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ABSTRACT

This research aimed to prepare porous capsule polymer particles (PCPPs) of polylmethyl
methacrylate-divinylbenzene) ((IMMA-DVB)) containing visible light-photocatalyst bismuth vanadate (BIVO,)
and magnetite (Fe;0,) nanoparticles (NPs) to be employed as a reusable material for effective dye removal.

By using polylmethacrylic acid)}-blockpoly(MMA-3-trimethoxysilyl] propyl methacrylate) (PMAA-b-
PIMMA-MPS)) as the porogen, PCPPs prepared via the microsuspension iodine transfer polymerization
(ms ITP) were given a porous structure that increased the surface to volume ratio and high water diffusivity.
The block copolymer also acting as a surface modifier of BVO, NPs allowed the encapsulation of this
photocatalyst together with oleic acid coated FesO,4 NPs in spherical PCPPs.

Spherical PCPPs with a size of about 5-20 m and zeta potential of -70 mV were obtained. They
were able to adsorb methylene blue (MB) up to 90% in 30 minutes at pH 10.5 because PCPPs contain the
pH-responsive PMAA segment. The fabricated PCPPs could effectively remove MB up to 235 mg/g-BVO,
via the adsorption and photocatalytic mechanisms caused by the particle porosity and BVO, NPs,
respectively. Moreover, the incorporated Fe;O4 NPs provided the magnetic separation ability of the PCPPs
for their reusability up to 5 cycles with a high MB removal performance of > 86%. These PCPPs would be

good candidates for effective dye removal and destruction of pathogens in contaminated water.

Keyword: Porous particle, Magnetic polymer particle, Hybrid particle, Photocatalysis, Dye removal
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o

by occurring with
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a it 1.5 nalnmsduusiaeaveslelefu lunsaueusiues/ounianediued lunszuiunis
FuAsiziwuuwuivasgnienabnlolafunsiuaenedwslswdwdSeuisuiunaln

LUUSaLRY [35]
fad lunudTsjadluiinsiaumediuesuedgaddsnsuiitnfvounaulusundlng
Waneluuaziioynmauiludaimiuneandevieilsitnfifiauifiveinisganaunasiisnuondiu Tng
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1.5 Yszlewinaininazlasuainaiuive

1.5.1 lisnsmssunedwesualgandsnsuiidniveynmaulusundndlingluuasd
aunautudadninuenianIailenig

1.5.2 laudnnssudanlilauanlafnfifivss@nsangedmiunisirdnddenluundeain
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N8 uazaUIeNNYIVaY

4 3 a ¢ 1 a a

2.1 ﬂiS‘U?uﬂqiﬁ\‘iLﬂi']%'ViWﬂaLN@iNqUﬂa‘lﬂauﬁﬂa@ﬁizLLUUﬂE]‘lJIVlia/aW?Q

nszUIUMSFUATIEYinediuasiunalneuyyadaszuuunaulnsa/anis (Controlled/
living radical polymerization; CLRP) #30 31285at0a-ALoafidu usinoa wedluelsigdu
(reversible-deactivation radical polymerization; RDRP) 1Jun15&9As1¢i A @1u1501ms auned
weslilillassasisiusuwazdudould [35, 50, 51] lagAruguANIsnszateivesdmtnlaana
165 wu nswieunudenianedwes waznsnsminedwesngninluusuldidrfuanuludiumia 9
161 CLRP fnaln uanadaaunisi 2.1 Faesuielanell lussuunisduaseviaeiioyyadaseilisionts
Whvhuiseniiedeanglanediues FeazSendn Active stage (P*) uagmngnyvilvegluaniieiilyl
TasiemsididAsen aesendn Dormant stage (P-X) lngvisaesaniizaananagiinaguiuliin
IS v v £d Aa A o U [ 1 a &
Juigansnmeldaniizaunaniein K boe Ko Asdmsunisivuaznduvesanslgnediuesds

nswedielsiedursiinlutes  aunimelussuuteusiuesiegazgnldaunun

Termination
K
act
P-X Pe
K
deact K
N\ p Monomer 2.1)

Tumsdanszviriunaln CLRP Uszneuldsheaasdiuiidnday Ao nsaauau (control) &
ETRIN 1?mﬂfﬂ1maqam?{aimﬁm’m (Number average molecular weight; /,) vesnediuedd
dudududunsadolSouiulesidudvesnisiasuanueusweslddunedwes (Percent
conversion) Imaﬁmmsmzmﬂé’f’maaﬁgmﬁﬂimLaqamaum'azmai%iwaﬁma% (M M) 328083
way N58133 (Livingness) Famuneds anuannsalunisseaneldnedweslédn mnluszuudng

UsznaudieuausasinuIuinLansliviuitaslanedwasinisananetulussuurautietios



=€ o

Soildnsdunsesiiunaln CLRP Anmsdanseiuuusad Tnonsdaunsizsiiiunaln CLRP
anunsaunvaeanialuaaaiuy Ae

1) Persistent radical effect (PRE) wu' e 1d ugeoanalng ey Ae nalnnisunndn
(Dissociation) wagnM3T28f (Combination) 1w nalnmaiAnufAzenlunsonlediifondnisusa
Famodelsiwdu (Nitroxide-mediated living radical polymerization; NMP) wanesisaunisii 2.2
(a) wagn1stendreansldguatezmay 1y nalnnistinufisetesneunsiumasusinanadwelsiy

1 (Atom transfer radical polymerization; ATRP) wasiaaunisi 2.2 (b)

K
d

P-X Pe + Xo

[2.2 (3)]

P-X +Y Pe + XYoo 2.2 (b)]

deact

o | ' v aaa v v P A o a & a
NNalnFINaITAuTaATe1 P-X azgnnseduinenuseuvsesiissauinidu P 7
niauseaglgnadluns @i X luaunisi 2.2 @) wag XY* luaun1si 2.2 (b) AafiganissIuea?
ffu P auiinldu P-X Wiy Wesndeuadios Tuvaed P azdviufasenlais X inadu
P-X nampensiiideaeldiuiuesideutadassuasseansldiuiousied azuu Waliasuly
1 Y o 1 I [~ 1 o 2 d‘ a anf/ 16’5 = 4 Ql' a
AIWAlTIUIY P* 92ana901NN1N31 X Wuag19un vk Pe MviindulvdduileniatesNaziin
nsAugaa @ P+ GenliTinnnsoudseansldlaises o Jsnruaunsduaszilan wedwesdadl

o H Y] a =Y ' “g o ° a < | a °

n1snseAefivesdmtniuananay lunsalfenailagiawinniswien P-X Judinaunazinly
Fuaszaludunaumaly [50, 52]

2) Degenerative transfer (DT) \unalnnisdaasigvinediuasonnalniiendendnnis
WANLUABUYDY P,e 138 Pyr iU Pp-X 9138 P,-X anuaau @analnasnaiiazendesaisuufiseine
] Y a [~ a [ d' a 4 | QEJ/ ¥
Higliinlusuyadasy wanwisaun1si 2.3 lngasiianslendreanelgluuniaestnavesaunis

osunglanall Tuveueh Py a8id19u X wsuealesiiiesoaalenie P,e uaglumenssiudiuiy a1 P,
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fafu X 9sl8 P,-X weuswesfineasldiu Py unu Tneas X envasduezneuvseasusznaudl
Tondeaneleldine wasduiu P, way P induansiinanslussovdy nduasiinnisaanssn
ndundu P,-X AU Pye %130 Po-X U P, nalnagsfulaunitueusiwedaynunisszuy Tnedl
nalnn1sdaAsiginediuasiuy DT WU 510aTi0auonf Tu-unsniuundy wunsiuaine

Lolefunsuawlas wedwoelsedu uazeanluwmgiseu-Nibon wedwe sty uanidaunisn

2.4 (a) (b) wag (c) MuUAIAUY

K
X
Poe + P-X P-X + Po
a b % a b
K (dormant) ox (dormant) K
p p
Monomer Monomer
(2.3)
Termination Termination
K K
act act
Pe + P-X P ---- Xe _.__ P P-X + Po
a b a b a b
X Kd t K
d eac
Kp eact R [24 (a)]
Monomer Monomer
X=CS
3
Termination Termination
/‘ K
ex
Pe + P-1 P-1T + Poe
a b a b
K K
K ex , 2.4 (b)]
Monomer Monomer
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Termination Termination

K
X
Pe + P-TeR P-TeR + P [2.4 (c)
a b K a b
K ex K
p p
Monomer Monomer

R=-CH,CH,-CH
3 45 65

2.2 wailalulasouuaugiadu
wedlalilasieunatgiadi (53] (Microencapsulation) Aetdumaiafifeaiundssyndld

LU TNEMTUINITEAFIMNTIUAN 9 LU AIUEME AIUDIMNT TIUTIAIUNITNYATNTTULAL

¢ & B =~ o Y Py ' a & A a ° o ) | ' =
nansunng 1Judu Jevilimadadenanfedumalulaggniruimuiiuegeaiiles
Wosnmedasinardumatanilassadiediudsenouidd 2 di Asaswnunals (Core) @4

o

= 1

winefs anstigniieviuednislu Wy eyniAveanly vaumad wasing uazdndiu Aewden (Shel)
= ¢ g v o1y | a ! s @ & a

Fanu1giie @157 l9vievu 1y arssssuvialunguveslalasasaasss wealniandniu
(Maltodextrin) Fuluansussneunediueivesiinanglag uazladeudadiun (Sodium alginate)

Faafnoenunamsenziadiina Wusu nnmeliadananamnsawsedlildidululasualya

)}

fifivunakeust 189 1,000 lilasiuns FofivesmadalulasiousaUgatuiivansuszns fudu

1) HretlestuasunwiailedniinisusndsenaiinanszyusennautaudsuuUasly
9T uawAn DonTiau uazt usy

2) PrdestumsaanesdmivasunwiaidauadRszmeliie

3) anusamuAunviaulunsaadaseansliegnanunyan wavtlsUssndausuimnis
1gans

4) $remenisiildusunseuszgndldludiusine q saluiaiedasseznarlunisiiiuine

waELANUTZANSAIN ANEEAINIUNITVUANIAZ DN NDVRIANTAALY
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Shell

awi 2.1 Tassassdudsenauveslulasualya (Microcapsule)

[ ¢ 4
2.3 AZUIUNTHILATICHNDALUDIUVULVIUADY
ﬂi%U’JUﬂ’]iéjﬂLﬂiﬂzﬁLLUULLGU’J‘ua’eJEJLﬂumﬂﬁﬂﬁﬁ&u@EJI’]\‘iﬂﬂﬂiuLL’Wl’NQﬁﬂWMﬂi‘i%J LIS
o a ¢ a 1% a o 1 =~ @ Ao 1 z-ﬂ'
mmmmaymﬂwaamawmelmmﬂmmﬂmﬂanlﬂiﬁfﬂﬁmmﬂ Luaqmmﬂumg}mﬂmamm

Wudh defulinsredanindey lnenszuiunisdaunsngsinediueswuuieiuasy dnalnnisiia

o ¢ &t

synAluneaauayes (Droplet nucleation) Inl3udaAs1EanMsssuvEnLoUBIID S B4l
nsazatveguesisisNUAAsevheussiudeudias dsiiifindoumarsis wu nsleluiluwes
(Homogenizen) v3ensldiaisdunauidssiiiinnnuiias (Ultrasonicator) Wusu agihlildnen
sousieitinszaeiogluififaisanauseisin IngldarsTuanadn vieliwodwesiduaisan

LSRR

'
U a a aaa

Wedsisuuisewnndadussineaoiainainnisliaruseunselduas nieujisen

3nondaziianisnedelsiwtunisluneausuawes Janliiiaduoynianediues iy

Tulasiuns TnenluagisennssulunISauASIE ML UULIIUADY [54] AILAAILLNINA 2.2
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Polymes capsule

Monomer droplets

DVB-OD-BPO
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- pr — . @ O Strting .‘"'c
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a a a s 1% o ¢
AINN 2.2 ﬂqiLﬁiﬂmwaaLﬂaiLLﬂUﬁaﬂjﬂﬂqiﬁQLﬂﬁqSWLL‘U‘ULLGU’JUﬂaEJ [54]

130 3U (Porous Materials)
TanInTu viveisend mAnuenluana (Molecular sieve) Jangngugnihunuiulduselond

9 9

2.4 780
g

a (3 o I s

v 1 Y & v v Y =) o
wanvatgay Wi TddudiAnienvuinluana Aengdan asiigadu iuges nsegninlulyly

a1 1 1

= A a & a 6 1 o ¥ [y = =
LATDINDDLANNIDUNFAN € IW&J‘V]’ﬂULLﬁ’J“U‘L!’]ﬂﬂ’]’]&I‘WEWUE]Q’Jﬁﬂg?/\lﬁuiﬂﬂ’]a%ﬁ%ﬁ’l’]\‘i 0.2 83 0.95 %3

9 Y

MsinsanseninelsunnsiidisneluvesgnsusazUsunsuesidn uavaunsawusgnguladu

= a
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¥
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wyuwuuaesazilugngule Famnetsgniuniinnsweusdeduiuiavesian Awumindaanisih

Fangngululdauludiusie  wu Judgedy Wudingesdas wazdugesiu sndenldians
aa a ¥ a ! 5 [l Y a J o 4 b (Y

wyundsnsuwuudnlanuuifeaninty dudangnsusuulamanzunnsirluldanuludiuauiuiu

anuseu Jagnudes vieldiluiandmsulassadwidesnsuminiu Wudu Jangnuddnvae

9

lasasnauardgIunaIuUL UL WU N15INT8U8N NTINAN WUULKY kaensadudeu anmaudh
ATUANIHUNTY VUIAVBIINTU tasadnefiegneluvesgniu nsilvdagniuiuulauaziuuiln fng
[ vy A o v = [y Y a 6 1 ¥ 14 ! 1 I3

Junalitinsidenidanieunusuldliinyselevidenisldanuniusing q Tudiuvesanundauss
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I [y

Auderuvesann A usgnswastaiisvendseninaUsemnea (International Union of
Pure and Applied Chemistry) #3afifagai3anin IUPAC aunsadniangnsueanidu 3 Uszian

ANUYUIAVBITNTY [55] AB
1) lulaswesa (Microporous) ugnsusuamduriugueiantosndn 2 wiluums
2) wilgwasa (Mesoporous) tJugnsusuaduruaueiansszndng 2 8 50 wiluuns

3) uuAlAsHETE (Macro-porous) LHugNIuvLIMEUNLALENA91NNT 50 WIWNATTY
T

2.5 asgmadulatau (Silane coupling agent)

! = & o ¢ al 1Y a a6
a']'i@lﬂ'JUlsleau [55] 159815052 dULUUENTFUATIZNNUTENOUAYEITOUUNT Y LAY

<X a

a a ¢ 5% Y ° v ! = va & A Y a A
a’l'ﬁ@umi&]i'ﬁi@%@?ﬂﬂu Vl’]IMﬁ'Wﬁ@Jﬂ'JUVLGULaUNQZUﬂNUG]L"LJUﬂ']iV]%UUIﬁLﬂ@ﬂqiLﬂqgﬂﬁaﬁlﬂmm

serinadanansrtingu wu Grgliansdufunseanedalanluiandina1s lnganunsaldlaiuansen

(% v [

winisrliadivanazliidvy nsiansaauleiay szdiedansiwiadudiiulaauiniu Ingaisaaiy

lotautlgnslassaianly dail

(R’0), -M- (R-X),

msotunIa M ATLAEL]
-Tanz -woames
- AEANANYS 0 -
maduluaFuinsa - WaEAn

MW 2.3 Luuaesnsinievisedaiaseninsansanlulaau asdufuLay Tan

Tnedl RO fo nquvasansiiannsadwiufisesuiuinvesansotun3sls wu wmend
(Methoxy; -O-CHs) 8nan (Ethoxy; -O-CH,CHs) du M #ig Si, Ti uag Zr laengu R A vafsuvsd
fiflassarsaniveudussdusenevdsazannsadousyszning X uaz M laeil X azidudiuves
yflafla (-CH=CH,) wIevngerilu (-RNH,) aansavihuiisenfuamsdunid deasgaulaaud

Heulefivarsviinaiu szasianlaiau (Acrylate silane) agiillulatau (Amino silane) lngaza3ian e
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vaun denlduindan lawn lasiuminsaendlnswalasiunendlaiau (3

Methacryloxypropyltrimethoxysilane) #5e oufitea (MPS)

OCH, 0
| OCH,
H CO—sSi CH, ‘ _/\/NH
’ | w\o ’ H CO—Si :
OCH_ i ‘
: CH, OCH,

@) (b)

A 2.4 lassaemaaiivesansgnivloauriinezasianluiau (@) warezdluluau (b)

2.6 ’3’&19}&1’155&6}’%13’1 (Semiconductor)

Fanansnadaiduanimaddlasunnuaulaandisszeziaifiiium Wewinaaaudii

9
(%

Tnawnurisgaautfs el aulii anuduwiman auaudfidena wasdausaujisellaua
mladn Tnemaimdsnuuasorindunldsmsunalndmiuiaujisolalauanlafin davanans
AaiflagUszgndldfundanuuasenfinddesdinnautfdatolud [56]

- Tuoundanuuasianzay wazifisswedmiunsganauuasluiadiida

[ £%

- AuauURvediannseu Aedinn1suenUszgegadsEansam

q

IS L% v aa 6

- Sauautiiduismduazieendladgsuuiavthansisii
- fermefesammaiasiidislosgluansazane
Fanansh s denldinarengu Jeinasddnvazuazansianiiaeiuly 1

Innifleulasenlyd (Titanium dioxide; TiO,) fiA1uautaInmasuAsudIIge (3.2 Bidinnseu

Tad) suinuisenlugruasdansililowan visamueanlas (Tungsten oxide; WO,) finauaud@

annsnazaneild Sdldomnzausonisialddmiumsthdainds lusuedtasmmiuieedan

LaUteIinmdN Wiy 2.4 Bidnpseuliad dshironsnsedusonasififiledumngauty

M5 TIInd esanlunassssmAiuiinauashdidifainnniuadlugag

dans1hilawan
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2.7 DaiNIUILAR

v o o

Jadnauen Wuaisisdnhildsuanuaulasgrannmssiiguanifangdidal
endnwal Ae a1 vinufAseniueendiausienseuiunsiailnihnvdesihsisuasdmsu
nswenluanaun (Photoelectrochemical water splitting) ldtavaansansuaiuilusunsiene
nabnuaslnlanaalain dlessunisilain ludanuduiviedwndsy [57]

Jadvunen Wuasusznevetunidyiavila duminluanamiidu 323.92 nsulua 3

1 (Y] & @ Aa a & VA a Va
AUVUILLY 6.95 NSI/aNUIANTUFALINT JqWRenagf 1997 semiwallied uarynvaeuvaIagT
934 pamwaLded tnednwuzveadaininuen Janwugiluveaddvios Wnnazidun wan
o a Yy = | K | ° % I a o
Aannd 2.5 asnsaazantgiladesunnuieliazatedwdgninliazaelalunsaun Jadninun
walusssuvifsnuegluguvewsinilaein Ae s Pucherite w3 Clinobisvanite WAy w3
Dreyerite lnadadninunandulavenaueonlas (Mixed-metal oxide) Nflmaautmduansis
dailnlauanilafndganiuuadiinuesiu fauouteainangwiuegi 2.4 Bidnaseuliad
[56, 58] Jadimiuanaziindney 3 wiade laluadidn (Monoclinic) wuudlas (Sheelite) lulu
Addn wuueslaluy (Fergusonite) wavimmszlnuea (Tetragonal) WuulgaAau (Zircon) lag

a |

Taseasrswantuulnluaddnaunsawmssulalaenisidannnias @iulassasaNanwuunsElnuea
3 Y

Y

Inanmswsealagnisldaamaien [59]

-

A 2.5 anwaueaslavniueg (Bismuth vanadate; BiVO,)
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2.7.1 mswisneaynadadniueg
2.7.1.1 MInnmznausIu (Co-precipitation) [60, 61] Wunsiwieudadminuies
Fenszuiumamnazneussanasazanslutvesdanlung [BINO.),) uazuexludeumam
uan (NHV05) Tuansazansuenlande lnedinslindsauanusouiigumgiisng q fdunaviili
Aan1sd suavesdugrunvandundndaimiuiendflassadrendnseninduluadin

(Monoclinic) kaziwnsglnaea (Tetragonal) lngnslviauseuniandanugamgiusyana 250

=

DALY YA NOLALNANISANNANVBITANNITUNAN LUIULTNNT IANAIIUANUSBULBENI 400

[
=

pemgadea nansyavwIluunsvaslainIuLARLgNATITY

2.7.1.2 lalaswmesuea (Hydrothermal) [62] Lumsinseudatninuianlaenis
WauAzeszninesanad lnewseuasazatetadvlunsalunsalun3n wasinIsuaisazaiey
waulurdeuuninunanluaisazarslumeulansanlas Faiin1sidlawden (Sodium) Tawnda
(Dodecyl) lwudu (Benzene) wazdalniug (Sulfonate) Wuansanussien ¥nsnauiaaesdu
WseiuwarUSuanzvesansazatgaulaafiauingy 7 senisitansazatslufeulensanlas

% a =~ & = @ = ° o A o PR

aeldgamgll 200 esrwadea Luamidsdilusa3azvilildeuniadadninuiaaidivwn
seauunluunsnilassasnanwuululuadin

2.7.1.3 la-13a (Sol-gel) [63] 10 u3Tlunsim3oudadyniiuian Susualen1si
Jasvluwsanaziauluideunuianuildiduarsied unonsiduluaidu 1 so 1 laeinisiiend

v ) g v a ~ & ) 9 a & &

weantuansdinarsiligamad 70 ssrgal@ea 1Wunan 1 9alus aelanadiviiesanniy
Wldinswifigamgiitag 400 fs 600 osrwaidea 8n 2 F3lue Avzanunsandneynindaingg

