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Abstract

Project Code : MRG5480255

Project Title : Development of novel CeO,/CoFe,O, composites for use as photocatalyst for organic compounds

degradation

Investigator : Dr. Natda Wetchakun

E-mail Address : natda_we@yahoo.com

Project Period : 2 years

Abstract: A magnetically separable cobalt ferrite and cerium dioxide (CoFe,0,/CeO,) nanocomposite was successfully obtained by
coupling a homogeneous precipitation with hydrothermal techniques. The mole ratios of CoFe,O,4 to CeO, in this study were 0.2:0.8,
0.4:0.6, 0.5:0.5, 0.6:0.4 and 0.8:0.2. The obtained CoFe,0,/CeO, nanocomposites were characterized by X-ray diffraction (XRD) for
phase composition and crystallinity. Particle sizes and morphology of CoFe,0,/CeO, nanocomposites were examined by transmission
electron microscopy (TEM). Brunauer, Emmett and Teller (BET) specific surface area measurement was also performed on all
composite samples. The results indicated that CoFe,0,/CeO, samples retained cubic structure. TEM images revealed that the shape
of the as prepared samples was almost spherical and the average particle sizes were found to be in the range of 5-10 nm. Specific
surface areas of all samples were found to be in the range of 98-180 m’ g'1. The saturation magnetization (M) of
0.4CoFe,0,:0.6Ce0, nanocomposite was determined to be 25.375 emu g'1 which lower than that pure CoFe,O,. Photocatalytic
activities of all samples were examined by studying the mineralization of oxalic acid under visible light irradiation. Results clearly show

that CoFe,0,:CeO, nanocomposite in 0.4:0.6 mole ratio exhibited the highest photocatalytic activity.

Keywords : characterization, magnetic material, nanocomposites, photocatalytic activity
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lalasanunng Ujisendannauassnmsssiassmuniuasanuiaasvanuonuan losuazuislalasianain
UfitnmiaansaizasiumuaaaIzeunidgusndannienss  Ui3m Pdisio, fifa La n3aTameu
n13438 La U%mmﬁuﬁaLmzqmauﬂ”ﬁmamﬁLi’uﬂg’jﬁ’%mﬂuaa Pd/Ce0,fMIuLN3enaansa1naituniweald  X-ray
diffraction (XRD), temperature programmed reduction (TPR), X-ray photoelectron spectroscopy (XPS) %oLﬁu
NI UIUM TR IUTIM I N B LN

Tud a.6. 2004 Tok uazane [4] lamsrnunsdnsnsssanzdinannludiSonlasanlomiamlasiiion
20N lTAGLNITLIBNIANALNOBIINUAZATIIRIANBIULLANZEBINARAG1 9 Ad TGA, XRD, BET, FESEM uaz
TEM annmefiamsiagniunaasismanddouasliiiui cd” aldunui ce® @‘hl,l,mi,aﬁi']ﬂuimaa%”ntaavlsﬁ
°uadﬁ‘ﬁﬁwvlmaaﬂ%ﬁ%@@ﬁﬂﬂﬁﬂﬁLﬁ@mﬁlﬁam‘hLmuwadﬁwé'ﬂ USunmfildlunisiiefio 20 mol  Gd,0,-CeO,
(20GDC) f‘éﬂ‘*ﬁqmwgﬁﬁw 500-700 paeniwaldus lunmsaaassiawsudn  ludmues 20GDC fuﬂui’a@falﬁﬂ
nsladinlulsuss lominumadidoindoniia solid-oxide fuel cells (SOFC) LL&:ﬁﬂ"lWﬂﬂ@TgaLfial,ﬁzmﬂ”m”a@l@?"sﬁu6]

lul a.¢. 2005 Tsai uazamiz  [5] ldmpnunsdnsmafseymemludiGonlasanlad (Ceo,) dae
nszuaumslalasinesuea E'f%\‘iagmﬂuﬂw’ﬁ'ﬁw%aan%ﬁgnm’%‘swﬁﬂ 2 38 MuanldyiFelumanuduend du
581 2 aslFuanluiondSonluiasa (NH,),Ce(NO,), lumsdatasney Lﬁ'@l‘ifgL'%mefﬁQL?ﬂa:ﬁﬂﬁLﬁ@mnauﬁ
wiaslusuas lavazldanmplvuziineunmadisonlasenlodionndt 90 ssruoados uazwiaauninvas
nanialauszanm 20-30 wiluwas eolfuanlufoudisonluasaduaznan avadeumadiionlasan’ad
I@zmmxLﬁwﬁwﬁmﬁmﬁumnﬁm‘}(mauqm%nﬂﬁmmuﬁ@agmﬂﬁmﬂﬂdw 95 parnaLTus niatdan TN
POINAHAALAND U azﬁﬂﬁmuwmaaagmﬂmaﬁ%ﬁ 2 sueanwdudon InmISensidsmafiiansasaiuua
ssfendwuindiSonlesenlodilassaaduuuudifn

lull a.@. 2005 Chen uazame [6] lamoaunsdnmnssauanziasmamludiioulasanlsd (Ceo,)

