilm on prototype substrates. The
obtained polymer film presented high efficient infrared ray reflection (23-99%) in a wavelength range of 750-1300 nm
and excellent temperature control performance. They would be a good novel candidate for cooling applications.

Keyword: infrared ray reflection, iron aluminate particles, suspension polymerization, composite polymer particles
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Innovative iron aluminate hybrid polymer particles for heat reflection

Jittipat Omsinsombon *, Chumphol Busabok®, Amorn Chaiyasat * <, Preeyaporn Chaiyasat *<
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“Advanced Materials Design and Development Research Unit, Faculty of Science and g j University of Thany i, Klong 6, T i, P i 12110, Thailand
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...................... Abstract R e e e B e A e AR

This research aims to study the preparation of hybrid polyn'iet icles containing iron alumi (FeAl,0,) particles for heat

reflection. Approximately 4 um spherical FeAl,0, particles prepare: solid-state reaction were surface modified with oleic acid at a

FeAl,Oy:oleic acid ratio of 1:1 to increase their hydrophobicity. They were then encapsulated in poly(methyl methacrylate-co-butyl

| acrylate) (P(MMA-co-BA)) particles by suspension polymerization. Using FeAL,O, : monomer ratio at 30: 70 (wt%) and a stirring rate
;. of 250 rpm was the optimum condition. The spherical hybrid pol icles with high encapsulation efficiency at about 97 % were )

>

;

! Fig. 1 The schematic diagram of IR reflection of the hybrid polymer particles

! Ol phase: BP0+ Toume <, Polymart
et pse: i - A paricies

Fig. 4 Optical m.uogmpm of P(MMA-BA)/FeALLO, hybrid polymer particles before (a-c) and
after (a'-¢") polymerization using various ratios of MMA: BA (%w/w): 50: 50 (a, a'); 70: 30 (b,
b?) and 90: 10 (¢, ¢')

Putyrarzamon

chor 3,
2 Crsn

Fig. 2 Schematic diagram for the preparation of iron aluminate hybrid polymer particles by s ITP

S0pm

. Table 1 Reagent amount for the preparation of P(MMA-BA)FeAlLO, hybrid polymer particles
| bymsITPof (MMA-BA)/FeALLO, droplets at various monomer ratios

MMA: B, e
! Phase  Chemicals A pa

Fig. 5 SEM micrographs of POMMA-BA o FeALO, hybrid polymer particles (a-c)at various
ratios of MMA: BA (ww): 50: 50 (a); 70: 30 (b) and 90: 10 (¢)

1 50: 50 70:30 90: 10
¢ Ol MMA @ 250 350 450

! BA ) S0 50 050 5| Sample Rorsesoomam (%)
i CHIy 007 0.07 007 > : Glass

8 BPO 0.40 0.40 0.40 ;r FeALLO, 7076

1 Toluene @ 250 250 250 = P(MMA-BA) 1576

3 FeALO, (@ 1.50 1.50 150 H Hybrid polymer- 50: 50 65.12

{ Water  PVA (g) 045 M 045 g Hybrid polymer- 70: 30 61.50

1 Water 45.00 45.00 o | _Hybrid polymer-90: 10 84

f Hybrid polymer: P(MMA-BAVo-FeAL,0,
. . particles at various ratio of MMA: BA
s 845 15 1048 1as 1268 134

Wavelength (nm)
Fig. 6 Infrared reflection efficiency of FeALO, particles (a) and POMMA-BA)/o-FeALO, hybrid
polymer particles at various ratios of MMA: BA (%ww): 50: 50 (b); 70: 30 (c); 90: 10 (d) and
PIMMA-BA) particles (¢) and glass (f)

:r-—-—-—-—- Results and discussion sttt
. g
"

* Fig. 3 Suspension photos before (a-c) and after (a™-c’) centrifugation of P(MMA-BA)/FeALLO,
1 hybnd pnlymer particles prepared by ms ITP at various ratios of MMA: BA (%w/w): 50: 50 (a. ')

o2 SEMSE B en (1@ P _ NIRRT SRR L S F N SN S FE L A LRl B L

--------- Conclusions

Spinel FeAl,O, particles as a new IR-reflective pigment were successfully
prepared in the form of hybrid polymer particles that would be more beneficial
for mixing in various matrixes or coating on many kinds of substrates than
direct usage.

High colloidal stable and spherical composite polymer particles were prepared
with the maximum percent loading of o-FeAlL,O, at 30 wt%, where the
encapsulation efficiencies was high closed to 100%.

» The prepared hybrid polymer particles easily self-coated onto the substrate
without an external binder because of PBA presence.

» The IR reflection efficiency of substrates coated with P(MMA-BA)/o-FeAl,O,
hybrid polymer particles were much higher than those of the bare substrates.

v

I—--_——'—-l

4 > Therefore, based on their self-coating performance, high IR , the
1
£ Jeevanandam, R. S. Mulukutla, M. Phillips. S. Chaudhuri, L. E. Erickson, and K. J. Klbunde. "Near Infrared Reflectance = obtained hybrid polymer particles would be.amnovel suitable e
e reflecting material for cooling applications.
FBumbokWKhmgwo»g P. Somongsa, P. Neerchuklin, A. Saensing. and . Kanchanasutha, "Preparation of Near- 1
Jnfrared (NIR) Reflective Pigment by Solid State Reaction between Fe,O, and A203.” Key Engincering Materials, ¥01, 166, w4 o o e + s & s 4 s+ s 0
127132, 2018, 1

> Chaiyasat, S, Namwong, M. Okubo, and A. Chaiyasat, "Synihesis of mi ized poly(methyl i 3

y mi ion iodi ization (ms ITP),” RSC Advances, 10.1039/C6RA192888B vol. 6 no. 97, pp. 1
Bs062-55066, 2016, 1
Rl s e RS S SR IS
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