YNANLA

2.8 nszurunstatiide

nstRude nueda isdanisueiatedsiivsUuegluiideliuunaull vie
aundooglitiesfiganuunsgiufigniinunelifeslidumaliAnuafuiedaundon i
Mnuvasrstuazdamuandilimioutu dufu nssviunstidadiidefaivainuaieds (6]

famalUll
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2.8.1 NTEUIUNINNLAL (Chemical process) [17]
A MIUUaULdYauENaTsHe 9 wsedsluileaunuvUusgluinde wu lanenidn
a157Y AINTA-A1Y FaazvinstAnansiadisng o Wnluhufazen wazanunsawenansla weiliveidy

a a ~N Y | a Y ia y o o & a BCE Y] a
Q] GU']ﬂﬂ'ﬁLfﬂﬁJa'ﬁLﬂllL?J']lﬂﬁﬂﬁ\lﬁﬂi%ﬂ/l‘ULLazNaLaEﬂfWLLﬂa\‘iLL'Jﬂa@NBﬂWQaULUaa\Tﬂ']IGUﬂ']EJﬂ‘U?ﬂiLﬂﬂJ

e

sty nszvaumamaaiiazhaldfdedetideiiinfenssuauniminisnmudedinmlals
Faflmadaunning 1y

n1sanaznau (Precipitation) Ao Wna1siadiitnluvuasendwmaliiinnisdusiuduiia
dunguieu uasidenguiounsnousiudilvgydu dwalinguagnounnasn nsuendieis
fanamardudeseldoudlusyansnniiganmun Ssnlunauaiifvesasiadiidieluns
PNAENOUATaTANEN LT inForetanUsznausg 4

M5 ARRaNTLIATUNINLATl (Chemical oxidation) Ao n1ssaulinssamLdeBAnATaUVD

YRR

6

svmausioansialingnldidnlvludnde asedivardazvimiidudieendlad (Oxidizing agent)
wellalleudunldlunsidsunserhatelasaisluanavedansiiy wu n1sidsu Fe?* dag

Aaosu Wnaneduas Fe® Miluiiwiosnin aansluaunisn 2.5

2Fe2+(aq) + CLZ © —» 2 Fe3+(aq) + 2CU @g) (25)

aaa

N15iAn3ANTuNILAL (Chemical reduction) Aanalnnisiinuiselngaidenissu

a

a = = A Ao vy < Ao o
adnaseu Fadunswdguanmluslvesansividunseuinlilianuluiivndunsetesas lng
= a 1< v U a a aal iy 94, = <) o aa 6 .
9rRONNIeleRaUYBIETBALIUAI5UBIANAsouINasAdin a1 U Faduda3A9 (Reducing
agent) WU NMswasu Cr** Fellpuduivannluidu O fsiimnuduiviosasmeasadamin

(FeSO,) Tuanmitdunsa fauansluaunisd 2.6

6F€SO4 @y t 2CFO3 @ t 6HZSO4 @ —» 3F€2(SO4)3 () T Crz(SO4)3 () T 6 HZO L (2.6)

n19azL7iu (Neutralization) As n1sUsUan A esvesuLdslddan mdunans

(pH = 7) TnenistAnasidgniduaiadily eusurudeiidgnsidunse wiu waadou
3 =) a L3 a a L P o 901 a A L 1 1

msuausviselufsulansonles wasiduasneangrsilunsa weusulndedignsidusng 1wy nsn

U A

a A =) & s ¢ & Y
FANIIN NINLNAD Mﬁ@LLﬂﬂﬂ’]iUE]UlﬂE]@ﬂl‘?iﬂ Wunu
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2.8.2 ASEUIUNIINITININ (Biological Process) [18]

a

= = v & ° | A a' a e v
NITUIUNITNINYINTIN AD ﬂqiisﬁﬂqau‘VliEJil'ﬁ/nﬂ']iEJ@EJﬁa']ﬂLW@LUaﬂuaqﬁaumiﬂiﬂ

Wuwfaarsveulaeenleduazuenlulaifunisurdaundefdfanluwdvesnisandiunmn

a

a1sdunsdluunanit wainduseudenan1isuindeu NvunzAan1sinauveIgaunsd Jlinans

v o a A °

ANduusAuUSIIMverduniduaziatlunistevaats Jauuanisengninunlduuseenls 2
A A A A av v a . . N A _ av 19 v a

Y09 A LUATLS8YdaTAedlteandLau (Aerobic bacteria) way wuailseydafluldeandiau

(Anaerobic bacteria)
2.8.3 ASTUIUNITNNNIEAN (Physical process) [19]

[~ o o ‘é =1 1 1 e v < Al 1

ATEUAUNITNNIEAN LTUNTEUIUNSUIUTAUNEDE1998 7 T W NVDILT 97 bl

aranu1nean IstarausaLenaznaURaNUIlaUTENNM 50-65 Wasidus d1unisienauanysn

lugUvesans8un3y (Biochemical oxygen demand; BOD) aunsaunenlaussunnsovay 20-30

& a aa ax v v . = q v ! PN v 8 A
Wit fvanes Wy A8nsanaieagunse (Screening) FslduoniAwuezang q AUsUuaniudLde

ANSAAKUS (Cutting) Ae N1stdLASaeinllAwazilvwIaldnas N131971A (Skimming) Apnns¥iiane

'
a

drsunazlesiu maviliiAanisase (Floating) inldfunznaudifidnmudrss e idadosnia
i msnnaznau (Sedimentation) WuniskenaenewssnanindelneBavieendousdiugs ifn
thanldfuranuessumzvengneuiiiannin
2.8.4 NFLUIUNMINNNBAIN-LAT (Physical-chemical process)
Jutumeugarelunstinindefldiiutuneulunssuiunsdunud Srende
gUnsaltNNI133N3BUTING 124N 1Wu Msgadusaeau (Carbon adsorption) Sndusadldug
sunieniveunnldiiogaduansiiiouselutinds wagnisuaniUdsuuseq (on exchange)
pdnauaniUasuszrinlssgluasiideuiluindefulssguesansiananeiignussgly dadulsd
ﬁQUSSQU?ﬂLLazaU
2.8.5 nszvaun1sivlauanilafin (Photocatalytic process)
nszvrunstilawanladn daludnmadenimilitnideimdaduitey lnelnla

o w =~

wARNAas (Photocatalyst) Wumfusenouse 2 daudrdey A “lle (Photo)” Famunedia nsld

aaa

nasuuaIgliAnnNIs99eU ATeN wag “uAndas (Catalyst) 30A39U A1 vuned

Tanvseansusenaudamnlludiavegluglvemamseiidudrdiudnsnislunisinujisen Vil

aaa a < é’ = [ aaa [ a Y M Y a a 1 1a
aunaves)iseiniitu Javasainugiserdnduluiedilaiinnisiudsusdas dalvafiey
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Tlnlauandaalunisiseuiseuuiiswug (Heterogeneous photocatalysis) @amsnefiefiang

aaa a

UfAseflanuzuanaluainaisisdulazasndniue arsiaiuanadusianioveunan faus

Ufsednazegluguvends defvenszuiunsssuiisenuuiisnugie Anuendaisefisen

PONININANTAIRURATATHARS AT lEen avsdsnnidasesufAsenduanldlnild [64]

wanmswaznalnlunisissfisenmenaniiotlUdesaasasuseneudunsdnluiaiy

a ! g a LY o w v 1 a aa v J b -
yiaene 9 Tudr ddadedAy laun anuenaduuas (Wavelength) Andanuunndmsaivinfy
WAUYBIININAIY (Band gap energy) 109AL39UA RSN 90nTLau U1 wazdalsaufinsen laawle
Fuseuisentasundsnunadugduuulipneuainne Send1 naanunsedu (Aulaanaunsi
2.7) wznsziuliiindidnaseunazlaa lneunfdiaueniaduasdaniililewn aglutig 100-380

WIlLAT wardIMSuAINE1IAG ULEITNAINBAY AvagTuyae 380-750 WIlULUAT NADINNTS

'
a

nszRumeLawihlididnaseuniuauraudgnnssiuiulleglutunaunisiiluvaziuouriaudas

& v v ¢ Ao 9 va aaa a o v A o o g Yva 1ad
LUU?%@UﬂﬂEJWﬁ\N']UVWﬂIWLﬂ@ﬂaﬂﬁﬂqaaﬂsﬁL@%UWQEJI@@‘V]L‘V?@@QEJJ ﬂQNaWWIWLﬂmﬂaLaﬂmia‘ULLag

Y

198 (Electron-hole pairs) (@un157 2.8) BLanAToUILIAARUNIULITEWINMOUILAUT LA LAUNTS

'
a LY [ o

lalwazing Ineunfszruveaamdnunigavesaunisiiasiiuwauvesseiudndnasuindu

Y =

nabiiAnUAsesanduiliosandidinaseugnnszdu azfinnisissfisendeuas kuviaujisen
2aNTATULALIANTU (Oxidation and reduction reactions) FaNIWi 1.2
dwsulisenfiuauinaudnivesined dibnaseuainarsararedududilididnnseu
(Electron donor) aziadeunlidivesinvlusauinaudaziinufAzeneandindu (Oxidation) lned
W9331998vURATET UL (H,0) wazlansenladlesau (OH) nanudulensendausinea (OH)
(@un13N 2.9-2.10) Faduseanduaun (Oxidant) Ausdlunsisslisemenas aunsodosaans
a N6 a Y a v =% |aaa A a o o A a a a =
a158un3duliane o Bnatunileslfiseniiiniiuaunisun Ae BLanATaUILATOUNIINKAUNIS
[ YV U Y a & A a 1 aaa v v a P o
ludadasudiannseu (Electron acceptor) MR UUATEIANTY 2nBLAU (O,) NNYatuy
wlFasnanaidudiiudidnaseu Foitliinduguieseanledusinea (O, (@aunsi 2.11) uaz
e O,” lunsiiihugisendulelasiaulessu (HY) asndnlalasiels@ausinea (HO,) (aunis
N 2.12) a1 HO,™ saunu wanlare lalaswulaseanlen (H,0,) wareandiau (@Un15A 2.13) ¥
H,0, @xnsadnsudianaseunndunaunisimsennguileseanledusinea uazninlansonda

wsiraald (aunisn 2.14-2.16) st lansenTausineasiadunaainnisiinainujisensindu 7
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dovaarsalsusznoudunsgluiile wazliaisueulasenleduazundundndasigaineeanin

WAL [21-24]

E=hu=hc/A

E = waaumausy (Quantum energy) (38/3u1#)

h = ANAsTiveandsd (Plank’s constant) 6.625 x 10 98
v = ANA Guadt)

C = AMUSILET 2.997 x 108 (1un3/Au7)

A = ANUYIAAY (LITULLIRS)

UR38IN19NTAUABLES

Ujnseneendindu

o

Unsen3n

f

[

U

Photon (hV)
BVO; ——» e +h*

hiE &A=

h* + H,O ——» OH' + H*

Oy +e- —» O

O,"+ Hf ————»  HOy

2HO,, — H,0, + O,

H,O, + & — > OH" + OH
H,0, + O ————» OH" + OH + O,

O, + 2H" + 3¢ —» OH + OH"
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2.9 dsBuvsdddou

Uayduansdunidddeunsedduniddunsied gnldlulaniislunszuiunisudnainngy
Tsanugmamnssuiiisatunond dame sauvisnszuiunswdadden dslunssuunddeudes
Fruunmunailuly Tneutseenitu 11 Ussin fail

1. Auadn (Acid dye) [25] Avdiniifunduansuszneudunis ifuszaduau avaneth daw
Ingdwndovesnsamuzdu dnifaiusglessiind wiunisdouind fenundeudulelusiu
meldaniizniniens wu luasu Yo luu uazezedsn usu lneduedaiidedndnlunisldu
Ao lmuvdeuaynnsdn

2. AlaiSnil (Direct dye) wiefReAdonte iHuasuszneuielsiifiiminluanags finse
Falwdafidaelidararsiild Huuszqau dnlddoudulowagloa (26] Insluanavesddniude
ftuszlelasiou Teilidunsnegluluanaduly wos Fvdadvudouas udlivudenisdnuasinn
4y

3. 8U@n (Basic or cationic dye) [25] \u@indovesiuadumid (Organic base) liuszqau
azanenh dnanlddendulelusiu mssmanesaianuarluaou Tnsusvaauvedluanadazid
Juivlanawdule sihlidRnamuuu wilinuienisdnuasuadan

4. Adaimada (Disperse dye) [27,28] uuseaniiu 2 nguRiansanainnguansiafifiiiu

psnUsznouluddon laun ddoussly (Azo dyes) warddounzdlu o n1AlUY (Amino
antraquinone) Adfourdnifinauansalunisnszaeiieted uiliazaneds Weenduloesd
wiv dlewedieawnes Wusiu nisdenarldansdmn (Carrier) 1 gl uwarAudy Wit
ilAnsamageduresddnluluduleldigdely iWudivuseuasunauaznisdnosnad

5. #uondivl (Reactive dye) wuslét 2 ngu Ao nquiidewiin a gaumgiiged 70 fa 75 oeen

wadud waznauildeudia o aaunfiung dsueniinasaneuudiuszluavmnegluiieed

q 9 U q
4

autAidua dvdadmanglumninnlddendulowaglaatian esnaeldanneiiduuass
blianavesdiinduiunylensenda (Hydroxyl group) veswaglaanuiusslaiiaw [26] @
AINANIIAINUABNTTONRAR

6. Aoxlada (Azoic dye) [29] Wuadilsidmuanunsalunisazanoiin sejusfudesdan

aasusneuiiueaneulesanazatsiils dadunsyilidinan1ssauda (Coupling) 31Nty
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dndauriuseansiaelereulniuniierinbiindudls dussomillddondulowaglaa luasu
= a & a ' v o
v3eesginn Ludinusieon1staguasdnuen

7. @win (Vat dye) [30] Wudnluazateluin azdudlledeuddeunienindoui ol
a aaa U aAa 6 a & = o YN & %’ 14 a & o
Anuffsentuansimduaslabioulansonlen Jsvvhlvdwinaiunsaazatetils lneduinazgnih
Tinanedundeuazannsaduriudlvluduleld dedgnihlurawenssinlrdludulegneend
lodiluduin

8. duesunui w3alasu (Mordant or chrome dye) [31] \uddeuniivuiavedluanavun
Tngiillesandussunuivarsluanaingaduivlaneuavihlinianisazaneinla wavoduansn
Frefatunsfndiluimelidfauudule deuldasuszneulanzeenled wu win lasdeu fun
Judu dnhlldgeudulenedioluduazlushiu

9. @8unsu (ngrain dye) [32] 1udnldazateun wazdlevufiserduiialaduans
AoRARYA Witngdmsudourny

10. Avondiatu (Oxidation dye) [33] \UudNansaazarsluiila Wevinujisenluin 9w
Andureaassd deazerdunisanazneuvesdnngludule vilidaauuu wanglunisdourn
fheuasuudnd

11. &fawlas (Sulfur dye) [34] WWudnldavareluih S1dudessiddneunisiludouiite
Wasulrluanaaunsaazangegluiile wnegsdenisuiindeudie dsimiliung

o Ay ' A Y o v = wa = acg va W

FeddouusazUszianiindnunaiuiilassamandl auaudd Huluaasldnuaneeiu
wag wuinluseninnsyuiunisdendaenanivseana 10 § 15 wWesidud vesddausingnuaes
pangdwwinaey Wy lWuledmeoainnisduasied Judunts nanadin nszay saiemsiay

! = ) ~ Ay a & a - @ ] S & [

nauA3 031919 Feddouunviiansianuanuiduarsiy niensianseu Midudunsieuaslu
sumnvedlsaglui winlisuavanlusseznannudnazieliinlsauzss

ddounieuldlulsanugaamnssudssinnlandou laun asdunsdddendssinndiedn @

et a o«

a aHal = = < H ya o 1 1 6 ,a Y
wan d@sueniiv wazdlainddiuszeau @aunseazaieinlaf fegrudy Salduu polsun (Adu

q

[ 1%
a ©o o

WAY) 310908 waz Witaduug @Eulu) WWudu ananveiinandednduegedslunisvrdai

Y

\doUsznvddounaulaovasddaninasy tiemuautaztieanlyninaziinlusodiwinasy

Y 9
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2.10 uunillng (Magnetite; Fe,0,)

windlng wse widn (1, 1) eenles Uszneudie Fe (I) uay Fe (1) oonles Tnevialuideu
uwnudae wundlng Sdimdnlaana 233547 ndulus Wuasiediduusuimdnifad uedly
535977 wundlvdezuudassadmdnoanlidu 2 wuu fewvuiindwuvadiva (Spinel) Fadi
ImqaﬁywwﬁﬂﬁﬁqmﬂuLaqaﬂsmaw’ha XY,0, 108 X 1 9¥n0n 955n159a15 89fuuUnsadnn
(Tetrahedral) wae Y 2 ozaeu win1sdnduaiiuuunsaudanii (Octahedral) wazuuufiaesia
wuuduesaatiua (Inverse spinel) 9xUsznaUmIunzAu X Wag Y 08198y 1 039U IALIUNA7
wuunsUanii wazezmen Y 8n 1 evmeu srdnSssiakuunssdnin dofu wunilvdfiAnenn
M3smFafiusening Fe? 1 ozneu Jaduszmen X iansdndesiuuunsaulaminuag Fe 2
avmou Juduevmon Y awfansinseainuunswuant 1 evnon wardniSosiauuunsednii
3n 1 ezpay InNTTBBaIRInaIveternBNIzdma i BIdnaTauaNsaLAd pude lET evinle
WeantRnnuduudivanveswunilng

wuniilvddneglunguinslsuunufn (Ferromagnetic) finauandAniaudvan Aeddie
nan1saluvesdidnaserlulassadvesneuwuunsidninuaruuunsaunniasedafuyilden
Inududmananidanlivindugud lneunalauudualivanasysznounig Tawuudivan
(Magnetic domain) uluusnadiinisfuvetezaesluiirmiafientu wastunalawy (Domain
wall) sxduagszvinlauuusiasioun fafudosuniauundlvdfunadnmnnefazshliumns
T amdenulined a'waﬁlﬁ’l,ﬁmaummaﬁautﬂuimumuimadﬂLﬁlm (Single magnetic
domain) wazmineynAfvuindnasuisddngaami siazvinlilawunsmaniddfiaaailsl
w@fies sunafananazifnauAniaivdnuuulnifiZendn ngfnssuwimdnmndeean
(Superparamagnetic behavior) na1afe wleflawnudindnainaneuenuinssyas il auug
wiiwdnaigluvasisazoyn1Ainn1Inyy kazdnL3eea bl AULLINIAN19YDIAUILLILKAN
Meuen wazmnlufauundinanainaisusnuinsginayynlilawuduivanneluvesusay
sumedndssiuuuduamaltaglufanmudminanéns (35-37] ludumeuniawSenuunding
ansanIenlanateds 1wy nisanagneusau (Co-precipitation) [38-41] tHunszuiunisia

1Y

Junoulun1simsouNazainwazdng vreUszndaaldane nszulunisiulaso vatu
¢l °

(Microemulsion) [42,43] azilunisdansiziidnisldfinuiaseindnedunisanaznausiy ue

= Y a & v o ] o & % 1% A A ay o
"ﬂgllﬂqﬁisﬁﬂﬁmqmaqﬁmﬂmuqlqufJu@f]ﬂﬂ'ﬂLLﬁgﬁ"ﬂflLﬂuqlgmaﬂisﬁaflﬁagﬁqEJV]LIJUGUE]QL‘wa'] 2 %u@mluﬂ\laﬂ\l
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=

fu wellalea-aa (Sol-gel) [44,45] Fadumaiafiaursamseuansiminaududefeiiy i
a £ Ny a Ao 9 ¢ 3 &
ANMUUTENSEe waziduyuluniswdadisn uaznszuiumsduaseiuuulelasiesuea [46] 1Jums

o ¢l L 1 aal ] (% 5 = IS ¢l =} % a wa
dunrennendunisldgamgiingsdmiutunauluniswioy uwunilndnwieulaluiesfiinisee
gy & % % 1% = o Y ::4' = @ I Y a =i
fidnwuzilunaroudsdiimaidulufisn wansdanmi 2.6 Fsaunsadunsgililausunuy
1NNIINTAARINUSNANTULINUETTUYA TngrunveteunawazsUsaansaiUasuLUasld
v aal a va | 13 ] 1< a = o v 1 !
Agtlunsruiunsudn auaudivewunilng lddanuduiy Jdimsdluldyssleniegia
9 P wa a Ao v oA o Y vo A 4 ' . . =
nwnwagdaudinidininidAgde danudiulaiuiiedelus1anie (Biocompatible) 34

gnihanlgusleviinunisiideen Tulewuees uasnsusvendldlugnaimnssuaueiig 4 [39,40]

ANA 2.6 anwuzesunillng (Magnetite; Fe;0,)

T
v

a I v
2.11 U98NLNYIVBY
Tagdunansenuainnisuaesundensludssme damalminluivasiuinge Inadens
anasveIAINITagateednidaandaulull Fedmansenudesuiinionin nsideulnsuves

wiasiegodeuaziinnisvuidouvesnady Sewnsuuilauninand wu ydaeien enguua
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=
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% ' ] a1 a v [ 1 o g vy o o o o o Nad o W ax
Aanandwaderedunndeulusgiann [47,48] vinlvseslinisundaunde Tnedisundavaneds
WU T8N MENIN TMeATl Wagdin1aTinn danuideves Yoon J. wazane [49] levinisfinwn

anvazvsInIsanazneumaiivuulatenatu (Coagulation) Weldiufuujiseinuduite
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gratu Inevisaeanszuiuns danuaunsalunisidnansdunidndvuneivgldeg1asinsuasd

ANNANNTALUNSEBNMINANTBUNTE WU NSEUIUNTANAznaUnInAlkuulAkennatUaINITE

N eal

dnansdun3dnduialuiananinna 500 ¢ 59 G 73 Wesidus uaslunsdifiansdunidniiug

Tuanatosndn 500 awnsaidnle 18 wWesidus Tudiuveanszuiunisiinufisennusuauise
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dnasdunidnfianaluananinnan 500 ¢ 72 8 89 wWaesidud waz lunsdlfiansdunidniiuia