(3 ad

MBA3% two — stage non — isothermal precipitation Ma1sazanaT3uNlwasatanszlaiasa (Ce(NO,),.6H,0) ¥in
djisenuuenluiionlaasenlod (NH,0H) eﬁaﬁaoqmﬁnﬁﬁwa@iagﬂiwLLa:mmmaaagmﬂ CeO, ﬁwqmv&gﬁlﬁu
a:‘ﬁﬂﬁmm@m&mauﬂw’ﬁ'ﬁw%aaﬂ"lsmi‘l,ﬁw"ful,mﬂmaa%aLaJ5wu;ﬂaamumdm:mummnm:ﬂauuamnwﬁn
41 (dissolution-recrystallization) I@ﬂﬁqm%n‘]ﬁayﬂu“ﬁaa 0 — 90 avALTALTUR Imﬁqm%nﬂﬁ 0 avaTalTos 92d
NaaRNA 7.2 wilwaas Wleanaiiwinasoda 7 50 aseaRLTLE flvwaayna 12.5 wilwaas Glaseais
wﬁﬂﬂﬁmgﬂvxﬂmﬁw 790 asmuaaidos flawaayna 164 wiluwas ﬁimmﬁ’nwﬁmﬂugﬂwnmﬁw
(hexagonal) wﬁﬂmaaagm@miw‘ﬁﬁw%aaﬂvlﬁn@Tﬁ"L@TazﬁIﬂiaai’NLLUUWQaaVLiﬁ

lud a.a. 2005 Wang  uazame [7] l@ManumsfnsMIaiaIzd MImansmaane Lmzagmﬂﬁ'
Wanumslf v dsemansailnvilasida 10 mol % Dy,0, adlu Ce0, lagynnssuamsinauaudiLazmMs
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wanluiflonasuawadudasimianaznen  woirfawads 0.12 — 1.5 lulasuas mum‘*uaoaksmﬂﬁlﬁﬂﬂq@
0.12 lulasiuas ﬁ@hﬂﬁﬁﬂﬂﬂﬁgdﬂszmm 10™" sicm ‘ﬁ'qmvsgﬁ 700 adeniTalduR  ®§1%MIUNITLA8 CeO, o
fNNINEMETI9lane Ry 2 WIaTgWILIN wasNMIadunibifiiseseendianasimamieah  anms
138967289 CeO, L*ﬁalﬁl,ﬁ@mswmmwuaaﬂi:ﬁ;LLa:ﬁazvl@Ta”aqﬁLﬂu"Laaaﬁnﬁﬂwﬁﬁﬂﬂﬂwﬁﬁ ot luldiAany
IWvihfinannany CeO, ﬁL%'a@Taﬂm@ymmﬂﬁ]:Lflm”aq5Lﬁﬂimvla@Tmmmﬂﬂ"l,ﬂslfﬁﬂiﬂwﬂul,m§L‘§aLwﬁa"ﬁﬁﬂ
solid oxide fuel cells (SOFC) 1

lufl @./. 2005 Chen uazame [8] laswauwnsdnsmssnanzinanuludiSonlasanlodaiaitnng
anaznanlagld ssazanodisouluasaanaslania (Ce(NO,),6H,0) Afanududn 0.2 Tuas 50 fadans uas
wanludtowlaasanlad (NH,0H) Afanududu 3 Tlusns 25 Sadans Lﬂmﬁﬁuﬁuﬂﬁﬁ%mmﬂ’[@i”qnmgﬁ 30 - 90
admTaLfE LazyinnmMInaaedluussemananseniuialulasian (Ny) nuulaaandiau (0,) laslitissasas 5
930wz 100 vasSunaTufmeandian Al 70 asrmoados SiusToManauszniuislulasauivuigoandian
audusreandladilaon ce (1) Wnanaidu ceqv) 'le LLazqm‘ﬁQﬁmaaﬂﬁﬁ’%mLLa:msmmﬂﬁmwaﬁwm@]gﬂs"]a
uazlanandnuasditonlasanlod unugasihendinuazmanndwimldannmiganiusastigd  dwitwa
ﬁ%‘i’mnmmmaawmwagmﬂﬁm%wwﬁgﬂiwLﬁ%ﬁﬁﬂﬂgaa%ﬂajﬁgwgu mmﬂagmﬂimmﬁﬁagﬁ 7.4-188
Wluluas mmwaaa‘%mﬂLﬁm‘irmﬁaqmvm“ﬁmaaﬂgjﬁ’%mga‘fmm:ﬂ%mmuﬁ”aaaﬂe'ﬁwuaﬂaduanmﬁamnﬁgﬁ‘m
yasnanazidouudasnnssnaedmasnluiduanasInuos Lﬁaqmmgﬁgﬁfumﬂ 30 asmiaidus luUidu 90
RRIG BIGHE mU’Léfmimmmﬁ"aaaﬂ%mugﬂiﬂwaqmg,mﬂﬂg\mumuﬂmaﬂmﬂﬂuaa LR RGN
sandlaugafiunindauss 50 ifu"tﬂa:ﬁgﬂiwﬂwﬁwam;ﬂi