Tuanatiesndn 500 awnsamdale 43 Wesidud uenainil nstrdaundelagldansanaznau A

o

@ A ad = a4 vo = a a6 ° v A Ay °
Lﬂu@ﬂ'ﬂﬁ‘ﬁqu‘lﬂiUﬂquﬂiﬂﬂ [50] L U®ININNITHNNELNDUDUUNTY ﬂQﬂUWNWI%LUBQQWﬂNWUVJUWW
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1 [ a a =

waelgIudne kadTeINNAANUSEANSAINNISHNALNBUNAN kaziinsnnA19adlanelulI Nk

a 62 o

s é’qwfumimﬂmﬂauwa§Lmaﬁﬁumamqﬂumﬂ%ﬁ’ua&mLLWi'waﬂaiuﬁa]a;ﬁ’u losann
auaansailansiulunsanaznaueguiusgansnmluliinudes uwioglsinuuszansam
Tunmstesaaemstnnds uarnanszatesvomeuamesidwnddli Freadmadunse
foqunIn ey nisanpgnaunsdanmidlétunnuaulannindds wedienulfiuieulunms
gopanensiinmuaziiuinsdodwindon uinisinaznounusssuyAsududedddaslu
U3masnn esnussAvsnmlunisanagnouagseduliunans dufufieaslildnaaudia
fignIeinssin wedlwesdunszinasnodiuessssunadiedty Tnevinnisnsmdwediues
Fuasgiasuunodiuessssund Tutlgdy waiandsimduduiaulalunmstidadnde fe
wadallawanlada dnsuiadideleelfaudfinlawenlafnvesansising Tnedinisinu
nswisumediuesuavgaidarsinlawenilaindidaanunsolunisiitadndesinlssany
PRAMNTINA) NAINUAIEFULUU Fa913T8v83 Ma, Aigin wazany [51] T A.a. 2012 ladnw
mawsendaimdalis- nmidoulneenles (8,5, - Tio,) Fuduasinlauamlafinfifiussansam
Tunsgesaaeddonuiiaduuglaeldnisanessddueu lagldasnswseudulonediwesuuindn
Frensrurumstudeliii (Electrospinning) Tailessugniilifneg uuituisveadulowed
weslngnunslasefiuningaivendaves alniu-uadn weulslasdlanediues (Styrene-

aaa a

maleic anhydride copolymer; SMA) d@3udalusilosau gnsudrivuiisevesfadnlessy

a a

meldannznioungiigduvasilnndeulasenlednsyargeg uuiuiivesdaindalis lag

aaa

Uffsewedlessulnnillnduiuiinieldaniiznislvanuseunioumaias B1nnsAnwinudn
Jaivdalva-lnmdeylaeenled nszanedegiainavsvunuiveudulenefiwesneddalnu

v a v
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lowedwoeidvdadndalud-lnmillvulaeenled dauauisalunisnevauesenaslid wasd
Sasmsdosanevesufiaduugiigininmsldansisiaiinganisd (Degussa P25) [52] Tnonns
W3 guuNluADNNBENVBINDA (1-hunfiatediunudsAesnles (1-naphthylamine; PNA/ZnO) il
anansAlnlauamlafnlunisesaaewiiaduug melduasismusaiufidudnmadennis
TneaudFnuiveduana PNA andsuuladiasmaifuanuiludsdoonled ninwazaudinis
uasues PNA/ZnO wiluneumednity Wefinafiuuiuuiotaguiludsdoonludadly PNA Tas
PNA/ZnO unluneuwednilnieuldanunsngesaasddenvonufiaduuglassiuuiunars Ao
Usvannidosay 22 nelduastiamuesiiu uananiléd msldlnmdeulneenledduasfsin
Tnevhmsusuussguansdionafiuaisisfihdneds efesmafiurasnruemaduluiud

wasnuauiule [24] danalvduszansainlunistrdnudsfdu 1wy nsldmessananlsa v
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& o o aAa wa A A a ANaal a .:4' | )
arsnesniauaudillaupmladndnainvaiesiauaziisn1swseunuaneieiu n1s
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f @ @ a = d" ::1' 1 1 Ya U I3 d! Y] ) ¥
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ATANTUIUITY
3.1 ansadluazaunsal
3.1.1 asuAdl
A919d 3.1 ansiadifldluauide
d19103 fE Bivra
1. N3AREHN (Acetic acid) Analytical reagent  RCl Labscan
2. wanluitle (Ammonia; NH,) Analytical reagent  AppliChem
Panreac
3. kol gAY Analytical reagent  LOBA Chemie
(Ammonium metavanadate; NH;VO,)
4. 4,4’ -elwla (4-lweluiasa wadn) Purity 98% WAKO
[4,4’-Azobis(4-cyanovaleric acid); V-501]
5. Jadmlumm [Bismuth (1) nitrate; Bi(NOs)s] Reagent grade ALDRICH
98%
6. wulwdalesoanlad (Benzoyl peroxide; BPO)  Analytical reagent  ALDRICH
7. laanu (Dioxane) Analytical reagent  RCl Labscan
8. lalaflaluu@u (Divinylbenzene; DVB) Analytical Reagent  ALDRICH
9. nsaeaulaleiiumnszezdnn Reagent grade VETEC
(Ethylenediaminetetraacetic acid; EDTA) 98%
10. L@M1UBa (Ethanol) Analytical reagent  QREC
11. wes3n () maslse (Ferric (1) chloride; FeCly)  Analytical reagent  AppliChem

Panreac




A15199 3.1 asedntuluanuiae (a9)

d134Adl kN30 B
12. we3sa () aaslsa (Ferrous (II) chloride; FeCl,)  Purify 299% (RT)  SIGMA-ALDRICH
13. nsalalasAan3n (Hydrochloric acid; HCL) Analytical reagent LOBA Chemie
14. lalasailuu (Hydroquinone; HQ) Reagent Plus 99%  SIGMA-ALDRICH
15. lalelanasy (lodoform: CHls) Analytical reagent  ALDRICH
16. Inunadenlonsonlon (Potassium hydroxide;  Analytical reagent  UNIVAR
KOH)
17. n3aLumAIan (Methacrylic acid; MAA) Purify 99% ALDRICH
18. L@Jﬁaﬁuuq (Methylene blue; MB) Laboratory UNILAB
reagent
19. wiamesan (Methyl methacrylate; MMA)  Reagent Plus 99%  SIGMA-ALDRICH
20. uhalulmsiau (Nitrogen gas; N,) Purity 99.99% Praxair
21. nsalaladn (Oleic acid; OA) Technical grade ALDRICH
90%
22. woddlnsu-la-uadn woulalase Technical grade  ALDRICH
[Poly(styrene-co-maleic anhydride); PSMA]
23. wodlllaueanesed (Polyvinyl alcohol; PVA)  Analytical reagent  SIGMA-ALDRICH
24 Tdvunanlse (Sodium chloride; NaCl) Analytical reagent  UNIVAR
25. IMQ’S‘L& (Toluene) Analytical reagent  RCl Labscan
26. lasiumendleda Insita lunasian Purify 98% ALDRICH

[3-(Trimethoxysilyl) propyl methacrylate; MPS]

ar



3.1.2 \nsesllawargunsal

M13197 3.2 isesdlanazgunsalnldluaie

\n3aslanazgUunsal U 8o
1. 1AS0etamATEN 4 MLunue (Analytical Balance) SI-234 Denver
Instrument

2. LﬂéaﬁmﬁuﬁﬁaLLazmﬂaJLﬂugwgu
(Brunauer—Emmett-Teller Surface Area and Porosity
Analyzer; BET)

3. ipsaetluios (Centrifuge)

4. ip3esiAnenIzdaa

(Dynamic light scattering; DLS)
5.1153bAS181 510 kagRIAUTENULAENE BY
f\;a‘miﬂﬁaLﬁﬂmamwuﬁaamm

(Energy Dispersive X-ray Spectrometer and Scanning
Electron Microscope; EDS-SEM)

6. 103 0avlg 3 us s udrlesy Susisnsaaialng
$1mos (Fourier Transform Infrared Spectrometer;
FTIR)

7. 0 (Furnace)

8 lgludluwes (Homogenizer)

9. auauseu (Hot air oven)

d' ! 3 o/ 2/
10. wsesmuusanuuuldaiusou
(Hot plate stirrer)
11. naesganssadiuulduas

(Optical Microscope; OM)

3 Flex surface

characterization

Spinette centrifuge

Delsa™ Nano C

S-3400N

NICOLET iS5

Muffle Furnace

T 25 digital ULTRA-
TURR

UNB 400

C-MAG HS7

SK-100EB & SK-
100ET

Micromeritics

IEC

Beckman Coulter

HITACHI

Thermo

GALLENKAMP

IKA

Memmert

IKA

Seek
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A15197 3.2 p3esiieuazgunsaifildluaniive ()

\n3aslanazgUunsal U 8o

9

12. ndeIqanssAmIBianAsou LuUdeInsn JSM 6510 JEOL
(Scanning electron microscope; SEM)

13. ndesqanssAUBiannsouLUUdDINIY JEM 2100 JEOL
(Transmission Electron Microscope; TEM)

14. \n3esdunduidesiifinaufigs (Ultrasonicator)  VCX 130PB BECTHA
15. \nTedilATEinIsnAnaY uas UV-2401PC SHIMADZU

(UV-Visible Spectroscopy)

16. in3osTnnmanTAnIsuimanvesTanuuudy - Lakeshore
(Vibrating Sample Magnetometer; VSM)
17. \i3eanauans (Vortex mixer) VORTEX GENIE 2 Scientific

Industries (SI)

18. \A30aiuen (Water bath) WNB14 REC
19. wiedianzinIsdeULsElend SmartLab-9KW Rigaku

(X-ray Diffractometer; XRD)
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3.2 LHUKNINISNAADY

Ao < 1

Tuudded Wun1s@nwiniswsounediuasualganiniiuauniawavdn wundlnd)ld
U 4

'
1l

nelunaziiounalilauaniladin (Gadniuian) AavseRaegNimenssuiun1sdunsginuy

[

1 ) ] =]
urruanulnguUandu 4 Tunou Al

dupsgisunasyavunluveswunilng Mensanaznausinves Fe?* fu Fe®

- finwvuineuniacie DLS
- Anwdnuyaisduguinesy TEM

- Anwlassasiawanaag XRD

duaszoyniaseivunlurasdainiiuieg men1sesuLasidauYes

W laanlafnSuay S2uAUNISINN

- AnwvuineynAme DLS
- Anwvgflaidusiog FTIR

- Anwdnwarduguineise TEM

[ [ 1

wissunedieswalganiignsundniiveuntaudmanliniglusasioynialnlaweanilagin

a A d‘a
AN DGR

- AnwnvuiauasUSinameseynianediweidaseluduiineie DLS uaz Gravimetry
- Anwasiusinisussy (% Loading)
- AnwesiBudnisiasudunediues (% Conversion)
- fnwdnwardngIuive1sie OM SEM EDS-SEM
- Anwmyilaidueig FTIR
=3 wa 1 <@ a 3 v
- AnwAuautinssianvemeiwesualyaniy VSM

= & da & a ¢ %
- F‘iﬂ‘H’]WuWN')LLﬁ%ﬂ'J’mLUUEWEU“U?NWE]@LM@ﬁLLﬂUsgﬁﬂ'JEJ BET
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a

° a s Aa = o a Ay Y A o ¢
‘Vl@la@ﬂu’]‘waﬁLN@?LLQU?@WN?Wﬁu%L@iﬁ]mléﬂyﬂﬂ']ﬂ@a'ﬁ@umﬁ?JWULL‘UU&LuuqLaEJ?NLﬂi']m/i

Y 9

- AnwUseansanlunisidaee UV-Vis

3.3 N1INA[BY
dupsgrouniaszavuluvaawunilvg Mmenisanazneusiuues Fe?* fu Fe®* lngfnw
Jadeiiinasenisiinouniauunilvg vwinaunialasanyuen 1 TuUgIUINGI1098UNATEAY
Al & o dy
wiluunsveuniilng dail
1) Anwgaumgiiltlunisdauasizvieunassivuluwmsvosuunting
2) Anwvsunaenlullvulansenleanldlunisnssueuninseauuluunsves
I (3
wunillng

3) AnwUsunansalaadnildlunsduasizveuniaseiuunluunsvadiuniilng

3.3.1 Fnsdueseieunassavwituvaswunilng
AuA31zRaINNIIANaZNIUTINTEY Fe?" uay Fe ndiu 1: 2 Tua (Ineldusunm
nsalewadn gaumnil wag Usinaweuludevangay) wisulalagavaeinessa () raslsd waz
was3n () paelsd Wudlaweiulud wazdilunauluigninasdunsd (Ingdu) Niinsalewadn
waved AntuvihnsiduialulasiauasuiugneInAienInLaeanBiaueanaNTLUUIIUIU 5
sou dhlUmsduasiengamgiinmangay Wenatiuld 5 uiil svinisiiuaisasane
wonlufleulansonles Aruutuiasas 25 Tuusuinsimunzauasiy welifanisnnaznous
W93 Fe?* uag Fe* uazinnisdaasizineauasuiial 1 93lus neldan1iznisiwen weliasan
= a a = = s A o g va ) o '~ v
W39F9R (nsaleadn) wndevsyniawunilvg wevinlvnveseunauundinainnuludes wad
= = | o a as o P ° ay v a
wisuilUegluigniaansBunid denni 3.1 dansazarefilauinansiguen wuansazany
lypgupaslsaaududy 4 luans asdumetigliannmsuentulaauysal deiialliielminnis
o g o & N Y = s o =
LNty 310ty thduuuniieyniaseduuluwssveawunilng luvinssemelngdueen lagnis
=i a ~ 19 1% Y} = sl & 1Y
auvigaunil 70 asmwalduaauwie szldeuniassiunluunsrasunilndngnindeumeaisan

wsepeRiatan g 3.2 dmsuinluldlutusiely wenanniagyiinisnsiraeudnuazianizvoouna
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Mp3eulalaamatiagig 4 1y ATI980UTUIAVBIBYNIAMILLAT BITANTITNTLLIIVBILAING IR
(Dynamic light scattering; DLS) A339@0U3 U 190haza Nz dUg1UING1018Nd893aNT3AY
BANMTDULUUADINIY (Transmission electron microscope; TEM) LAYATIIEDULATIASIINANAIY

ASD9IATITVINSIREIURTRISaEeNG (X-ray diffraction; XRD) tTumuy

(a) (b)
toluene : toluene
P g A s v/ _.'_ .:1__ !’r
v s , - AL “r:
WA A
——
water
o ()
o
water
Fe?* + Fe® + 8OH - Fe3Oys) + 4H:0

s Oleicacid @ :FezO,

= = Y =~ s v ] e
A 3.1 nalanisieSed (a) euniasyiuunlumnsvewunilng men1snnnznausiuved Fe
wag Fe? lutn uaz(b) sunauunillndngnindeumensaloiadn uduafeuitluagluly

eEsdunsd (Ingdu)
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Stepl | F&"+2F¢" 4800 — Fe,0,+4H,0
@ Toluene + oleic acid
® Fe* + Fe'' + water Vacuum/N,
50°clh
Step 11
"N
© LN @, O _ 0
( b 4M NaCl ) ! >JL
Na - A L
= 0} ( g—» Fe,0,
— Water
Gas N $ ;\?4”; h
<. @J/{::‘) v ¢ .g\ @_, \\‘H —
e o { ( LW D

AN 3.2 WNUAMNTTUIUNITALATIEROUNIATEAUWITLLASTOUN T INAGIeNTANAYNBUTIN

U4 Fe? Ay Fe?*

Tagluniswseneuniaszauuiluunsvesuniilng levinisfinwdadesiag q Mneadas

458
be

3.3.1.1 NAYOIRUNI

'
aaa =

nsfnwinavesauvginmuizanlunsyiugisewieliinu]isen

Y

(%
a

sening Fe?* v Fe* laetheauysal Wngludunsuilagyinsfnuinigamgill 28 50 wag 70 89

Y

wadua fanzlunsed 3.1 LLawzﬁmimamwﬁmmzamnﬂsummaymm’ha DLS ilothly
mnsAnwirelute 3.3.1.2
3.3.1.2 wavesUSunuansavansuenluiaulansenlan
msenwnavesUsunaasaraswenludoylonsonlesfivnzanly
nMsAnURATEIUSIN 3 5 war 7 Haddns Mannglumaed 3.3 lnefinnsananngivangay
NnvUIneYMASY DLS ey luvhmsAnwselude 3.3.1.3
3.3.1.3 naveslSuunsalawasn
yhnsAnsmavesTinunsaleednivnzanlunisiinufAze v

1 1.5 wag 2 N3 Aeanglunisned 3.3 lagagiiansananiieilvangauainvuineynianig DLS
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= v = = o = saa i~ ° o
LW@im@ﬁﬂqﬂgﬂL‘Wll'walls[,u’ﬂqiL@ﬁﬂﬂauﬂqﬂizﬂ‘Uuqi‘NLNCﬂisﬂa\‘iLL@Jﬂu‘lVlG]VlﬂJﬁ'lqﬂJlNﬂJquaQ GRYERS)

Y

P lUldlunswseunedwasludunaudal

dl a U =) & v 1 2+
M990 3.3 ﬁﬂ?’w&[ﬁUﬂ’]iLG]iEJ@J’e)‘Léﬂ’]ﬂi%ﬂU‘lJ’]IULQJGli‘UENLLiJﬂUIV]G]WJFJﬂ’ﬁWﬂﬁ]%ﬂ@‘lﬁ’)ll‘ﬂ@\i Fe

'
aaa a

v Fe’* 18ms1d7u 1: 2 lua Havesn siiaufiTenfigaumvginneg navesuTuu

asazasueuludeulansenlennuTunuang o uwasnaveslsununsalaadniusunu

4 9
Run
Chemicals
1 2° 3 4 5
Water 0.50 0.50 0.50 0.50 0.50
FeCl, g (mol
(0.0025)  (0.0025)  (0.0025)  (0.0025)  (0.0025)
1.35 135 1.35 1.35 1.35
FeCls g (mol
(0.0050)  (0.0050)  (0.0050)  (0.0050)  (0.0050)
NaCl? g (mol) 10.00 10.00 10.00 10.00 10.00
Water g 15.00 15.00 15.00 15.00 15.00
NH,OH? ml 3.00 5.00 7.00 7.00 7.00
oil Oleic acid g 1.50 1.50 1.50 1.00 2.00
phase Toluene g 20.00 20.00 20.00 20.00 20.00

"gaunil 50 aernYALPed (Run 1-5)

7 ouuQil 28 50 Uay 70 DIALTALTYH

b panludoylanseonles 11 18 way 25 WesidudlaeUsuins (Run 1 2 wag 3-5 A1uaisu)

3.3.2 M3duATeeynIATERULIlLLAsUIdainIwILes

lunswSenaunaunludadninuienlginisnsstasdedouvesdainiuieg

Susuneu wWgauniias lnasuanazatedainlumsn war wosluiouunzuian Tunnd
= 1o =2 = = = o v aa = aa a
asflanaratgey vinsinulagilSeuiisuansfianiilddie teiidulaeiiu wnse sxBin wedn

(Ethylene diamine tetraacetic acid; EDTA) fiflassadramandsanind 3.3 (a) way woddlnIu-
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Taunadn woulalase [Poly(styrene-comaleic anhydride); PSMA) &sillassadnamaaiisanini
3.3 (b) Ingazazane asmanieaessialuannviua lnsldasazarsuenludonlonsonles uay
Anwdnsdnluadininzanvesdaivlunse: wouludeumnznunan: a1smandadie wWaden
annzimnganlunsinisueyniassiuulunsvesdadmnuing Jeazudurafiievves
arsavansliiegluaniiziua (8-10) neousemeiilgamgd 80-110 sseiwaiioa uagvinisuni
gaumgiiuszanas 500 ssmealdea iunarszanu 3 $lus azldeuneveudsdimdosesdaiin
Nuan anaiansnsEnefesraLazLnveseynadaiuan eI ealdieLes eain
N3NseL3evaeuaInadn (Dynamic light scattering; DLS) 333@0U5UI 1UMAYa NYULHMFIUING
?Jaﬂaqmﬂﬁ’wﬂﬁaﬂﬁ;amiﬁﬂﬁLﬁﬂmauLL‘UUﬂ'adr}hu (Transmission electron microscope; TEM)
ns19aeulAsIEd1INENT0IE15USENOURIBLAS 89311 ANSLE BALUUYe 939 LE NG (X-Ray

Diffractometer: XRD) 1udu InouaunmnSnSeuLanssan i 3.4
(a) (b)

Hl\ 7 [ 1
TR

aa

AR 3.3 Taseasrannaaiivesanaulaeiuinnseezddin wodn (@) waswodalasulauiasn

waulalmsa (b)
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é NH,VO, Bi(NO,), )

calcination

£

i
ol ]

' H\H |

500°C3h

!

nanoparticles

NH,VO, + Bi(NO,),

*Ammonium metavanadate; NH,VO, Ethylenediamine tetraacetic acid; EDTA i
Bismuth(Il) nitrate pentahydrate; Bi(NO,), » SH,0  Poly(Styrene-co-Maleic Anhydride); PSMA

Ammonium hydroxide: NH,OH Chelating Ligand : -

. : y

AN 3.4 UNUAINNSIRSENBUAIATERULIlUURTYRITATIN L LAR

FelutumaunmswsetaynasEAvulunsvestadmwen ivinnsfinudadesing 4 9
W9 A9
3.3.2.1 naveednsnauluaseminalainluwse: wouludeuunsinueg: @a1sa
aaa
LANDATILE
MNSENYINAVRIENTIAIULNASE IS DaTn i Se: wanlailasiumeanun
a A a A ° aaa = v a aaa | A W ~
W @15AandaTie Munzadlunisiugiseneliiaufisensewinedainluesn: wenlulluy
wngnuanlieganysel lnglutuneutasihnis@nwfidnsdin 1: 1: 1 10 1: 2 uaw 1: 1: 3 69
an1glunnsei 3.2 waraeian1suNan 1L LIgaNIINTUINTBIBUNIANIY DLS Livalaanan1iy
Amungauluvinnsdnuimelute 3.3.2.2
3.3.2.2 wavesanshanfldinsuounasEa v lunsvasdainuen
nsAinwnavesEsAaenldnsstauniasyauuluunsvastainiiw
wamngay Welianujisensenindaivluese: weuludenuezunanliegisauysal lny
Tudunauilazyinnis@nwilaeni1siSouiisualsAlanseniedfne was feadue asan1izly
M13199 3.4 KaEITNATANANINWVUIZANIINVUINBYAIAAIY DLS uazsauaznandn (%Yield)

AIUleMINANNISN 3.1
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Wmtineyn1adainanueanuailanaannnisen

%Yield = X100 (3.1)

UMTNOUNIAUNANIINNG Y

A15197 3.4 Anwronsiauluanwunzauseinalainlumse: wauludeuunsuIan: @15ALan

aaa a U a C%
DAYILD 1‘14?1’15L(ﬂi?Jil’e)‘téﬂ’]F"lﬁ%ﬂUUWIU“UBQUﬁQJW}’M’]LQW]

Run

1 2 3 4

Chemicals

NHVO;  ¢(mol)  0.117(0.001)  0.117(0.001)  0.117(0.001)  0.117(0.001)
BINOy); g(mol)  0.485(0.001)  0.485(0.001)  0.485(0.001)  0.485(0.001)
EDTA gmol)  0.292(0.001)  0.584(0.002)  0.877(0.003) -

PSMA g(mol) - - - 3.800(0.002)

Water? g 50 50 50 50

a U A a aaa ¥ = 3
YIUANLOTUDIATALARN BAYILD (8-9) fgasavaneansazaeieululieulansanlen

= a s = S & =~ % a
3.3.3 Mswseunedwaibauganisnsunnniivaumeauluiunilndlinnglusaziounia
wilutaininuienianieileg iy
lumsweunedwesialganmenszuiunsdunsgiwuuiyivasglussuuingduly
17 (Oil in water system) AgfsazaleaIsnianszatedaninenisuluigniaundiu wseignia
a EAEYIR = o Y a v VA A A
duvsd datiu Tunsveaesd aginisusuugsiiveseunalangeenlenlviaulid 197 ieflag
aunsansgatemlantutuignindunsd lngluduneuniswseuayniauiluiunillvg Tuduneun
3.3.1 sunmaunlukinillndiliazgnindeusiensaleadnuarnszanedilaalulngdu Jalddes
USudssitreunaia uwslunsalveseuniprwiludainiuienaziewiinisuiulsanuriveseuynia

= 1

mwansanulaau [65-69] Wosnaunauiludaiviunesduaseduniduazianiumuiwl

= v o

AUINNIUYT AIUUTIADIUSUVUTINURIVDI8UN AU TUD FLININUNAR NBUNISUIN AT IUN DA LU DS

9 9
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wAga ieliounauludadniuiansuiuaiuisansgedilis warauisaniouneanuiil
N A PN a s 1%
viseRnagiiIvemeiiuesualyaln
3.3.3.1 Msufulseiuiveseumauludaivinuies

a

yhmsusuugsiuiaveseynauiludaivuiandeaslduionlanes
WesdeUsznausie mau@ma%ﬁﬁﬂisg (WyASANLETA: Methacrylic acid; MAA) UouBLD AT
(uiaiumnia3ian: Methyl methacrylate; MMA) wagansaaiulaiau (Silane coupling agent) (lns
wmendleda Insfiawniasian: 3-(Trimethoxysilyl) propyl methacrylate; MPS) & aiduansiia
fuszadmiuliusuussiumoumeauludaimuian lufuusnaghmasiouasldudoniane
AweflaoSudunamousiue (Wme3anuedn) uavasTondroansly (lelolavosn) Thiduiile
Fertudedvhazanglaseney andumasaraneiiwienldaduriadunay udvilioglu
ssuvgaaManeusuiinsdansest Ingldseulunistiudl 500 sousioundl gamadl 70 asm
wardea Wonawily 5 uil vhnsanaisazateiizuuiase (4,0 -wleda (@-lweluiaia
wadn)] Aignilfazanaduioferfudeivhasanelaseneuaslulurafunay wagyiing
duaneidailonduszorina 24 2ls Mntdudadumouoied (wfiaumeiian) wosdufioa
wanadly wardaamgiiseidosauasunm 32 dalis agldoynianediumaianuedn- vsonwe
Aufiaumatian-iBufiion) vi3o PMAA-b-PIMMA-MPS) Tnsurunmiunsunianisuuionlaned
wosuanadanmi 3.5 lnefiannglumswSeuudenlaneduodnanised 3.5 Ssgyhnisiinsgh
Wesiudnsiasudunediuesensiiueys (Gravimetry) wagsinisnsiaaeunyilsidudie
Lﬂ%\wjL%EJ%Vl'ﬁuﬂWa%i@uWﬁLiﬂaLUﬂIWSIWImﬁLmaS‘ (Fourier Transform Infrared Spectroscopy;

FTIR)

58



V-501 MMA + MPS

70°C,24h 70°C,8h
— —
MAA + CHI, + Dioxane PMAA-b-P(MMA-MPS)

MAA; Methacrylic acid, CHI,; Tedoform, V-501; 4,4'-Azobis(4-cyanovaleric acid)
MMA; Methyl methacrylate, MPS; 3-(trimethoxysilyl) propyl methacrylate

. v

AN 3.5 NMIASHUUADN L ANDALLDIAILNITAIATIZILUY solution ITP

A15197 3.5 an12zlun1sieseuvdanlanadiues PMAA-HP(MMA-MPS) #8015 9LAS1Z MUY

a1sazay dwmsuusuussnuivessynpuludainiuien

Chemicals

MAA g(mol) 1.29 (1.5 x10?)
CHI5 g(mol) 0.06 (1.52 x10%)
V-501 g(mol) 0.46 (1.64 x107%)
MMA g(mol) 1.30 (1.3 x10?)
MPS g(mol) 3.22 (1.3 x10%)
Dioxane g 40.00
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aunsaAuInIwIuaely (OP,) wazdialiiananunged (M, ) Asaunisin 3.2 uag 3.3

(DPmy PMAA) = nMAA / nCH|3 (32)
M th = DP, x MW of MAA x conversion (3.3)
de  DP, pum Ao Suumineslundsansldneawesuos PMAA

DPr pvansriivanes) A9 A1uumiegnlunilsanelgnadiuaiued PMAA-H-P(MMA-

MPS)
= ° &g ¥
mole of MAA Ao 91LIUlLAVDINBUBLUDSNILY
mole of CHls Ao Suuluavedlelalanasunly
conversion Ao Nswasunlasannuauaasiuidunediues

89l % Conversion = (NN NaAWDS/ Uninuausluas) x 100

Wevnswseueyniavdenianedmesdss azihoyniaudenlanedwasalauild

USuussiuiivessyniauludadmnuiealusenintsdunsunisiessunefiuesuauyaniigngui

U 9

[y [

Annueaynaulusinilindlintglukaeiiounaulutadmiuienfavieiseg iy Tnelununin

Tupaunsw3sunedinesuauganiignguniniveyaruluwinilndlinelusezioyniauily

Y 9 9

Tadnuenfavisolaeg NRIRIENTFUIUNITHUATIBMRUULYIUADY LARIRININT 3.6
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Monomer Droplets
L
-
{5
e
a4
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— [
o\ /O
5,000 rpm, 5 mi 310,90 C5
AR Il rpm, 5 min Qo 80 C3h,90 C5h
° 0
Qil phase Monomer: MMA; Methyl methacrylate, DVB; Divinylbenzene, Water phase: ™~ PVA; Polyvinyl alcohol
+  PMAA-b- (MMA-MPS), CHI,; Todoform, BPO; Benzoyl peroxide
\ o BiVO,; Bismuth vanadate, @ Fe,O,; Magnetite )

Al 3.6 Mawseunedwesualganignuiidniiveuniauilusunidlindlingluwaziounia

9
wludainnuienfavioisegiiiy MensyuINNTILATIZILULLYIADY
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'
v aa

MMA) Autausilesiansian (Ialillaluudu: Divinylbenzene; DVB) A313uUA NN (vinazane
Tuiin3iu) Benzoyl peroxide; BPO astandiuanala (lololanesu: lodoform; CHI5) Tinszaiesn
& & v o o a a6 i = s Y
Juillemeniu 13801 uansdunss diunaesrausyniauluwinilnduazayniauiludainn
I a sl % d’ Y o v v a A
wiae adluasazaneufenlanedweieseulaanan1ienisen 3.3 uavinnissansaleling 40
s 2 & a 2 = g & o o & o & | y
Wesiuduaundyn WuszezianUseana 5 wil auduliefediu mntutdiaesdiuuinaudy
dhmeiunanaslulutuiniiansaausaiieidy (wedlilaueanesed) vinslunssuvenueus
wesmewsudeuganaiadlaluiluges Ndnsnsilunistu 5,000 seusewdl 1Wunan 5 wiil
ldansuniuasgvemenusuaeinilounauluwinidlnduagayuniaulutadminuiannszaie
megneluneateuswes wasuviuasefwsudlaadluriaiunay wawihlveglussuugaayinie

Aoz Izngam)ll 80 asrwaldua Wua 3 Talus Weasunan Wneumgiily
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nsdanszsidu 90 esariwailea dunsizsideaunsu 8 Halus Faazvhmsnsiaaeudnuniziany
vowmodiueiuaugaiindeuldlnemadamg 4 1y vuianasUiinaveseunianeAmedasyludu
A COTERR Dynamic light scattering; DLS Wag Gravimetry as33aauanugIUse uavdngu
Inerendesanssadwuulduas (Optical microscope; OM) N&8I9aNTIANBIANATOULUUEDS
1319 (Scanning electron microscope; SEM) lATANITIANITNTZANUNAIIUVDITIA LONT LY
ﬂﬁ@ﬂﬁ;ﬁ%iiﬂﬁﬁLﬁﬂmauLLUUﬁaﬂﬂﬁm (Energy Dispersive X-ray Spectroscopy and Scanning
Electron Microscope; EDS-SEM) Lﬂ?lmmmawﬂmauﬂ’amqLL;J'mé‘ﬂsuaqmgmﬂ (Vibrating
sample magnetometer; VSM) Lﬂ?@ﬂi@ﬁuﬁﬂaLLazmmLﬁugwqmaawaﬁma%um%ﬁa (Brunauer-
Emmett-Teller (BET); surface area and porosity analyzer)
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symauluunilvg: symenludaiimauisniiethunihnmsinyinavesdandussninseus
wess: synauluninilndnuiveuniauludadmiunende dsldins@nuisnindqu
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Samdusgninsudenlanediues: synauiluuinilvdsufveynauiludaimiuiani 0.2: 1
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wunillndsmivoymenludaimuneni 50: 50 Wosidudlaeiwidn (nMsmaaesil 7-10) Tu
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a

= 13 ~ o = ! g o w A Y H a o & 1
Aaffiaummukari s ietiludnwireludunsunsiidaddenluindeduasievsdely lu
n1sfnwasellagyinisAnwdnsdiussninuasnlanedwes : eyniaulusunilndsiudu
auntautudaimuieni 0.3: 1 0.6: 1 uay 1: 1 wesidudlasumidn Fainisw3oulagly
Y | i 3 = I3 Y Y =i
9n3IdIUTENINNBUBLUBITIN  BunAwlukinTindsindveayniauludadvniiuieai 70: 30
Woesi@udlaeumiin (Mveaesi 15-17) Tupsed 3.6

= = a I3 N S & = 1%
M19197 3.6 annglumswseunediwesuauganiisnsuniniiueuniauilusindlnalinelunay
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founAuludadnuaeRnvseRegnNg MeNTzUINNTHUATIEILUULYILADY

Run MMA DVB BPO CHI5 PMAA-b- OA- BiVO, PVA (1
(g) (g) (g) (mg) P(MMA-MPS)  Fe;0O, (9) wt%)
(9) (g) (9)

1 3.24 0.81 0.32 50.0 0.45 0.23 0.23 45.00
2 3.24 0.81 0.32 50.0 0.45 0.18 0.27 45.00
3 3.24 0.81 0.32 50.0 0.45 0.09 0.36 45.00
4 2.52 0.63 0.25 40.0 1.35 0.54 0.81 45.00
5 2.52 0.63 0.25 40.0 . 0.54 0.81° 45.00
6 2.52 0.63 0.25 40.0 0.45 0.54 0.81 45.00
7 2.16 0.54 0.21 35.0 1.80 0.72 1.08 45.00
8 2.16 0.54 0.21 35.0 0.45 0.72 1.08 45.00
9 1.80 0.45 0.18 30.0 2.25 0.90 1.35 45.00
10 1.80 0.45 0.18 30.0 0.45 0.90 1.35 45.00
11 2.52 0.63 0.25 40.0 0.90 0.54 0.81 45.00

7 gl BiVO, AU MPS 0.30 ¢
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] = a a ° v T A o ¢ a s A
A919N 3.7 ﬁﬂ'nSI‘Uﬂ']iﬁﬂ@qﬂigamﬁﬂ'\l‘v\lﬂqiﬂqﬂﬂaﬂ@miuu’]LﬁﬁaﬂLﬂi’]g‘wsﬂa\‘iW@aLﬂJ@iLLﬂUﬁa‘W

wieula
Volume . Amount of BiVO, in
Adjust pH . Polymer
[MB] of MB ; BiVO, . polymer capsule (g)
RUN . in MB particle
(ppm) solution . pure (g)
solution (9 0.006 0.008 0.010
(mU)

1 5 50 - - - 0.006 - -

2 5 50 - - - - 0.008 -
3 5 50 - - - - - 0.010

4 5 50 2.5 - - 0.006 - -

5 5 50 5.5 - - 0.006 - -

6 5 50 7.5 - - 0.006 - -

7 5 50 8.5 - - 0.006 - -

8 5 50 10.5 - - 0.006 - -
9 5 50 2.5 8 - - - 0.010
10 5 50 5.5 > - - - 0.010
11 5 50 7.5 S - - - 0.010
12 5 50 8.5 - - - - 0.010
13 5 50 10.5 - - - - 0.010

14 5 50 10.5 0.006 - - - -

15 5 50 10.5 - 0.032 - - -
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3.3.5.1 nsAnwianuaeenveeyneulunildwareymaunludadnnuian
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(Wca - WMT) - (Wi + WCT + Ws)

p

% Conversion = [ ] x 100 (3.4)

Wbp + W,

Wcap

% Yield = ( ) x 100 (3.5)

Wm, T + Wre304+Bivos + Whpp
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WTF = WX WF,TE (3.9a)
WrE
%Fp = ————x100 (3.9b)
ot'p Wrp+Wpp
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y=mx+cC

Wis (M) = (Cupo — Cyp i) X M2 (3.11)
' ' 1,000

DE - —MB_ or [ (Cmp,0 ~ Cmp,i) ] x 100 (3.12)
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CHy CH,
Condensation /\} /\: Alkqlme condition (‘/\(‘ /\(| )
—
o=—C ch OiC
A -H,0 o= (‘ u—:‘ ()—(l
- ocnz u \

HO——'SI—0H HD*S*QH

‘ Q HO—Si—O0H
o. N —OH

Hymmni BiVO, [1\ on

7
o, _OH HO' " o BiVO
f

SER (72 uo” om
HO oH PMAA-b-P(MMA-MPS)-BiVO,

Muil 4.12 nalnnsiiaufAsemusiusznincdenianediuesiveynia BIVO,

4.4 maw3sunedwesualyaisisnguiidnitvayniauluwunilndlinnelunaziioyniaunly

q

14

v
Tainnunnnfinn3arseENig AaenszuILUNISHIATIZRLUULYILADEY

{ o [

Tumamssumedmesualgaisisnsuiidnifiueynia Fe;0, inglunazioynia BIVO, fn

= d
150H90YN

kY

7 AenseuIuMIdunsIzikuuLYILas lofifl daastisannisiineynindassluiy

goj | IS a Aa Y ¥ I a = ! go’ ] Y A Y o o
AAUIBYNNNUIEANTNIN [35] esanarslendreanslglelenuiliavansuragyiminididunu

£%
=

ouyadasy Wadeaeltauaslsledlnuesfinnuliveuingeiuianunsnogluneaueusiuosléd
s?quzhaammsmﬁauﬁﬁuaqmaisziﬁ%aaﬂmLﬁ@ﬂﬁﬁ%aﬂui’gmﬂfw

IngA1AI1EduY09 MPS Tuanald PMAA-6-P(MMA-MPS) agiiniusslaanauyiuuiivedaunia
BIVO, ruufjizenaivuiusening Si-oH (dsannlalaslada) vesudenlanediwesuazny OH vas

aun1A BIVO, [80] nalnfilululduansianing 4.12 nsfivdenlanefiuesindouin diuves
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o

MAA (#17) Unagdiemannn BiVO, indeulusgiiiveswalgala deauiiudssdnsamlunis

4.4.1 gpsndrusznineunauiluiunilng: syniauiludainiuies
INNSANYINAVRITNTIEINTENI LN IAU luRINTIng: ayntAuludaingiun
WAmil 50: 50 40: 60 WAy 20: 80 Wesdudlnevwiin fishsdussmiwesusefufiaimesian:
alafianuuBu 7 80: 20 wWedidudlneriniin uardamdueseusmessu: eynalangoonlesd
7l 90: 10 Wesduflasthmiin waziimsliUsunudenlanediues : eunalavwesnlediisndu
1: 1 Weddudlaginiin (Mannaesil 1-3: m3197t 3.9) ndanmsdaaneiiasdunud Idas

Y ) cs' 44' Y & = a s aa
wunaeeddugeulunnaniig denni 4.13 (a-c) eldulmanlunishsennediuesuaugaiiils

U

'
o =

wyu Fanndl 4.13 @'-c) wuiduihidnuaganitu dugou uasivdosmudidu funwd 4.13
@”-c”) Lﬁaamﬂaumﬂwaﬁma%@aszLﬁmsﬁuﬁmwmﬂui’gmﬂﬁiaLﬁm (1) wazdoyniAully
ﬁaﬁm’]mmmﬁmqqumaaﬂmﬂizmaﬁaa@u%uﬁw Tngasiimavgnosnifiudumaniuiomes
pymAuludaiynuasiiiistununisneass 1-3 nud1du enadiesnanuiinavesudenta

wodwesliiismelunisiiumuaiunsalunisnszatemluigninueuawes

AN 4.13 J@1suIuaBEnoy (a-0) waendd (a'-¢’) Muiasivanfuennefiuesuauyanisigniui

'
1

Aniiveynauitusuniindlingluazdounaululadvnunaninnieileg ing

v v
(% o A

Lardutnuenasnu (@”-c”)

85



MW 4.14 anannnaesansiadkuuldiaemenueuaies (a-c) Larnediasualganisnguy

(a’-c’) NgnsdsenIveynInuluwunilng : euntpuludaininuiend 50: 50 (a

wag a’) 40: 60 (b way b’) uay 20: 80 (c way ¢’)

o g & a a ca g 3 ¢ 2 & Y]
MN1919N 4.1 L‘U’e)ilﬁ(ju@lﬂ’]'imﬂwaaLuaiaaﬁﬂuﬂuu’] L‘Ua’iL%U@ﬂﬁUSiﬁ]ﬁLLazmiﬂﬂmU auﬂﬁﬂ‘uﬂu
a I3 a &Y d' [ 1 | =l (3
LL&Jﬂ‘LJl‘VW\LLazaHﬂﬁﬂu’ﬂUUﬁMW‘]ﬂuqLGWW]E]Glﬁa’mi%WJ’NaQﬂﬁﬂuﬂuLmﬂul‘wm :

aunAuluTainiueg

Loading (wt%)

Condition Free polymer Encapsulation
Particle (Wt%) Le Ly, (Wt%)

50: 50 19 1 26 ”

40: 60 20 14 32 a4

20: 80 20 15 - 39
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amdnendesganssaiuulduasveseauousiues (nwil 4.14a-0) uazwodlues
uAUEATIIgNTY (il 4.1da°-c’) AEFRaTIdITENING Fes04 BIVO, (wi%) 71 50: 50 (a ua a)
40:60 (b uay b)) uag 20:80 (c wag c) lnefidhmdiuseninseusies: oynalavzoonles uay
§a1dmsENINg PMAA-b-PIMMA-MPS) udenlawedimes: synalanzesnlas azasd 91 90: 10

[y

(wt%) wag 1:1 (agumtn) muadu visavannenediueskauganilsnulianvaensnay wag

¥
=

finsnsaneadoutianiig (5-25 um) uenamniininingngudniou uaswuindvisiuwagadng
agluoynia Usifoynielanzeanledognislu (81, 82] nefl %n15us39 (%L vaslans
oonledil 11 14 uay 15 dwunsmaaedil 1-3 mMud iy fansed 4.1

uanNa N A EDX-SEM azgnldlunisdugunisiioynialanseenludvisanly
unUgaiileSoule (nnil 4.15) Tnefinw SEM wagmsilaszsiesduszneuressigitisitesues
mgmmmlﬁaﬁé’mndawmqSU'eN Fe;0y4: BiVO, (Wt%: 50: 50; 40: 60; and 20: 80) wanslunnd
4.15a-c uaz a'-c' pudU lngazaenndosiunwaigainndesganssiuvulduas (i 4.19)

Y

N o & aAa o = = a v
aunmaualgaiidnuuzidunsnay Ingnugngunadaiou lurugnvuinaginnseagifining
Fepndn lusenitansdansigviounanediuesualgaaisld PMAA-H-P(MMA-MPS) Nildiuilta
U89 PMAA azLAd oufl LU 886 9581 190Un1ARAYYa/1U (Particle/water interface) YNl

a e a X 1 A A o (Y 1 Y a = a <
W@ﬁLlIEJi‘VlLﬂ@]“quLllﬂ’lll'ﬁﬂLﬁﬁ@u%iﬂm%mu\‘i@\‘mﬁ’]'ﬂ@l N'J“UENLL?]U"Q@QQW@LUUEWEU
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0 (33%

(b')
h“
hi
(©)

¥ Bi (51%)

¢

(@)
) B

0 um

0 (35%)

' '
[

AN 4.15 amene SEM (a-c) Wagn1siATIesInueInediesualganiisnguy (a-c) Ndnsdiu
A 9 VB3 Fes04:BIVO, (Wt%): 50:50 (a Lag a’; N1Inaaeedl 1), 40:60 (b and b'; A9

PN - a PN ¢ ¢

NPaRe 2), and 20:80 (c and c’; M5NAARIN 3) IneVIuDUBLIBS: aumﬂ‘[amaaﬂlﬁm

= 90:10 Wt% Uag PMAA-5-P(MMA-MPS)-waduesuaugafisiznguuia = 9 wto
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[y

9INHAYDY EDX-SEM (2l 4.15a'C') wazUayaveUTuIEINED wiigades
(1159991 4.2) @1usaruINsnsdIulNares FesO, BIVO, tdvinfu 1: 1.1 1: 1.2 uas 1: 5.7
dsunisnaaesdi 1-3 mudsu Sareudndndidsetulsnasuduildlunimeass wansdidu
nsdanTenivseansaeutaflunisineunia BiVO, way Fe;0, nelunalga (Wiinduiediu
qAReNi) 919LH09191NT PMAA-H-PIMMA-MPS) uay OA ndeufiinvedlavzeanledlad G
NanMAABIRINa N aeaRdeiunUASeReunt i Tiinsldnealonsendaioisn -wedlefiaduy
ponlyn- wedlansedafiorsn udenlanediues (Polyhydroxystearate (PHS)-polyethylene oxide
(PEG)-PHS block copolymer (DPHS)) iflapsduiilivouinlariievesaelelusaefiarslgnss
NANsATTa UL fiannsavilfiAnoynaiifisnguuesnedufiammiaiian-eiiadu Tnanea o
mAsLan (P(MMA-ethylene glycol dimethacrylate; PIMMA-EGDMA) 1miﬂsmﬂegaﬁmmﬂﬁf15u
vou [83] war PIMMA-DVB) lulasuwaugany BiVO, [81] lneldanuituduyseuna 8 wt%-ned
wosuviavas DPHS daasndeuiiluiisesdessurinaiuauga/ i shliAnuaugagnsu nalndangn
i ansaialdiwuiiontudieldasanuseiiandaueulesau lnioulnnnda famn (Sodium
dodecyl sulfate; SDS) [84, 85] ﬁwizaumaﬁwL%ﬂiumﬂﬁi’fm'ﬁfsmmmmwaﬁuws‘ PS/PEGDMA

a

NAY WazeUNIA PS/PDVB iI5NR-
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M19199 4.2 MAAATINELTUTINMYeseA AL lundInduavounauludainiuianign

v & 1% = a o Aa = Aa a s
ﬂLﬂ‘Ul’JfﬂEJI‘UTJNﬂ\‘iauaﬂ']ﬂquUUaﬂJvn']u’]WWW]mmﬁi@aﬂ@%mszﬂaﬁwaaLﬁJE]ﬁLLﬂﬂ"ga

Ao Y a Ao | ! = ¢ P
WNEW?H@?EJLWV’WU?W EDS ‘Vl@mi']?nu53'1/i'lWQBUQWﬂUWIULLNﬂu‘lWW : ai‘éﬂqﬂu'ﬂu‘UaﬂJW'ﬂq

9 q

WNARAT 50: 50 40: 60 uay 20: 80

Element (Wt%)

Condition Total
Bi Fe O Vv

50: 50 35.7 334 26.0 5.0 100.1

40: 60 35.7 34.5 23.8 6.0 100.0

20: 80 51.2 352 7.2 6.4 100.0

4.4.2 navosUSunaeynialavseanlasinas PMAA-H-P(MMA-MPS)

'
aa

Tunsifiuaudilnlauamlanuazandimaniminvoseyniawediue suatgaiils
WU A1uanvRves aun1A BVO, and FesO, My agviin1sAnwinavesusuiuveslany
oonlas lnenmMuYILADENAIIINIENATIZN HEIINgARIBuivEnLaraTaza1eTueNeaNI
nianfagreynameuidnuansianing 4.16 luvainmiicnesmendesqanssmituulduag
LAy SEM 9guanssisnInil 4.17 uag 4.18 mudisy

Tngagihmssuasudnidimseninaeusiues: eynialanzesnlad fng 9 1
§n51duves 90: 10 (MIVA@esfl 2) 70: 30 (MINAABT 4) 60: 40 (MINAABIT 7) uag 50: 50
(nM3vnaafl 9) luvneisnsndruues PMAA-6-PIMMA-MPS): aynialanzesnles agasidl 1: 1 Bs
iAudutuLes PMAA-H-PIMMA-MPS) Tuwatgaidu 9 23 28 uay 33 wt%-wedwesuauga
wHs puddy ndsnnsdanseiiasadunui asuuassdild Asnsduseninweuowes :
oymalangeenled 71 90: 10 (a) l¢asuviuaseddugou 7 70: 30 (b) ldasuruassdindes uay
7l 60: 40 () uag 50: 50 (d) IdasurInaosdina fanmd 4.16 evinsuenayniaualya

MNEswvINADE laenshsiiewlmaneunawaugadiulvgvesmnantizasgedel indudanny
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L39RIATasELLLImAN (a'-d’) lurasiansazate/wuiuaeelmdeagnuinflasndessounse
Uimannaniiz @’-d”) wansliiiuine1assdeunin BiVO, uvdiungaoenu1ainwalyaly

SEUININNTAWATIEN

AW 4.16 ansuvIuaeeieu (a-d) wavdd ('-d) Iuisusdmdndsuennefisesuauganiigngy

Y 9

v v
4 a

wazduLhiineneenin (a”-d”) ndsangreumiaLaUgamewiman Asnduszming
ueuolues: synialanzesnladsiies: 90: 10 (a, a’ Waza”; MInAaesil 2) 70: 30 (b,
b’ lag b”; mimaaaﬁ 4) 60: 40 (c, ¢’ way c”; mimaaa'ﬁ 7) wag 50: 50 (d, d’ way
d”: Mneaei 9) Tuvned snsd@uves PMAA-H-P(MMA-MPS):aynmlanseoanien
asiifl 1: 1 Fevilianaududuyes PMAA-6-PIMMA-MPS) Tuuadgaidu 9 23 28

WaE 33 Wt%-WoAlesuAUYALIY MUEIRY

91



nnanMzidnvurduguingliunndsiudensaaeusendesganssmiuuld
waslnednuaisfiuias avenuousiueiuazuatya (ndsnsduaned) symadunsanauuass
yunsgdvlalasiunsynanine faamil 4.17 Wefiansanain SEM aznuiteynaueyaidunss
nawaenAdeafundosanssminuulfuas uonandSmuinlunsdlvesdnadruvosmousiues:

sunAlavgaanleni 90: 10 (1M1 4.18a; N15NAR0IN 2) punAkAULadsNIuNLazilden

q

a

waUgasiruudeusslsifinisunnin liwileurudndndu q (1wdl 4.18b-d) AuaUgatianis
uanfneden Wefinnsandsnnagngunuivuiavessrsutiadnniuagiiswutesninie
deutuangdiivsinalangoonladifindy o1auiosw91nn1siiuiina; PMAA-H-PMMA-MPS) 7
Windumudndinresoynin BIVO, nsiansliues PMAA-b-PIMMA-MPS) 11auun 2giinng
wdouiilfisensoszninsfinauga/ilduinnd Ragnguiivunlvguasdsuaumnuuii

walga ibiUdenveuadgalufinnuudassgavineualgaiinnisuanlinagy 19 uansdenIng

4.18b-d Fedonnneaiun g 4.16b”-d” FalAwRetuiliinaneuna BIVO, naneanannualya

o '
= v 1 v o a

(Hpanndenualgaunn) naeineunaualgagnisiiewinin delunaniednsdiuves

weuawles: synAlavizaanlendl 90: 10 Fedbiualganiutuss Jgnidendiefnwianizdu « selu

AN P B T5H

o e
I BN |

% :
’t "
o oy 3
L
. AN on ¥ BT oty
R Lo : = - 5 s G 5 SR R
A - / — a0 N - 2970y 0 . -
> " < 5 SRR R, 2 5 N SHSE . @ 5
’ 5 um ' ; Y o 5 um tadee n:.:a‘qj” :: 5 um u. .9, % 9‘0’ 5 um

L3, L.

Al 4.17 amannnd esgamssmiuuuldiamemessouse? (ad) uazed wesualgaiisnu @-d) 7
Samdusrinaeuees: sumelavzoenluinieg 90 10 (a uay a'; MIvRaRs 2) 7030 (b o
b’ MVRaeT 4) 60: 40 (C whag C; MVAaeT 7) ke 50: 50 (d way o MIVARDIT 9) T
A5 TR PMAA-LAMMAMPSyBY MAlavizoanlest avasifl 1:1 4 whlvenud sduves

PMAA-HPIVMMAMPS) Tuwerdailu 9 23 28 g 33 wi%-ed e untauis smueneiy
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AW 4.18 AAINNERqEMIIAIIUUABINT PRBIEY MANEA BT UAUYATITI g UT Simd s 1Be e
wios: aymelavizaonlaising o 90: 10 (a; MsvinaRal 2) 70: 30 (b; MsvIRaBA 4) 60: 40 (; M3
vnaedil 7) waz 50: 50 (d; MNAReT 9)114631&431’7{ BRTIFINVDY PMAA-HP(MMA-MPS)814 0@
Tavweonles A 1 1 Gohienudid ures PMAA-HPMMAMPS) Tueeadu 9 23 28
WY 33 Wi% el iesuAUauVa ARy

TunsuSulssandRllawamlafinuaseunenediues uauyanilsngu Ineqssy

M
PnanmgAvngai ldnuduiiuenfedamesand naeweuones: synelavzeenludil 90: 10 B
whmwmBnaivanzaneseymalazesnla (Fanuididumes PMAA-LPMMAMPS) 71 9 wi%) uay
v nasURINavaNae PMAA-HPIMMAMPS) TneldSinailvensameseymelavyeanlusii
167 sl .19 azuamsa SEM aseynewed e iU ARl gugy (1) 18ns s 9 Y8 uousies:
oumelavzeenla (FAnuididiuges PMAA-LRIMMAMPS) 71 9 wto%) 71 70: 30 (a; M3veaesil 6) 60: 40 (b
msviRaedTl 8) WAy 50: 50 (a; MsvARedl 10) (2) Mdemnaidartiunes PMAA-GPIMMAMPS) 71 18 wide laeld

SnTEIYRY Uauekes: eymAlavizaenln 91 70: 30 (d; mavieeesh 11) uay (3) 198nTauwes ueuawios:
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oynalavzoonlad 7 70: 30 711314 PMAA--PIMMA-MPS) iaiunisiuFsuifisunavesnisly

PMAA-5-P(MMA-MPS) vaanlanades (e; MSNAad 5)

AT 4.19 AnINNGBIRanIIAdLUUARINTINvetBUNIANEADTUAUYANTTHIUALY 9 wi%

Y 9
s

PMAA-b-P(MMA-MPS)-uatgrausts idmsnaiusine q seninsueusiues: oynialavy
ponles: 70: 30 (a: N1SNAABIT 6) 60: 40 (b; N15NAABIT 8) wag 50: 50 (c; N3
yinaafl 10) wagld 18 wt% PMAA-b-PIMMA-MPS)-uaUgawsis fisnsnduueusies:
ayniAlangaanlyd i 70 30 (d: MIneansd 11) wazlidnisly PMAA-H-PIMMA-

MPS) (e; ANPadd 5)

oynAnadosuaUyandgwgualdanududu 9 wto PMAA-6-PIMMA-MPS)-

Y 9

v a o 1 s L3 a v & a Aa
LLﬂUﬁaLm\‘i wamwmuuauamaﬁ:aumﬂiawaaﬂlm 70: 30 %uaﬂwmmﬂumaﬂamgwwwm

9

Wasndianuudansaazliunn (nnd 4.19a) Inedlan %LE waz %E 1Ju 28 wag 50 Aud1su

Tumsssedudleiinusunavedlangeondfdnsidrunsueiues oynialavesosntesn 0u 60: 40

=

(N7 4.19b) uag 50: 50 (nWH 4.19¢) sunALAUYaIsiaNISUANTNLardsHIuIUIAlng 819

Y 9
[ o

1199119710158 PMAA-H-PIMMA-MPS) snnsiuluaslananilindineuniid aedulunsdivea

o
[V

gnsduneuaites:ounIAlavgeanied 9 60: 40 uaz 50: 50 N1sANAVEYNIA BIVO, g Fatu
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= A a o ) s I3 I d' = Y o Y]
QQLa@ﬂW@GﬁWaQUQJau@LﬂJaiI@Uﬂqﬂiawsaaﬂlgﬂ@l 70: 30 tUUANIENLNRUTEAN %Q‘ﬂgﬂﬂisﬁﬁqﬂﬁ‘U

9 Y

Wwiglaun1ANeAasuAUYaNIINIY NINTLUSHNIYEY PMAA-6-P(MMA-MPS) 310 9 (15

Y

naaeil 6) 10U 18 (NMMAaean 11) wi%-uadyauis lnenuiualgailadinuianisunnves

=

Waenmilauwdy (0l 4.19d; nsnaaesil 11) andeyaniueauisaasuladtauisamisy
a ¢ aa g YA < v Yo | ' &
sunAnedieswAUganisnsunliuionudauseld Tnglddnadiuseninueusiues: sunialans

Y 9

oonlad 7 70: 30 luvaueAiu3unnues PMAA-L-PIMMA-MPS) 9147 9 wid-uaugauste wanslsf

[ 1

Wuimsiianelgues PMAA-b-PIMMA-MPS) azthelifeyniauaugaieseuldifngnsulduimnld
1A 9 wid%-uaUgauis lasnuaugaildaziinnisunn e uduauuigiudanandaldviing
wSsueymawsdiesuaUyadniiveynalavzesnled filifinisldanels PMAA-H-PMMA-MPS)
figmsndnmeusioseynialanzeenled 7 70: 30 (MInAaBaTl 5) WuiteyaAnedilesualya
lefinEou linunsifingngu (1wl 4.19e) arnnanisvaaesisasunalnnsiingnsuveseynia
wodlesuaugaiiSnmenszuIunsdueTwituuLIuase Tofifl 714 PMAA-b-P(MMA-MPS)
véonlanedwwes fan1mdl 4.20 M3 PMAA-b-PIMMA-MPS) Uienlanediues lunenueusiues
Tuvsinafiannme vdenlanediuefawinlugaduuunduignia wdiazaadutiluseningns
Fuasedt uanaInfiunsdiutes PMAA-6-PIMMA-MPS) Uianlawediued aundeulufisessie
se19RIT88UNA/ MERLEUBIIDS AU ndanmsduaTey anAateing (thaswe) aely
uargngu (nedwesliannsafinuuiiumisres PMAA-b-PMMA-MPS) 1¢) i sgrdlsfiniu mn
il PMAA-H-P(MMA-MPS) snnfiuluazifingnguduauinn vbiudenualgalinius wazualya

luadeswaningne
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ms ITP

: PMAA-b-P(MMA-MPS)
: Fe;O,NPg

: BiVO,NP

: MMA and DVB

: BPO

—z(og

Broken particle

AW 4.20 Mwnalnnisiineunianeditesalyanisnu Nwledlagnsruiun1sduasEiiuy

wvauaey Tofii Nl aneld PMAA-H-PIMMA-MPS) udenlanedwesiluasneingnu
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A 4.22 leluneunisgaduuialulnsiauremedwesialgaiiisniu Naamgl 77 maiu

Y 9

<

auUAniausiivanveseynianedwesualgafidgnsuiniiveynialanzesnles
(aunA BIVO, kag Fe;0,) svanatamewedauunilafimeswuuiiogesdu (Vibrating sample
magnetometer, VSM) n51919849 VSM LLaz"LaImwamaqﬂﬁ@jM’U (Adsorption isotherm) U84
oynANeALLesuAUgaiisnTu Mindoudean v auuansdanmil 4.21 uay 4.22 (A
UMSNUANINITNTEBAIVBIUIAYBITNT L) Audsy Taewuiteynin Fe,0, idnifiunisly
‘W’e)aLiJ6§LLﬂUﬁaﬁﬁ§W§uﬁﬂmﬁmﬁ§M1ﬂLL&JLM%ﬂLLUU‘ZjULU@%W’ﬁ’] (Superparamagnetic) Fauann
wundlnedud 1f 07 unuauiuw v natsuen uarlduanssfames Taidaundn
(Hysterical loop) fanwil 4.21 LLaziﬁﬁ’]mimwi’mﬁuﬁﬁaLLazmmLﬂugwwmmwa%maimﬂﬁa
shamadansiinseifeinios BET wuianuduiudseminatiinanmsgaduiunnusuanysel
(P) wagenuudining (P/P°) Amouduriuiy YSnumsgadueey ¢ dndudilelmmeuvoinis
AAgu (Adsorption isotherm) LﬂugULLUUﬁ 1 (type ) ﬁ%uwmmaqgwquﬁmsﬂizmaﬁaquﬁaamﬂ

(%

P I ) . ~ v A
Yu1nveagnudvalulasnesa (Microporous) warenafliulanesadiuay (Narrow mesoporous)

q

[86] Imﬁuﬁﬂawaﬁmaﬂmﬂﬁaﬁm 1.95 m2.¢" waz0.000868 cr’.g! audsy Fanndl 4.22
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Fagivileuarilados LialieuiuaunIATNIUYIndY 9 WU BUAIATNIUVEY P(S-EGDMA) (> 10
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ARTICLEINFO ABSTRACT
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Hybrid porous particles (HPPs) of poly(methyl methacrylate-divinylbenzene) P(MMA-DVB) containing a visible
light-photocatalyst bismuth vanadate (BiVO4) and magnetite (Fe304) nanoparticles (NPs) were synthesized and
employed as a reusable material for effective dye removal. The porous structure increasing the surface to volume
ratio and high water diffusivity of HPPs, prepared via the microsuspension iodine transfer polymerization, was
generated by using poly(methacrylic acid)-block-poly(MMA-3-[trimethoxysilyl] propyl methacrylate) (PMAA-b-
P(MMA-MPS)) as porogen. The block copolymer also acting as a surface modifier of BiVO,; NPs allowed the
encapsulation of this photocatalyst together with oleic acid coated Fe;04 NPs in spherical HPPs. The fabricated
HPPs could efficiently remove methylene blue (MB) up to 235 mg/g-BiVO, based on the adsorption and pho-
tocatalytic degradation mechanism caused by the particle porosity and BiVO, NPs, respectively. Moreover, the
incorporated Fe;0,4 NPs provided the magnetic separation ability of the HPPs for their reusability up to 5 cycles
with a high MB removal performance of > 86. These HPPs would be good candidates for effective dye removal in
contaminated water

1. Introduction (CB) generates a hole (h*) and electron-rich at VB and CB, respectively.

Electrons in CB reduce oxygen (O,) with water, generating hydroxyl

Among the pollutants causing environmental problems, dyes in
wastewater from factories, e.g., methylene blue (MB), congo red, methyl
orange and methyl red, tremendously contribute to the biochemical and
chemical oxygen demand (BOD and COD) [1,2]. These dyes are highly
toxic to microbial populations and mammalian animals [3,4] and can
cause several risks to human health [5,6]. Therefore, several techniques
have been used to remove them from water resources. Based on physical,
chemical and biological processes [3,7], the photocatalysis technique
has gained attention because of its high degradation efficiency for
organic pollutants and dyes under solar energy and its economically
inexpensive technique [8,9]. Basically, under light energy greater than
or equal to the bandgap energy of photocatalytic materials, the transi-
tion of the valence band (VB)'s electrons (e ") to the conduction band
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radicals (OH") while the hole (h*) oxidizes water to produce OH* [10,
11]. The obtained OH" effectively degrade organic dyes [12,13] and has
antibacterial activity [14,15]. Among various photocatalysts used for
dye treatment, titanium dioxide (TiOs), in both microsphere [16] and
nanotube [17] forms, is the most popular one, which has a high potential
for OH* generation under ultraviolet (UV) light and is durable in the
environment. Considering the wide energy gap (3.4 eV) of TiO, and the
composition of solar radiation on the earth surface having only ca. 5%
UV and ca. 46% visible light [15], an excellent visible light stimulus
photocatalyst material, i.e., bismuth vanadate (BiVO,), has been of great
interest. Besides the narrow band gap (2.4 eV), high photostability with
resistance to photocorrosion, and high sunlight utilization [19], BiVOy is
nontoxic, compatible with human cells [20,21], and possesses
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antibacterial activity [20,22]. Although various morphologies, e.g.,
microsphere [23], nanosphere [24], and microtubes [25] of monoclinic
BiVO, having remarkable catalytic activity, are used for dye degrada-
tion, the BiVO, nanoparticles (NPs) without surface modification
quickly coagulate and hardly redisperse in the aqueous medium after
drying. Hence, encapsulation of BiVO, NPs in polymer shell, e.g., poly
(methyl methacrylate-divinylbenzene) (P(MMA-DVB))[11] and poly
(MMA-acrylic acid-DVB) (P(MMA-AA-DVB)) [10] was carried out by
using the microsuspension polymerization (ms).

Besides metal oxide [26,27], this ms technique has been widely used
for preparing polymer microcapsules (1-100 pm) containing high
amounts of various substances, e.g., phase change materials [28-31] and
essential oil [32]. However, hydrophilic monomers typically generate
free polymer particles [33], resulting in low shell thickness and encap-
sulation efficiency microcapsules. Therefore, the ms iodine transfer
polymerization (ITP) is introduced [31,34,35]. In this process, the in-
crease in hydrophobicity of propagating radicals capped with iodine
chain transfer agents effectively suppresses the radical exited from
monomer droplets, decreasing the formation of free particles. By using
the ms ITP, the microcapsules of P(MMA-DVB) and P(MMA-AA-DVB)
[10] containing BiVO, [11] and Fe;04 NPs [27] were fabricated for
use as a dye removal material. However, the dye degradation perfor-
mance of such solid microcapsules was quite low (12-20 mg-dye/g—-
BiVO,) because the photocatalysis reaction occurring on the surface of
metal oxide particles was partially shielded by the polymer matrix. This
brings to the idea of developing these microcapsules having porous
structures whose high surface or contact area would effectively enhance
the photocatalytic activity. To allow an easy extraction for recovery and
reuse of the porous composite particles, Fe304 NPs were also incorpo-
rated. It was hypothesized that hybrid porous particles (HPPs) con-
taining BiVO, and Fe;0, NPs (HPPs-BiVO, /Fe304) would potentially
improve the dye removal capability and reusability when applying an
external magnetic field.

In general, HPPs can be fabricated from water;-oil-water, (w;/0/w5)
double emulsion, where the droplets containing porogens are generated
via a high shear rate [36] or membrane emulsification [37] and then
polymerized [38]. Since this double emulsion method has many stepsin
droplet generation and is difficult to scale up, the ms technique is
preferable. In this one-pot process, organic solvent [39], emulsifier, or
polymeric surfactant [40] is present in the monomer droplet. The
emulsifiers with low hydrophilic-lipophilic balance (HLB) value (basi-
cally, ca. <6) [11,41] provide inverse micelles or w/o droplets, whereas
the hydrophilic part of low molecular weight nonionic emulsifiers with
higher HLB (> 10) [42-44] absorb water during polymerization and also
form w/o droplets inside polymer particles. As a result, hollow, multi-
hollow, and porous particles could be obtained in both cases. Indeed,
linear homopolymers could be used as polymeric porogens in resin
synthesis, where, as with solvent porogens, early phase separation was
expected, as well as the formation of pores and low surface area porous
in resins. Previous research found that suspension polymerization of
styrene/DVB (10%) with 20% polystyrene, PMMA or poly(vinyl acetate)
yields a resin with a porosity of 30% and surface area typically < 5 m?
g ! after porogen removal [38,45]. The viscosity of the comonomer
mixtures increased dramatically as the weight percent of polymeric
porogens increased, thereby limiting the weight percent of porogen and
decreasing pore volume. Actually, to the best of our knowledge, the use
of block copolymer as porogen in this case has not been examined.

In the present study, the HPPs of P(MMA-DVB) containing BiVO, and
Fe30,4 NPs using poly(MMA)-block-poly(MMA-3- [trimethoxysilyl] pro-
pyl methacrylate) (PMAA-b-P(MMA-MPS)) as porogen were synthe-
sized, for the first time, via the ms ITP process. PMAA-b-P(MMA-MPS)
containing both hydrophilic and silane coupling agents adsorbed and
bonded on BiVO4 NPs surface would enhance the dispersibility of BiVO,
NPs in monomer droplets in a manner that is analogous to that of oleic
acid (OA) coated on Fe;0,4 NPs. The hydrophilic block chains caused w/
o emulsion inside each droplet, which led to the generation of the porous
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structure of the HPPs. Effects of important parameters, e.g., MMA/DVB:
metal oxide ratio, BiVO4: Fe304 ratio, and PMAA-b-P(MMA-MPS) con-
tent, on the fabrication of HPPs were studied. Then, the photocatalytic
activity of the prepared HPPs for decomposition of MB, as the selected
dye model, was investigated using UV-visible spectroscopy. Their
reusability when applying a magnetic field was also explored.

2. Experimental
2.1. Materials

Besides methacrylic acid (MAA; purity 99%, Aldrich, Germany),
divinylbenzene (DVB; purity 99%, Aldrich, USA) and methyl methac-
rylate (MMA; purity 99%, Aldrich, USA) which were purified by passing
through a column packed with basic aluminum oxide and kept in a
refrigerator before use, other chemicals, i.e., bismuth (III) nitrate (Bi
(NOs3)s; purity 98%, Aldrich, Mexico), ammonium metavanadate
(NH4VOs3; purity 99%, Aldrich, China), ethylene diaminetetraacetic acid
(EDTA; purity 98%, VETEC, India), ferrous (II) chloride (FeCl,; purity
98%, Merck, Germany), ferric (1) chloride (FeCls; purity 97%, Aldrich,
USA), oleic acid (OA; purity 90%, Aldrich, USA), toluene (purity 99.5%,
RCI Labscan, Thailand), ammonia (NHs; purity 30%, AppliChem Pan-
reac, Spain), sodium chloride (NaCl; purity 99.9%, Ajax Finechem,
Australia) 4, 4’-azobis(4-cyanopentanoic acid) (V-501; purity 98%,
Wako Pure Chemicals, USA), iodoform (CHI3; purity 99%, Aldrich,
USA), dioxane (purity 98%, RCI Labscan, Thailand), 3-(trimethoxysilyl)
propyl methacrylate (MPS; purity 98%, Aldrich, China), acetic acid
(purity 98%, RCI Labscan, Thailand), hydrochloric acid (HCl; purity
37%, RCI Labscan, Thailand), potassium hydroxide (KOH; purity 85%,
Univar, USA), polyvinyl alcohol (PVA; degree of saponification 87- 90%
and molecular weight 3-7 x 10* g/mol, Aldrich, USA), hydroquinone
(purity 99%, Aldrich, Germany) and methylene blue (MB; purity 100%,
Merck, Germany) were used as received. However, benzoyl peroxide
(BPO; purity 75%, Merck, Germany) was purified by recrystallization in
methanol. Deionized water obtained from a water purification machine
(DI-water; Chendu Haochun Equipment) with a specific resistance of
18.2 MQ cm was used in all experiments.

2.2. Synthesis of OA-Fe304 NPs

Fe304 NPs were prepared by co-precipitation [10,27] of 2.5 mmol of
FeCl, and 5.0 mmol of FeCl; dissolved in DI water (15 ml). After adding
7.5 wt% OA in toluene (20 ml) into the mixture, 25 wt% of ammonia
solution (7 ml) was dropped at 50 °C with stirring at 150 cycles/min for
1 h, followed by the addition of 4 M NaCl (10 ml). The Fe;04 NPs coated
with OA (OA-Fe;0,) appeared as black solid dispersing in toluene were
washed with DI-water.

2.3. Synthesis of BiVO4 NPs

BiVO4 NPs were synthesized via the aqueous chelating method as
previously described [11,46]. Briefly, 1.0 mmol of Bi(NO3);-5H,0 and
1.0 mmol of NH,;VOj3, separately dissolved in 2.00 mmol EDTA solution
(25 ml), were mixed, and its pH was adjusted to 8.5 by adding NH,OH.
After water evaporation, the dried powder was calcined at 500 °C for 3
h.

2.4. Synthesis of PMAA-b-P(MMA-MPS)

MAA (1.29 g) and CHI; (0.06 g) were dissolved in dioxane (40 g) ina
round-bottom flask closed with a silicone rubber septum and degassed
through several N, gas/vacuum cycles with a final in N, condition.
Subsequently, V-501 solution (0.46 g in 20 g of dioxane) as an initiator
was injected into the mixture to start the polymerization at 70 °C while
stirred at 500 rpm for 24 h. The obtained PMAA-I solution was precip-
itated in diethyl ether and dried at 80 °C before characterization.
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To synthesize PMAA-b-P(MMA-MPS) by the solution ITP, the mixture
of MMA (1.30 g) and MPS (3.22 g) was injected into the PMAA-I solution
(40 g) before degassing, as already described. The polymerization
occurred at 70 °C under continuous stirring at 500 rpm for 8 h. Before
use, this solution was precipitated in diethyl ether and dried at 80 °C.

2.5. Synthesis of HPPs-BiVO4/Fe304

HPPs-BiVO,/Fe;0, were prepared via the ms ITP process. BiVOy,
OA-Fe30,4 NPs and PMAA-b-P(MMA-MPS) were added into the oil phase
containing MMA, DVB, and CHI5 mixed with BPO, under ultrasonication
at 40% amplitude for 1 min. To form an o/w emulsion, this oil phase was
poured into an aqueous solution of PVA (1 wt%) and homogenized at
5000 rpm for 5 min (Homogenizer, T 25 digital ULTRA-TURR, IKA,
Germany). The reaction conditions under N, purging were, 150 cycles/
min at 80 °C for 3 h, followed by at 90 °C for 5 h. The schematic diagram
for HPPs-BiVO4/Fe304 synthesis was shown in scheme 1. Various pa-
rameters, i.e., Fe;04: BiVO,, monomer: metal oxide, and PMAA-b-P
(MMA-MPS) content, as presented in Table 1, affect particle morphology
and encapsulation efficiency, were investigated.

2.6. Characterizations

The chemical structure of PMAA-I and PMAA-b-P(MMA-MPS) was
investigated by Fourier transform infrared spectroscopy (FTIR; Nico-
let™ iS™ 5, Thermo Fisher Scientific Inc., America) and nuclear mag-
netic resonance spectroscopy (H-NMR: 500 MHz, JNM-ECZR, JEOL,
Japan) while their percent conversions were gravimetrically deter-
mined. Total BiVO, contents or%loading (%Lg) in HPPs was obtained
from Eq. (1) using the weight of dried HPPs (Wxpp) and that of the
residue obtained after calcination at 500 °C for 10 min (Wyy). The weight
difference between dried HPPs and metal oxide (Wp) also included re-
sidual surfactant, CHI;, and initiator.

After applying an external magnet for 15 min, HPPs were separated
from the suspension. From the free polymer particle weight (Wp), the
percentage of free polymer (%Fp), theoretical loading (%Ley) and
encapsulation efficiency (%E) were calculated using Eqs. (2), (3), and
(4), respectively.

Wy

%Lg = x 100
e (WHI’I')

%vi x 100

m

@

%F, =

@)

\
AN PMAA-b-P(MMA-MPS) |
® : Fe,ONP, }
: BVONNP, |
:MMA and DVB |
:BPO {
:PVA

-2 ¢

Homogenized

Water phase 5,000 rpm; 5 min
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Table 1

Recipes used for the preparation of HPPs-BiVO, /Fe;0, via ms ITP.
Run  MMA DVB BPO CHI; PMAAb-  OA- BiVO; PVA

@ (€] (€] (mg) P(MMA-  Fe;0, @ (1wt
MPS) (g) 8 %)
(2)
1 3.24 0.81 0.32 50.0 0.45 0.23 0.23 45.00
2 3.24 0.81 0.32 50.0 0.45 0.18 0.27 45.00
3 3.24 0.81 0.32 50.0 0.45 0.09 0.36 45.00
4 2.52 0.63 0.25 40.0 1.35 0.54 0.81 45.00
5 2.52 063 0.25 40.0 - 0.54 0.81° 45.00
6 2.52 063 0.25 40.0 0.45 0.54 0.81 45.00
7 216 054 021 350 1.80 0.72 1.08 45.00
8 2.16 0.54 021 35.0 0.45 0.72 1.08 45.00
9 1.80 045 018 300 225 0.90 135 45.00
10 1.80 045 018 30.0 0.45 0.90 1.35 45.00
11 2.52 0.63 0.25 40.0 0.90 0.54 0.81 45.00
# BiVO, mixed with MPS 0.30 g.
Waivos + W,
%L, = BIVO4 FrATC - x 100 3
%Cany —%
Weivor + Wraor + Wep + {Tp} xW,
%L, mole of BiVO,
%E = %L %Lyxd%E = —— 4.5 (4)

%Ly " mole of BIVO;, 5

where Wgivos, Wres04, Wep, Wi, were the weights of BiVO,, Fe;04, chain
transfer polymer and monomer from the recipe, respectively. The mole
of BiVO,, , was obtained from the recipe while the mole BiVO, ¢ was
examined from energy dispersive X-ray (EDX) analysis (scanning elec-
tron microscope-energy dispersive X-ray spectrometry; SEM-EDS; JSM-
IT200LA, JEOL, Japan).

The crystallinity of the Fe3O4 and BiVO4 NPs in powder form was
determined by X-ray diffraction analysis (XRD; Rigaku Smartlab-9Kw,
Japan). The particle size and morphology of Fe304 NPs were investi-
gated under a transmission electron microscope (TEM; JEM 2100, JEOL,
Japan). The morphology of HPPs was observed under an optical mi-
croscope (OM; SK-100 EB & SK-100 ET, Seek Inter Co. Ltd., Thailand),
and SEM-EDS after placing the dried sample on a stub and being coated
with gold. The specific surface area and pore volume were obtained from
N, adsorption-desorption isotherms at 77 K by Brunauer-Emmett-Teller
(BET; 3 Flex Micrometrics, USA). The magnetization measurements
were carried out at room temperature with applied magnetic fields up to
10,000 Oe by a vibrating sample magnetometer (VSM; Lakeshore, USA).

160 cycles/min 150 cyclesimin | &5

80°C;3h 90°C;6h

® @
N

Scheme 1. Preparation process of HPPs-BiVO, /Fe;0, via ms ITP.

3

124



C. Kraithep et al
2.7. Dye treatment

The HPPs were dispersed in 5 mg/l MB solution (Cygo) (50 ml)
(Vup), stirred under visible light (A= 664 nm) for 3 h. The dye treatment
performance of HPPs was studied by sampling the MB solution at time
intervals and applying an external magnet to separate HPPs. The
remaining MB (Cyp, i) was determined using UV-visible spectropho-
tometry (UV-2401 PC, SHIMADZU, Japan). The effects of BiVO, amount
of HPPs and pH on dye treatment were compared with the pristine
BiVO, and P(MMA-DVB) particles. The MB degradation efficiency (DE)
presented as mg MB/g BiVO, was calculated from Eqs. (5) and (6).

V,
Wig(mg) = (Cuso — Cupi) X ; (-;;’0 AN
ud Cuo — Cuns
DE= W o gpp— [(Cmo=Cm)l 4, e
Waivos Cuso

Where Wys, Cys, 0, Cus, i Vme Waivos, and DE were the degradation
weight (mg) of MB, the concentration (5 ppm) of MB before and after
treatment, the accurate BiVO, weight (g) in HPPs measured by
gravimetry, and the MB degradation efficiency (mg MB/g-BiVOy),
respectively.
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3. Results and discussion
3.1. Analysis of OA-Fe;04 NPs, BiVO, NPs and PMAA-b-P(MMA-MPS)

Before being encapsulated in P(OMMA-DVB) particles via the ms ITP,
the surface of Fe30,4 NPs was hydrophobized by coating with OA, whose
HLB valueis ca. 1 [10,11,26,27]. The coating occurred in situ during the
synthesis of NPs in a binary phase of aqueous and toluene under alkaline
conditions. The photograph of the binary phase after synthesis of Fe;0,
NPs, TEM micrograph, DLS histogram, and XRD pattern of Fe;0, NPsare
presented in Fig. la-d.

Fig. 1a shows that 83.7% Fe304 NPs (black) dispersed in the toluene
upper phase while the bottom (aqueous) phase was transparent. At a
mild stirring rate, some OA molecules in the ionized form might diffuse
from toluene to the aqueous phase and adsorb on the formed Fe;04
surface. After adding NaCl into the binary phase, the water solubility of
OA was dramatically reduced due to the salting-out effect. The TEM
image in Fig. 1b displays spherical Fe;04 NPs whose size was ca.10 nm
with narrow size distribution. This agreed well with the DLS histogram
of the NPs in toluene in Fig. 1c that polydispersity index (PDI) was ca.
0.104. It was assumed that OA would also effectively stabilize Fe;04 NPs
dispersed in the monomer phase. The XRD pattern in Fig. 1d reveals the
major characteristic diffraction peaks at 30°, 35° and 44°, corresponding
to the crystal planes of 220, 311 and 400 of Fe;0,4 phases [47,48]. The
characteristic diffraction peaks of NaCl used were also observed at 27°,

g
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Fig. 1. Photograph of binary phase after synthesis of Fe;04 NPs (a), TEM micrograph (b), DLS histogram (c), and XRD pattern (d) of Fe;04 NPs.
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32°, 46°, 56° and 76°, corresponding to the crystal planes of 111, 200,
220, 222 and 420, respectively [49]. During the salting-out process,
NaCl was partitioned into toluene and incorporated with Fe;0,4. Because
NaCl has a larger average crystallite size (Dp) (62.94 nm) than Fe;04
(25.14 nm) calculated by the Scherrer equation [50] (Table S1), its
diffraction peaks are higher than those of Fe;0,. Nonetheless, the
SEM-EDX analysis (Fig.S1) indicated that Fe304 (~34% atom) was the
main component in the synthesized Fe;0,.

The aqueous chelating method [10,11,46] was used for preparing
BiVO,4 NPs. The photos of the precursor solution and TEM micrograph,
DLS histogram and XRD pattern of BiVO, NPs are displayed in Fig. 2a-d,
respectively. In the alkaline solution, four carboxylate anions of the
chelating agent, i.e., EDTA, captured the Bi®'and V®' cations yielding
the yellow solution without any precipitation as appeared in Fig. 2a.
After water evaporation and then calcination, the yellow BiVO, powder
was obtained. The TEM micrograph in Fig. 2b showed BiVO4 NPs with
an average size of ca. 120 nm. This size in the dry state was quite smaller
when compared with the hydrodynamic size of ca. 244 nm, obtained
from the DLS technique, as shown in Fig. 2¢. The broad size distribution
of BiVO, NPs (PDI = 0.220) was due to their partial coagulation when
dispersed in 1 wt% SDS solution before the DLS measurement. In Fig. 2d,
the monoclinic structure of the synthesized BiVO4 was clearly observed
in the XRD patterns. The major characteristic peaks at ca. 28° (121 and
—121) agreed well with the standard BiVO, (JCPDS Card number
01-083-1699) [51]. This indicated that the synthesized BiVO,
possessed a suitable crystal structure for photocatalytic application [52,
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53].

The synthesized PMAA-b-P(MMA-MPS) block copolymer was used
for two objectives: 1) to adsorb on BiVO, NPs for enhancing its dis-
persibility in the monomer droplet and 2) to generate the porosity of the
HPPs during the ms ITP process. The FTIR spectra of MAA, MMA and
MPS compared with that of this block copolymer, and the 'H NMR
spectra of PMMA-I (after methylation of PMAA-I) and PMAA-b-P(MMA-
MPS) prepared by the solution ITP are presented in Fig. 3a and b,
respectively.

In Fig. 3a, the FTIR spectrum of PMAA-b-P(MMA-MPS) (IV) shows
the peaks at 1717, 1632, and 1295 em ' attributed to the vibration of
C=0, C=C and C-O, respectively. The characteristic peaks of MPS as
S$i-OCH; and Si-O at 810-869 and 1070-1120 cm ', respectively [54,
55], indicated that this copolymer was successfully synthesized. This
was confirmed by the 'H NMR spectra of purified PMMA-I (after
methylation) and PMMA-b-P(MMA-MPS) (after methylation) in Fig. 3b
(I and (II), respectively. The characteristic peaks at 3.6 ppm corre-
sponded to the MMA unit’s methoxy protons (-OCH3) of PMMA-I (I).
Those in the 1.7-2.1 ppm regions and 0.8-1.2 ppm due to methylene and
methyl protons indicated that PMAA-I was utterly methylated. More-
over, characteristic peaks at 5.5-6.0 ppm due to double bond protons
were also observed and the synthesized PMAA-I contained some MAA
monomer (conversion ~90%). With MMA-MPS, most additional seg-
ments showed a similar spectrum to PMMA. The increased intensity of
the methoxy protons (-OCHj3) peak was caused by the added MMA and
MPS. Moreover, the peak of O0—CH>- at ca. 4.1 ppm [56] was evidence of
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Fig. 2. Photo of precursor BiVO, solution (a), TEM micrograph (b), DLS histogram (c) and XRD pattem (d) of BiVO, nanoparticles.
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Fig. 3. FTIR spectra (a) of various monomers: MAA (I), MMA (II) and MPS (III) compared with PMAA-b-P(MMA-MPS) (IV); position marked (cm™'): (1) Si-OCH;
(810-869), (2) Si-O (1070-1120), (3) C-O (1295), (4) C=C (1632) and (5) C=0 (1717) and 'H NMR spectra (b) of PMMA-I (after methylation of PMAA-I) (I) and

PMAA-b-P(MMA-MPS) (1II) prepared by solution ITP.

the existence of the MPS segment. These results supported the formation
of PMAA-b-P(MMA-MPS). The degree of polymerization (DP) and
average molecular weight (M,) of the obtained PMAA-I and PMAA-b-P
(MMA-MPS) were determined by comparing the -CH,- integral peak of
V-501 segment at 2.3-2.4 ppm [57] to that of methoxy protons at
3.2-3.6 ppm. According to equations S1 and S2, the M, of PMAA-I and
PMAA-b-P(MMA-MPS) were approximately 16,000 and 61,000 g/mol,
respectively (Fig. S2 and Table S2).

3.2. Analysis of HPPs

The HPPs-containing OA-Fe3O4 and BiVO4 NPs coated with the
PMAA-b-P(MMA-MPS), were prepared using the ms ITP. It was expected
that the MPS segment was covalently bound to BiVO, NPs surface via the
condensation reaction between Si-OH (after hydrolysis) of the block
copolymer and OH group of the NPs [58]. The coated BiVO4 NPs having
the hydrophilic PMAA segment moved at the particle/water interface
would facilitate the dye removal.

The optical micrographs of monomer droplets and the synthesized
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HPPs-BiVO, /Fe;O, are shown in Fig. 4a-c and a’-c’, respectively. The
ratios of monomer: metal oxides and PMAA-b-P(MMA-MPS): metal
oxide were fixed at 90:10 (wt%) and 1:1 (wt), respectively, whereas the
Fes0,: BiVO, (wt%) ratio were 50:50 (aand a’; Run 1), 40:60 (band b’;
Run 2), and 20:80 (c and ¢’; Run 3). In all conditions, monomer droplets
and HPPs were spherical with a broad size ranging from ca. 5-25 ym.
Besides the clear porous structure, the dark area in both cases might be
the incorporated metal oxides [11,26]. The%Lg of metal oxides inside
the hybrid particles of Run 1-3 were ca. 11, 14 and 15, respectively. The
EDX-SEM images confirming the incorporation of BiVO, and Fe;0, NPs
are displayed in Fig. 5. The SEM micrographs and elemental mapping of
the HPPs-BiVO, /Fe304 at various Fe304: BiVO4 ratios (wt%: 50: 50; 40:
60; and 20: 80) are shown in Fig. 5a-c and a’-¢’, respectively. The 90:10
wt% of monomer:metal oxides and 9 wt% PMAA-b-P(MMA-MPS)-dried
HPPs were fixed.

Similar to OM in Fig. 4, the spherical HPPs-BiVO, /Fe;0, with
porous surfaces and broad sizes ranging from ca. 525 pm, were
observed in all cases. During the polymerization, the PMAA-b-P(MMA-
MPS) chains containing the hydrophilic PMAA segment diffused to the
particle/water interface. Since the polymer shell was not completely
formed, the rough or porous surface particles were then generated.

From the EDX-SEM (Fig. 5a’-¢), the calculated mole ratios of Fe304:
BiVO4 of 1:1.1, 1:1.2, and 1:5.7 for Run 1-3, respectively, were similar
to their feed compositions. This indicated that the polymerization
smoothly proceeded and the effective retention of BiVO4 and Fe304 NPs
within the HPPs was possibly caused by PMAA-b-P(MMA-MPS) and OA.
This correlated with the previous work reporting that poly-
hydroxystearate (PHS)-polyethylene oxide (PEG)-PHS block copolymer
(DPHS) with two lipophilic segments end-capping both sides of a large
hydrophilic segment could produce porous P(MMA-ethylene glycol
dimethacrylate) P(MMA-EGDMA) microcapsule containing fragrance
[32] and P(MMA-DVB) microcapsule containing BiVO4 [11]. At a high
concentration (ca. 8 wt%-dried polymer), DPHS diffused towards the
capsule/water interface and generated a porous structure. This was also
observed when sodium dodecyl sulfate (SDS) [59,60] was employed to
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produce hollow composite PS/PEGDMA and PS/PDVB particles with a
hole.

i) Effect of metal oxide NPs and PMAA-b-P(MMA-MPS) contents

To improve the photocatalytic activity and magnetic property of
HPPs based on the content of BiVO4 and Fe304 NPs, respectively, various
contents of metal oxide NPs were examined. The SEM micrographs of
HPPs-BiVO, /Fe30,4 and the photographs of suspension after applying an
external magnetic field are shown in Fig. 6. The ratios of monomer:metal
oxides were varied from 90:10 (aand a’; Run 2), 70:30 (band b’; Run 4),
60:40 (c and ¢’; Run 7) to 50:50 (d and d’; Run 9), whereas the PMAA-b-
P(MMA-MPS):metal oxide ratio was fixed at 1:1. The amount of block
copolymer in the HPPs were 9, 23, 28 and 33 wt%-dried HPPs,
respectively.

Spherical HPPs having pores on the surface of Run 2 (Fig. 6a)
without any broken particles, as appeared in other conditions, were
observed under SEM. The images clearly revealed that the size and
amount of pores of HPPs in Fig. 6a were smaller than those in Fig. 6b-d.
This might be due to the higher PMAA-b-P(MMA-MPS) content, which
was directly proportional to the weight of added BiVO4NPs. The larger
amount of PMAA-b-P(MMA-MPS) chains diffused more to the particle
surface and absorbed more water to provoke the larger amount and size
of pores in and on HPPs. This phenomenon might be responsible for the
brittleness of HPPs in Fig. 6b-d, and hence, some HPPs broke and
eventually did not maintain their shape, particularly at the highest metal
oxides content in Fig. 6. When applying an external magnetic field to the
suspension, HPPs in all cases migrated to the magnet side and departed
yellow aqueous medium (Fig. 6a’-d"). The broken shell allowed the leak
of some metal oxides from the HPPs, as appeared in Fig. 6b’-d’, i.e., the
yellow turbid aqueous phases contained the leakage of yellow BiVO,
NPs in the three Runs. Due to the spherical HPPs-BiVOj /Fes04 without
any broken particles, PMAA-b-P(MMA-MPS) content at 9 wt%-dried
HPPs (Run 2) was used for fabrication of HPPs-BiVO, /Fe;0; for further
study.

Fig. 4. Optical micrographs of monomer droplets (a-c) and HPPs-BiVO,/Fe;0, after being synthesized by the ms ITP (a’-c’) (monomer:metal oxides =90: 10 (wt%);
PMAA-b-P(MMA-MPS):metal oxide = 1: 1 (wt); Fe30,:BiVO, (wt%) ratio = 50: 50 (a and a’; Run 1), 40: 60 (b and b’; Run 2), and 20: 80 (c and c’; Run 3).
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Fig. 5. SEM micrographs (a-c) and elemental mapping of the HPPs-BiVO, /Fe;0, (a’-c’) at various Fe;0,4:BiVO, ratios (wt%: 50: 50; 40: 60; and 20: 80) (monomer:
metal oxides = 90:10 wt%; PMAA-b-P(MMA-MPS)-dried HPPs = 9 wt%; Fe;0,: BiVO, (wt%) ratios varied from 50:50 (a and a’; Run 1), 40:60 (b and b’; Run 2), and

20:80 (c and c’; Run 3).

To improve the photocatalytic activity of HPPs, the metal oxide
content was optimized by 9 wt% PMAA-b-P(MMA-MPS)-dried HPPs.
After that, PMAA-b-P(MMA-MPS) content was improved at the optimal
metal oxide content. Fig. 7 shows the SEM micrographs of HPPs after
adding, i) 9 wt% PMAA-b-P(MMA-MPS)-dried HPPs (at monomer:metal
oxide ratios 70:30 (a; Run 6), 60:40 (b; Run 8), and 50:50 (c; Run 10))
and ii) 18 wt% PMAA-b-P(MMA-MPS)-dried HPPs (70:30 of monomer:
metal oxide ratio in Run 11 (d)). For the comparison, the monomer:
metal oxides ratio of 70:30 without adding PMAA-b-P(MMA-MPS) was

prepared as Run 5 (e).

With adding 9 wt% PMAA-b-P(MMA-MPS)-dried HPPs at monomer:
metal oxide ratios: of 70:30, spherical porous particles having strong
polymer shell could maintain its shape without any broken region
(Fig. 7a). The%Lg and%E were 28 and 50, respectively. On contrary, in
the case of HPPs having lower polymer content of 60:40 (Fig. 7b) and
50:50 (Fig. 7¢), some broken HPPs and large pores were noticed. This
might be due to the role of PMAA-b-P(MMA-MPS) as polymeric porogen
resulting in the brittleness of HPPs, as already mentioned. The porous
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Fig. 6. SEM micrographs of HPPs-BiVO,4 /Fe;04 and photographs of suspension after applying external magnetic field (ratios of monomer:metal oxides = 90:10 (Run
2; a and a'), 70:30 (Run 4; b and b'), 60:40 (Run 7; c and c’) and 50:50 (Run 9; d and d'), whereas PMAA-b-P(MMA-MPS):metal oxide ratio = 1:1).

Fig. 7. SEM micrographs of HPPs-BiVO, /Fe;0, prepared by using i) 9 wt% PMAA-b-P(MMA-MPS)-dried HPPs at monomer:metal oxide ratios of 70:30 (a; Run 6),
60:40 (b; Run 8), and 50:50 (c; Run 10), ii) 18 wt% PMAA-b-P(MMA-MPS)-dried HPPs at the monomer:metal oxide ratio of 70:30 (d; Run 11) and iii) without adding

PMAA-b-P(MMA-MPS) (e; Run 5).

surface might be also created when metal oxide NPs escaped from the
droplets or polymer particles. Increasing PMAA-b-P(MMA-MPS) content
from 9 (Run 6) to 18 (Run 11) wt%-dried HPPs at 70:30 of monomer:
metal oxides ratio, the particles still broke and could not maintain their
shape (Fig. 7d) for Run 11. From the obtained spherical HPPs-BiVO, /
Fe304 without any broken of Run 6, the optimal condition was 70:30
monomer: metal oxides ratio at PMAA-b-P(MMA-MPS) content of 9 wt
%-dried HPPs. At this ratio without adding PMAA-b-P(MMA-MPS) (Run
5), Fig. 7e confirmed the microcapsules having smooth surface without
any porous structure. The scheme of the porous formation in HPPs due
to the presence of PMAA-b-P(MMA-MPS) is shown in Scheme. 2.

ii) Magnetic properties and adsorption isotherm

The magnetic properties of HPPs-BiVO, /Fe30, were investigated by

using VSM. The curve of VSM and N3 adsorption isotherm of these HPPs
prepared using monomer:metal oxide ratio (wt%) of 70: 30 and the
PMAA-b-P(MMA-MPS) contents of 9 wt%-dried HPPs (Run 6) are dis-
played in Fig. 8. The pore size distribution is shown as an inset image.

Fig. Sa shows the magnetization curve without a hysterical loop ,
indicating the superparamagnetism of incorporated Fe3O4 NPs. The Na
adsorption-desorption isotherm of the HPPs-BiVO, /Fe304 measured by
BET, in Fig. 8b represented type I adsorption isotherm. The pore size
distribution was broad due to the presence of micropores and possibly
narrow mesopores [61]. Based on the adsorption isotherm, their surface
area and pore volume were 1.952 m%g ' and 0.000868 cm’.g ',
respectively, which were lower than those of poly(styrene-EGDMA)
porous particle (ca. > 10 n12.g !and > 0.05 cn13g 1[62] and PVA/-
graphene oxide nanocomposite hydrogel (ca. > 8 m%g ! and > 0.03
cm3.g ])[63].
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Scheme 2. Schematic diagram showing the porous formation of HPPs due to the presence of PMAA-b-P(MMA-MPS) in ms ITP.
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Fig. 8. VSM curve (a) and N, adsorption isotherm (b) of HPPs-BiVO, /Fe;04 at monomer:metal oxide ratio (wt%) of 70: 30 and PMAA-b-P(MMA-MPS) contents of 9
wt%-dried HPPs (Run 6). Inset image of (b): pore size distribution of the micropores and mesopores of HPPs.

3.3. Dye removal performance and reusability of HPPs

Although the high surface area and pore volume are necessary for use
as a dye removal material via the adsorption process, the dye molecules
transfer from the liquid to the solid phase without any elimination,
leading to secondary pollution. Therefore, the synthesized HPPs having
a low surface area for adsorption might be effective dye removal when
their photocatalytic degradation activity was also considered. MB, one
of the highest-consuming dyes in industries, was used as a dye model in
this study. The weak acid carboxyl groups of the PMAA segment on the
surface of HPPs deprotonated under alkaline conditions could increase
the MB adsorption on HPPs. The %DE and DE (Eq. (6)) at various pHs
(2.5,5.5,7.5,8.5,and 10.5) of 5mg.l ! MB solution are shown in Fig. 9a
and those of 40 mg.l ! MB solution under dark and visible light condi-
tions are shown in Figs. 9bl and 2, respectively.

In Fig. 9a,%DE (DE; mg-MB/g-BiVO,) increased with increasing pH.
The%MB adsorptions were 22 (9 mg-MB/g-BiVO,), 76 (31 mg-MB/g-
BiVO,), 72 (30 mg-MB/g-BiVO,), 80 (33 mg-MB/g-BiVO,), and 90 (40

mg-MB/g-BiVO4) at pH 2.5, 5.5, 7.5, 8.5, and 10.5, respectively. This
confirmed the pH-responsive PMAA whose carboxyl groups were grad-
ually deprotonated with increasing pH (pKa of PMAA in an aqueous
solution is 5.55-5.65 [64,65]), and hence, allowed the ease of MB
adsorption. At pH > 10.5, the%DE did not significantly change due to
the complete deprotonation of carboxyl groups.

Therefore, the dye adsorption and degradation efficiency of HPPs
using 40 mg.1 ! MB solution at pH 10.5 in the dark cabinet (Fig. 9b1)
and under visible light (Fig. 9b2) were then investigated. Within 30 min,
a similar dye removal capacity (~200 mg-MB/g-BiVO, or 33.6 mg-MB/
g-HPPs, see Table S3) in both cases was observed, which indicated that
the HPPs adsorbed MB mainly in the initial period. The theoretical
concentration of COOH in HPPs was 0.25 mmol/g-HPPs (Table S3),
which is double the amount of MB that could be adsorbed (0.11 mmol/g-
HPPs, Table S3). This could be the reason for the MB adsorption
maximum by 30 min. Nevertheless, considering that the adsorbed MB
was less than the theoretical COOH, it is possible that some COOH
groups are absent from the surface of HPPs. After that, DE values in the
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Fig. 9. %DE and DE of HPPs using (a) 5 mg.l "' MB solution at pHs: 2.5 (1), 5.5
(In), 7.5 (1), 8.5 (IV), and 10.5 (V), and (b) 40 mg.l1"1 MB solution at the
different conditions: dark (1) and visible light (2).

dark condition were constant at ~200 mg-MB/g-BiVO,, whereas those
under visible light, i.e., with the photocatalytic process, slightly
increased and reached 235 mg-MB,/g-BiVO4 within 3 h. The adsorption
to photocatalytic degradation MB ratio of HPPs had about 5.7:1.0. The
reduced photocatalytic degradation of MB may be caused by a high
quantity of adsorbed MB, which blocks visible light from reaching the
encapsulated BiVO,. The adsorbed MB can, however, be desorbed using
an acetic acid solution (10% in ethanol) or by exposing the sample to
visible light for 24 h. Table 2 compares the performance of HPPs with
reported adsorption and photocatalytic degradation MB. However, most
reported materials were particles and composites without the porous
structure as HPPs in this work. It is difficult to determine whether ma-
terials have higher MB removal performance due to the diverse testing
settings. However, the developed HPPs have good MB removal perfor-
mance overall. When compared% DE of the HPPs with the similar ma-
terials as P(MMA-AA-DVB) microcapsules, having low porous surface,
containing BiVO, and Fe;04 NPs (12-20 mg-MB/g-BiVO, using 5 mg/l
MB solution at pH 10) [10, 11], the absorption process of the porous
particles was greatly important. Under alkaline conditions, negatively
charged HPPs exhibited high adsorption of MB, whereas the ¢OH
generated from encapsulated BiVO4 NPs decomposed MB.

As mentioned in the introduction, visible light formed a hole (h")
and electron-rich regions at VB and CB, respectively, of encapsulated
BiVOs. By electron-rich at CB and the hole (h") of VB, respectively, O»
was reduced, and water was oxidized, forming hydroxyl radicals (OH®).
The resulting hydroxyl radicals degrade organic dyes efficiently such as
methyl orange [71], azo-dyes reactive black 5 [72] and MB[73] to
complete mineralization[74]. It was also used to remove other toxics
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Table 2
Performance comparison of HPPs with reported adsorption and photocatalytic
degradation MB.

Materials type MB removal performance Irradiation  Reference
Adsorption Adsorption/
capacity photocatalysis
(mg/g) ratio
ZnS-Ti02/RGO- 275 2.0:1.0 Visible 1661
tetrabutyl
titanate
composites
TiO»/C composites 15.0 1.4:1.0 uv 671
Cellulose/GO/ Notreported  0.3:1.0 uv 1681
TiO» hydrogels
ZnO/biochar 17.0 1.8:1.0 uv [691
nanocomposites
TiO,/Cu,0 224 19.0:1.0 Visible (701
nanoparticles
P(MMA-AA-DVB)/ 5.0 07:1.0 Visible [10]
BiVOy/
Fe304
microcapsules
P(MMA-DVB- 8.0 0.4:1.0 Visible [11]
HEMA)/
o-BiVO; particle
HPPs 33.6 57:1.0 Visible Current
work

such as bacteria [14,15], pharmaceutical compounds[75], oil in water
emulsion [76], nitrite[77], and, i.e. To degrade the MB of HPPs in this
work, the MB was both adsorbed by the porous structure of HPPs and
oxidized with hydroxyl radicals, as depicted in Scheme 3. The dye
removal performance of HPPs compared with various materials, i.e., P
(MMA-DVB) and pristine BiVO, NPs, as well as the reusable study of
HPPs for dye removal using 5 mg/1 MB solution at pH 10.5, are pre-
sented in Fig. 10.

In Fig. 10a,%DE of P(MMA-DVB) particle (ca. 12%) and pristine
BiVO, (ca. 46%) were significantly lower than that of HPPs (96%). The
higher adsorption ability of HPPs was due to the higher porosity, and
hence, high surface area and diffusivity. Due to the encapsulated Fe;04
NPs, the reusability of the prepared HPPs when applying an external
magnetic field was explored. The dye removal performance was higher
than 86%DE (35 mg of MB/g of BiVO,) after 5 treatments where the blue
solution completely changed to a clear solution (Fig. 10b). It was
significantly better than the previous work[10], which had only 70%DE
after 5 treatment cycles. The ms ITP of HPPs with block copolymer was a
simple and effective method in creating pores and retaining metal oxide
NPs in HPPs, which could be used to incorporate various metal oxide
types for various applications.

4. Conclusions

HPPs-Fe;0,/BiVO, were successfully synthesized via the ms ITP
process. The porosity of particles was created by PMAA-b-P(MMA-MPS)
previously dissolved in the monomer droplet. Besides coating on BiVO,
NPs for enhancing their dispersibility, this block copolymer moved to
the particle/water interface to form a P(MMA-MPS) rich region, absor-
bed water, formed inverse w/o emulsion in HPPs (ca. 5-20 pm), and
acted as polymeric stabilizer. To maintain particle shape without
breaking, the PMAA-b-P(MMA-MPS) content was limited to 9 wt%-dried
HPPs, whereas the monomer:metal oxide and Fe;04:BiVO, ratios (wt%)
were 70:30 and 40:60, respectively. HPPs with porous structures and
containing BiVO4 NPs could effectively remove the dye, i.e., with the
performance of up to 235 mg of MB g of BiVO4, via adsorption and
photocatalysis mechanism. The presence of Fe;0, NPs was responsible
for the reusability of HPPs up to 5 times when applying an external
magnet with a dye removal performance of 86%.
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133



C. Kraithep et al
CRediT authorship contribution statement

Chanyanuch Kraithep: Visualization, Investigation, Writing —
original draft. Warayuth Sajomsang: Validation, Formal analysis, Re-
sources. Hideto Minami: Validation, Formal analysis, Resources.
Chumphol Busabok: Formal analysis. Pr: Tangborib 5
Formal analysis, Resources, Writing — original draft Preeyaporn
Chaiyasat: Conceptualization, Methodology, Validation, Writing —
original draft, Writing — review & editing. Amorn Chaiyasat: Concep-
tualization, Methodology, Validation, Formal analysis, Investigation,
Writing — original draft, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

The author would like to thank RMUTT Central Lab, Institute of
Research and Development, Rajamangala University of Technology
Thanyaburi for facility support.

Funding

This work was supported by the National Science and Technology
Development Agency in d with the scholarship agreement for
graduate studies, Thailand Graduate Institute of Science and Technol-
ogy: TGIST No. SCA-CO-2560-4544-TH (given to C.K.) and partly sup-
ported by Reinventing University Project (RMUTT) 2022, Office of the
Ministry of Higher Education, Science, Research and Innovation,
Thailand Science Research and Innovation, and the Program Manage-
ment Unit for Human Resources & Institutional Development, Research
and Innovation, Thailand; Grant number: BOSF640078.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.suxfin. 2023.102738.

References

M. Moh a5

1] S 8 i, M.~.H. Sarrafeadeh, ER. Rene, M. Firoozbaht,
Recent advances in the treatment of dye-containing wastewater from textile
industries: overview and perspectives, Procass Saf; Envifon. Prot. 143.(2020)
138-163.

D.A. Yaseen, M. Scholz, Textile dye wastewater characteristies and constituents.of
synthetic effluents: a critical review, Int. J. Environ. Sci. Techaol: 16 (2019)
1193-1226.

M.T. Yagub, T.K. Sen, S. Afroze, H.M. Ang, Dye and its removal from dqueous
solution by adsorption: a review, Adv. Colloid Interface Sci. 209.(2014) 172-184.
M.M. Haque, M.A. Haque, M.K. Mosharaf, P.K. Marcus, Novel bacterial biofilm
consortia that degrade and detoxify the carcinogenic diazo dye Congo red, Arch.
Microbiol. 203 (2021) 643-654.

S.K. Dutta, M.K. Amin, J. Ahmed, M. Elias, M. Mahiuddin, Removal of toxic methyl
orange by a cost-free and eco-friendly adsorbent: mechanism, phytotoxicity,
thermodynamics, and kinetics, S. Afr. J. Chem. Eng. 40 (2022) 195-208.

R. Kishor, D. Purchase, G.D. Saratale, LF. Romanholo Ferreira, C.M. Hussain, S.
L Mulla, R.N. Bharagava, Degradation mechanism and toxicity reduction of methyl
orange dye by a newly isolated bacterium Pseudomonas aeruginosa MZ520730,
J. Water Process Eng. 43 (2021), 102300.

S.M. Ghoreishi, R. Haghighi, Chemical catalytic reaction and biological oxidation
for treatment of non-biodegradable textile effluent, Chem. Eng. J. 95 (2003)
163-169.

2]

3

4]

[5]

[61

71

8]

]

[10]

(1]

(2]
[13]

[14]

[15]

[16]

(171

18]

[19]

[20:

[21]

[22]

[23]

[24]

[25]

[26]

271

[28]

291

[30]

31]

[32]

[33]

[34]

[35:

134

Surfaces and Interfaces 37 (2023) 102738

M. Nazim, A.A.P. Khan, AM. Asiri, J.H. Kim, Exploring rapid photocatalytic
degradation of organic pollutants with porous cuo nanosheets: synthesis, dye
removal, and kinetic studies at room temperature, ACS Omega 6 (2021)
2601-2612.
V.R. Posa, V. Annavaram, J.R. Kodury, P. Bobbala, M.V.AR. Somala, Preparation
of graphene-TiO2 nanocomposite and photocatalytic degradation of Rhodamine-B
under solar light irradiation, J. Exp. Nanosci. 11 (2016) 722-736.
N. Srisawang, A. Chaiyasat, P. Ngernchuklin, P. Chaiyasat, Novel reusable pH-
ph lyst polymeric mi les for dye , Int. J. Energy
Rea 45 (2021) 7535-7548.
C. Klubchom, P. Chaiyasat, A. Chaiyasat, Composite polymer particles containing
bismuth vanadate particles for self-cleaning fabrics, J. Ind. Text. 51 (2022)
14768-1498S.
R. Javaid, U.Y. Qazi, Catalytic oxidation process for the degradation of synthetic
dyes: an overview, 16 (2019) 2066.
G Supthn S. Shnnthnkum:u, F. Chiampo, UV Light-irradiated photocatalytic
of coffee p using TiO2 as a catalyst, 7 (2020) 47.
A. Ajmal, 1. Majeed, R.N. Malik, H. Idriss, M.A. Nadeem, Principles and
mechanisms of photocatalytic dye degradation on TiO2 based photocatalysts: a
comparative overview, RSC Adv. 4 (2014) 37003-37026.
D. Zhu, Q. Zhou, Action and mech of semicond h lysi:
degradation of organic pollutants in water treatment: a review, Environ,
Nanotechnol., Monitor. Manag. 12 (2019), 100255.
M. Al Ruqaishy, F. Al Marzouqi, K. Qi, S--y. Liu, S. Karthikeyan, Y. Kim, S.M.Z. Al-
Kindy, A.T. Kuvarega, R. Selvaraj, Template-free pri of TiO2 microsph
for the photocatalytic degradation of organic dyes, Korean J. Chem. Eng. 35 (2018)
2283-2289.
H. Karakurt, O.E. Kartal, Investigation of photocatalytic activity of TiO2 nanotubes
synthesized by hydrothermal method, Chem. Eng. Commun. (2022) 1-21.
P. Jeevanandam, R.S. Mulukutla, M. Phillips, S. Chaudhuri, L.E. Erickson, K.
J. Klabunde, Near infrared reflectance properties of metal oxide nanoparticles,
J. Phys. Chem. C 111 (2007) 1912-1918.
T. Liu, R. Liu, Q. Li, J. Yang, Theoretical insight into the role of defects and facets in
the selectivity of products in water oxidation over bismuth vanadate (BiVO4), ACS
Sustain. Chem. Eng. 8 (2020) 1980-1988.
H.E.A. Mohamed, S. Afridi, A.T. Khalil, T. Zohra, M.M. Alam, A. lkram, Z.
K. Shinwari, M. Maaza, Phytosynthesis of BiVO4 nanorods using Hyphaene
thebaica for diverse biomedical applications, AMB Express 9 (2019) 200.
M. Ganeshbabu, N. Kannan, P.S. Venkatesh, G. Paulraj, K. Jeganathan,
D. MubarakAli, Synthesis and characterization of BiVO4 nanoparticles for
environmental applications, RSC Adv. 10 (2020) 18315-18322.
R/ Sharma, S.S, Uma, A ‘ma, M. Khanuj sible light induced bactericidal and
photocatalytic activity of hydrothermally synthesized BiVO4 nano-octahedrals,
J; Photochem. Photobiol. B 162 (2016) 266-272.
Y.M. Hunge, A. Uchida, Y. Tominaga, Y. Fujii, A.A. Yadav, S.-.W. Kang, N. Suzuki,
I. Shitanda, T. Kondo, M. lmplu M Yuasa,S Gosavi, A. Fujishima, C. Terashima,
Visible light-assisted ph is using ical-shaped BiVO4 ph. 1
11 (2021) 460.
W. Yin, W.-Wang, M. Shang, L. Zhou, S. Sun, L. Wang, BiVO4 Hollow Nanospheres:
anchoring Synthesis, Growth Mech, Their Applic. Photocatal. 2009 (2009)
4379-4384.
Y, Ying, F. Tao, T. Hong, L. Wang, Controlled fabrication of bismuth vanadium
oxide hierarchical microtubes with enhanced visible light photocatalytic activity,
Mater. Sci. Semicond. Process. 32 (2015) 82-89.
J. Omsinsombon, A. Chaiyasat, C. Busabok, P. Chaiyasat, A novel iron aluminate
composite poly mer particle for high-efficiency self-coating solar heat reflection,
Sol: Energy Mater. Sol. Cells (2021) 230.
J. Sadchaiyaphum, P. Phapugrangkul, P. Chaiyasat, A. Chaiyasata, High
1 efficiency of ite nanoparticles in hydrophobic polymer
using conventional radical polymerization, Orient.
L Chem 35/(2019) 516~ 522
P. Sangjun, A; Chaiyasat, Poly(L-Lactic Acid)-based microcapsule containing
phase-change material: influence of polymer shell on particle morphology, Fibers
Polym. 21 (2020) 935-943.
A. Chaiyasat, S. N B/ U kul, W. P. Chaiyasat,
Innovative bifunctional microcapsule for heat storage and antibacterial properties,
Int. J. GEOMATE 14 (2018) 91-98.
8. Namwong, M:Z. Islar, S. Noppalit, P. Tangboriboonrat, P. Chaiyasat,
A Chaiyasat, Encapsulation of octadecane in poly(divinylbenzene- co -methyl
methacrylate) using phase inversion emulsification for droplet generation,
Ji Macromol. Sci. Part A: Pure Appl. Chem. 53 (2016) 11-17.
P. Chaiyasat,’S. Noppalit, M. Okubo, A. Chaiyasat, Innovative synthesis of high
performance poly(methyl methacrylate) microcapsules with encapsulated heat
storage material by microsuspension iodine transfer polymerization (ms ITP), Sol.
Energy Mater. Sol. Cells 157 (2016) 996-1003.
JP , A. Chaiy: ive and high performance synthesis of
microcapsules containing methyl anthranilate by microsuspension iodine transfer
polymerization, Polym. Int. 66 (2017) 1921-1927.
P. Chaiyasat, S. Noppalit, M. Okubo, A. Chaiyasat, Do encapsulated heat storage
materials really retain their original thermal properties? Phys. Chem. Chem. Phys.
17 (2015) 1053-1059.
P. Chaiyasat, S. Namwong, M. Okubo, A. Chaiyasat, Synthesis of micrometer-sized
poly(methyl methacrylate) particles by microsuspension iodine transfer
polymerization (ms ITP), RSC Adv. 6 (2016) 95062-95066.
P. Tangboriboonrat, P. Sunintaboon, A. Chaiyasat, P. Chaiyasat, Polymer colloids,
in: Kirk-Othmer lopedia of Chemical Technol pp. 1-28.

on

es




C. Kraithep et al.

[36]

371

[38]

391

[40]

[41]

421

431

[441

451

461

471

[48]

[491

[501

511

521

531

(541

[55]1

[56]

S. Park, DS Kwag, UY. Lee, D.J. Lee, KT. Oh, Y.S. Youn, E.S. Lee, Highly porous
gly for ium release, 25

poly
(2014) 16-20.
B. Amoyav, O. Benny, based fab
porous polymeric microspheres, 11 (2019) 419.
F.S. Macintyre, D.C. Sherrington, Control of Porous Morphology in Suspension
Polymerized Poly(divinylbenzene) Resins Using Oligomeric Porogens,
Macromolecules 37 (2004) 7628-7636.
Y. Cai, W. Yan, X. Peng, M. Liang, L. Yu, H. Zou, Influence of solubility parameter
d.lffeunce belween monomer. and porogen on structures of poly

sty ) resins, 136 (2019) 46979.
7 Tan, C. 1i,.J. Zhon, C. ¥in, B.Zhg, J. Gu, Q. Zhavg, Fast sind faclle fabrication
of porous polymer particles via thiol-ene suspension photopolymerization, RSC
Adv. 4 (2014) 13334-13339.
W. Zhou, J. Li, W. Wei, Z. Su, G. Ma, Effect of solubilization of surfactant
aggregates on pore structure in gigaporous polymeric particles, Colloids Surf. A
384 (2011) 549-554.
A. Chaiyasat, M. Yamada, H. Kobayashi, T. Suzuki, M. Okubo, Incorporation of
nonionic Isi inside ylic acid copoly particles during
emulsion copolymerization, Polvmer (Guildf) 49 (2008) 3042-3047.
M. Okubo, A. Chaiyasat, M. Yamada, T. Suzuki, H. Kobayashi, Influence of
hydrophilic-lipophilic balance of nonionic emulsifiers on emulsion
copolymerization of styrene and methacrylic acid, Colloid. Polym. Sci. 285 (2007)
1755-1761.
A. Chaiyasat, H. Kobayashi, M. Okubo, Incorporation of nonionic emulsifier inside
methacrylic polymer particles in emulsion polymerization, Colloid. Polym. Sci. 285
(2007) 557-562.
J. Seidl, J. Malinsky, K. Dusek W. Heitz, MaLroporose styrol- d.wmylbenzol-

) und ihre g in der ch graphie und zur d 1l
xonenaustauschem in: J.H. Winter (Ed.), Fortschritte Der Hochpolymeren-
Forschung, Springer Berlin Heidelberg, Berlin, Heidelberg, 1967, pp. 113-213,

S. Okunaka, H. Tokudome, Y. Hitomi, R. Abe, Preparation of fine particles of

sheehte -monoclinic phase BiVO4via an aqueous chelating method for efficient
lytic oxygen evol under visible-light irradi J. Mater. Chem, A

4 (2016) 3926-3932.

P.B. Shete, RM. Panl B. M leale, S H. P:Aw:u Water dispersible oleic acid-coated

fluidi and ch of highly

von

Fe304 for b J. Magn, Magn Mater, 377
(2015) 406-410.

P. Velusamy, S. Chia-Hung, A. Shritama, G.V. Kumar, V. Jeyanthi; K Pandian,
Synthesis of oleic acid coated iron oxide icles and its role'in

activity against clinical isolates of bacterial pathogens, J. Taiwdh G\ hem. Birg
50 (2016) 450-456.

K Linnow, H. Juling, M. Steiger, of NaCl deli in porous
substrates using RH-XRD, Environ. Geol. 52 (2007) 317-327.
T.A. Saleh, Chapter 7 - Structural characteri; of hybrid ials, in: T.

A. Saleh (Ed.), Polymer Hybrid Materials and Nanocomposites; William Andrew.

Publishing, 2021, pp. 213-240.

R. Ran, J. Gamage McEvoy, Z. Zhang, Synthesis and Optimization of visible light

active BiVO 4 photocatalysts for the degradation of RhB;int. J. Photoenergy 2015

(2015) 1-14.

H. Ll, G Lm b & Duan, Monachmc BiVO4 with regular morpholagies: hydrothermal
and ph properties, Mater. Chem. Phys, 115

(2009) 9-13.

S. Lotfi, M.E. Ouardi, H.A. Ahsaine, A. Assani, Recent progress on the synthesis;

morphology and photocatalytic dye degradation of BiV04 photocatalysts: a review,

Catal. Rev. (2022) 1-45.

P.M. Pardeshi, A.A. Mungray, Photo-polymerization as a new approach to fabricate

the active layer of forward osmosis membrane, Sci. Rep. 9/(2019).1937.

w.T h P.P , P. Chaiyasat, High performarnce
bl b 1 gallic acid

inverse mlcrosuspenslon polvmenmnon, Polym. Int. 68 (2019) 714-723.

F. Pardal, V. Lapinte, J.-.J. Robin, Kineties of cotelomerization of 3-

(trimethoxysilyl)propyl methacrylate and pesfluorodecylacrylate, Eur. Polym. J. 45

(2009) 1198-1207.

d micr 1

d by

[571 P.

[58]

[59]

[60]

611

[62:

[63]
[64]
[65]
[66]
671
681

[69]

(701
71

1721

[74]
751

761

771

135

Surfaces and Interfaces 37 (2023) 102738

Mondal, S.K. Raut, N.K. Singha, Thermally amendable tailor-made acrylate

1 via RAFT and ultrafast ald “click” chemistry, 56
(2018) 2310-2318.

-.C. Nguyen, T.-.D. Nguyen, D.-T. Vu, D.~.P. Dinh, A.~H. Nguyen, T.-N.-L. Ly, P--.
Nguyen, L.~.G. Bach, H. Thai, Modification of titanium dioxide
with 3-(Trimeth hacrylate silane coupling agent,
J. Chem. 2020 (2020), 1381407.

Y. Hata, T. Suzuki, H. Minami, M. Okubo, Preparation of hollow poly(divinyl

benzene) particles with multiple holes in the shell by microsuspension

polymerization with the SaPSeP method, Colloid. Polym. Sci. 286 (2008)

1561-1567.

M. Ito, Y. Furukawa, H. Minami, M. Okubo, Preparation of micrometer-sized,
disp hollow polysty ‘poly(ethylene glycol dimethacrylate) particles

with 2 single hole in the shell, Colloid. Polym. Sci. 286 (2008) 1335.

M. Thommes, K. Kaneko, A.V. Neimark, J.P. Olivier, F. Rodriguez-Reinoso,

J. Rouquerol, K.S. Sing, Physisorption of gases, with special reference to the

evaluation of surface area and pore size distribution (IUPAC Technical Report),

Pure Appl. Chem. 87 (2015) 1051-1069.

H. Wang, Z. Qin, Y. Liu, X. Li, J. Liu, Y. Liu, D. Huang, D. Di, Design and

preparation of porous polymer particles with polydopamine coating and selective

enrichment for biomolecules, RSC Adv. 7 (2017) 45311-45319.

ilyl)propyl

Y. Yu, X. Zhao, L. Ye, Poly(vinyl alcohol), hene oxide hydrogel
wnth cmnlync activity: the removal behavior and dual adsorption/ mmlync
hanism for dye 70 (2021) 331-340.

N.M. Ranjha, Swelling beh of pH- cr poly(vinyl acetate co-
acrylic acid) hydrogels for site specific drug delivery, Pak. J. Pharm. Sci. 12 (1999)
33-41.
J. Zhang, N.A. Peppas,
sensitive poly(methacrylic acid)/Poly(N-isop:
ic networks, M. lecules 33 (2000) 102-107.

Y. Qin, W. Zhao, Z. Sun, X. Liu, G. Shi, Z. Liu, D. Ni, Z. Ma, Photocatalytic and
adsorption property of ZnS-TiO2/RGO ternary composites for methylene blue
degradation, 37 (2019) 764-776.
J. Cai, S. Hu, J. Xiang, H. Zhang, D. Men, The effect of graphitized carbon on the
adsorption and photocatalytic degradation of methylene blue over Ti02/C
composites, RSC Adv. 10 (2020) 40830-40842.
Y. Chen, Z. Xiang, D. Wang, J. Kang, H. Qi, Effective photocatalytic degradation
andiphysical adsorption of methylene blue using cellulose/GO/TiO2 hydrogels,
RSC Adv. 10 (2020) 23936-23943.
S.Wang, Y. Zhou, S. Han, N. Wang, W. Yin, X. Yin, B. Gao, X. Wang, J. Wang,
Carb hyl cellulose stabilized ZnO/bxoch:u nanocomposites: enhanced
adsorption and inhibited ph ytic d. dation of methylene blue,
Chemosphere 197 (2018) 20-25.
M. Hosseini-Sarvari, F. Jafari, A. Dehghani, The study of TiO2/Cu20 nanoparticles
a5 an efficient nanophotocalyst toward surface adsorption and photocatalytic
degradation of methylene blue, Appl. Nanosci. 12 (2022) 2195-2205,
M. Adeel, M. Saeed,; I Khan, M. Muneer, N. Akram, Synthesis and characterization
of Co-ZnO and evaluation of its photocatalytic activity for photodegradation of
methyl orange, ACS Omega 6 (2021) 1426-1435.
A:-Aguedach, S. Brosillon, J. Morvan, EK. Lhadi, Photocatalytic degradation of
azo-dyes reactive black 5and reactive yellow 145 in water over a newly deposited
titanium dioxide, Appl.-Catal. B .57 (2005) 55-62.
J Antony $.V.Gonzalez, S, Budwopadhyay, J. Yang, M. Renning, Silica-modified

Jes for enbanced adsorption and faster solar photocatalytic
degradation of methylene blue, Catal. Today (2022).
MR. Al:Mamun, S, Koder, M. lslam, M.Z.H. Khan, Photocatalytic activity

and Li of UV-TiO2 p lysis in textile

rm:mmnr ateview, J. Environ. Chem. Eng 7 (2019), 103248.
M. Sharma, A. Yadav, MK+ Mandal, K K. Dubey, TiO2 based photocatalysis: a
valuable approach for the-removal of pharmaceuticals from aquatic environment,
Int. J. Environ. Sci. Technol. (2022).
N. Kiama, C. Ponchio, P 1 lytic reactor i towards oil-in-
water emulsion degradation, J. Environ. M:mage 279 (2021), 111568.
€. Ponchio, W, Srevarit, Photoel of copper oxide thin
film fabricated using strate; in nitrite degrad
profoting oxygen evolution, Chem. Pap. 75 (2021) 1123-1132.

h

is and of pH- and temp

lytic imp:

2




NsUNEUENANWIIE NN TUTEYIVINTIEAUY IR

o Audinssanisuan1susegulume v1au ngamnanuese (Wanes)

NEEOE| Lo o TR50n
Trvererined YsacSarvm

rsvrierngadn
Jrimiotohin Jpvotiedenapitoquer i

v o o ° v o o o e o o s v
M?&]ﬂiiNBHﬂ1ﬂ1EHSQﬂN§W§H mmumsmmuumnmmmmnauuﬂiﬂﬁu"ln
Innovative Reusable Porous Hybrid Particles for Wastewater Treatment

Sy lasme, ous Taedadh*, 25ems axlauas’ uay Wonsel lyedng

tamdvunil aariemaniuazma iulagiminedamalul fany3, Unusiil, szndlne 12110
SuduiTumauTaguviand s e T W (@), dnusiil, dszmang 12120
*ERsTRIMIILLTERTUEY doniu RN I Inedema Tulags $a13, Unns i, Usznalne 12110
i *E-Mail: 3_chaiyaza@mait ot acth (Inzfnd Tnzshs —66 2549 3536, 66 2549 3526)
s B L\ i
ﬂqgmuasnm | aniluudanssu

FuAmamenv maai tazmaiam / TouSanodnodi Fuie
P g s aymalauiaveamimignguindueyna
dafas dinTrurumsiniavaudonals ] - I SR
R SO = wludaimmneausueynmn huwni nd
YuAdU Nﬂ'ﬂ’ﬁTWi Adamninaznaudn S S »

Kl E ada a a s - o s v ° &
sz amsamgedmfumainiaaatenluinds Taserds

o e o 4
l mdsag Tunaugiora insldndrnug
b TR i et JP L o - nalalTaunm laFasmanasss sunasisnmaaniv uaz

PR

P EN a2 9 S a
emnsmnndvanl¥lnilasy Tasnnfsdiawivinmenen 39

| sniitlianmdudanadon

maiialyllauamladn @ivoy) | ANHZHAR J.l'llﬂdl

doi Wummnsssuma s«% Aol

- - . ) oo = = z5a = 2 2w
flAniamgdmiumatdminds | . e ayma levianedweiiignsuiinidueymmnTudainn

{ wuansiueymmn huuni Ind Az dndamged sy

| sy ag 2 a ﬂ a. ﬂ
amiaadgenluinds lansazdunsdnassdon u

aymanzinay wwmszdy Ty Taswmsignuiimdnau

dadayienn Bivo, fiammnnamhsnaainhdlFmiaeasas
\Aamaanaznauna: ML IATe Sniliimsns0eda 18 b
aysal wasiifuffduizanas widlesn Inofannaumanadue
"_lm?n-?;ﬁimuﬁn'mﬁuaumnuﬂuﬁuﬁnnummmaunmuﬂu
winfiInd el
Jausiu
i se i Tauam laAnsuiiide
-tnlzzAngamwarania bl iaunar ladn

\ -annzehaymadnanadun i

Oil phase

ammnadananssmiiuuldua (n) anndasganssanisiEnasau
1UFRINEIA (¥) tasnImae () ¥2aaumalauiafifgy

Water phase —
Oil phase = 6% a S <
RTINS PsTumivesaalszivg

MPS ; 3{mimethoxy=ilyt) propyl methacrylars CHI; Iodoforny, BPO; Benzoy! pesoxide|
@ BiVO_ Bizmuthvanaixte @ Fz,0; Magnatite
Water phase: ~= PVA, Polyviny! alcobol

N = - - o o 2

© lazAniamgidmiumaiiauude

A RS v o2 . - i
wsnaymasannT=uu laslamimdndwa:hndunlalmila
Porow: hybrd parscle:

100 o
Blugs %
F—— -
| =] i
!_> 1
a =
E 555 et
: YR naniia
R Nt oo AT =y o e
via
- o » P ° 0 ©0 N 120 150 180
Aaudnia wenRysRR B RS i

136



Yo-ana
L =l Ny a
MW 1HdY Uina

)

ee.

=
N13ANYN

WwasnsAwn

a 3
LUA

UseIngLdeu
Toyauu s
8 Luweu 2537
133 my 3 svathulnd suneiiesnds dminns 92000
U193 AugIneaansuazimalulad awiviad
WM INRENALULAEIIVNIAATTYYS

096-649-9496 39 094-595-1448

benbow987@gmail.com

137



	หน้าปก
	หน้าปกใน
	หน้าลิขสิทธิ์
	หน้าใบรับรอง
	กิตติกรรมประกาศ
	สารบัญ
	บทที่ 1
	บทที่ 2
	บทที่ 3
	บทที่ 4
	บทที่ 5
	บรรณานุกรม
	ภาคผนวก
	ประวัติผู้เขียน