Tu) 6.7, 2005 Pavasupree uazame [9] Anwlasiains TiO,Ceo, lusanausouazlanluadise i G
gnazdlasinafiaseaiaalasld a1saaduuuy metal alkoxide Taasesauvaslnniioude
tetraisopropylorthotitanate LLa:mm%ﬁuﬁ'm%'u%Sw fia cerium butoxide wazlTRIIAITIBNITZANBAD acetylacetone
(ACA) uaz laurylamine hydrochloride (LAHC) annmidesssilaginafiansiaeniuuuasismandwuinieiia
Usinawasdisunlasenladrinliiuifismnzsiad ULAZIINMTIANMIQANARUEIWLTALUNATY TiO,-CeO, Ban
T lugr9vasnnusmeduuadfifadunliflsininwmusaljsndusamolduadmda

ull a.@. 2006 Choi wazaAmz [10] lanpnunsdnsmisuanzfesmeamludisonlasanlad (Ceo,)
moitnmsanazneu lagldasararediSonluiasaianazlaiasa (Ce(NO,),.6H,0) naunulalasiau waseanlas
usndusnazaouanluiionloasanled (NH,0H) walwifinaznaui pH< 9 ﬁwm:ﬂauﬁvlé”l,ﬂLmﬁ“ﬁaaqmﬁgﬁ@%m
400-700 aseniaaifos 1uiam 2 Talag TRIREnuIMagaUnIzLIRIIinuaandLadiu(methane oxidation) Tagld
fonanszing S 2 @ nu sanBiau 1 §3u lugrsgungil 100 - 800 aseisalfoy ANNIFILATIERHANW
ludiSoulananlod muﬂﬂmaawﬁﬂazlﬁuifumuqmvmuﬁmil,m 7 400 asroaidos  WAnezdvwe 5 wlwaas
ezl 600 — 700 aeFiTALTYE avadIndnaglugi 10 - 15 wiluiwas nanfildasiinavumau luuas luasan
TapfinanawiawluddamnisdfouudasdinuaziSufl 400 ssenaaidos  uazininawialunseudsnsnis
WasuudssfinuaziSui 500 asaioados 6?%&Lﬁuwaﬁlﬁmﬁawa\ﬂuLaqamaaaan%wuﬁﬁdaﬂaaﬂmﬁwaﬁﬂﬁ
qmwgﬁﬁtﬁﬂwﬁﬂmim‘iwn'ﬁwqmﬁgﬁﬁl,ﬁ@wﬁﬂvlﬂmayj 100 aseniraifioy A NnIaaasrasswInauMadisole
sonlodvinliiAatesinseandansiuinuinunilrvasnanwludisonlasenlod deinavinldaunsoi
Uszansnwsasmadudisnlfiteor mnnamessanuiilalaseuwdesaanladiduasivinlvmueiounanulu
S'Eﬁwvlﬂaaﬂvlﬁn&ﬁ@ﬁqmﬂnuﬁﬁw me”dl,ﬂmﬁﬂ'ﬁ_lﬂgdmimmm”’;LLazmﬁmmjmamﬁn waznanw ludisoula
sanlodmuniniinlszansnmnvesiinueandiati launniwanlalasdisoulesanlod

lul a.¢. 2006 Bumajdad  uazame [11] ldvinsdnsmimansuzianizaasaumam ludisoula
sanladisanzilosnszuawmslalasdiagu lunszuiumslulasddatuezldmnaussdiofia 3 silafiuandrenu
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ud a.¢. 2007 Zhai wazAme [12] ANBINSANEIMITHILATIZH, MIRIANBUSLANIY, LRZAINEINITO L1
mnﬁuéﬁLiaﬂg’jﬁ%mﬁarJLLawadmg‘omﬂmiu%ﬁwvlﬂaan%@i‘ﬁﬁuaquLﬁwvl.mﬁuaLumﬁumilﬁ'ammnmnau
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ud a.¢. 2007 Hadi wazAme  [14]  lessanunsdnsmIsaassrnanu lugisonlasenlodaas
A ' o A = A . s Y o Ao o A I
AITLIUMIAUANGIINK fo udaaluandaaa (Mechano-chemical) wazsiluwsndululasdiasy  anmsienezi
9 P kg o a & ' A a &t 9 A A A 2 =<
MIUNARANIRYNUNVRITIFONTNLIN  T3uulasanloadlassanadundidn Janudundn wazanuiduudn
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pasaumaswam lulalasinediuamaaussdsin anudutuvesaiadn gunpdlumaumuasled  sueves
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lud a.a. 2007 Zhai uazame [15] Ansnsasiensraisodlasenlodlasitnmsanaznavannansasdudison

ATUBLUA (Cen(COy)s'nH,0) wazuanlufiunluaniuauauazld polyethylene glycol 1000 iludrtionszannaunia
qm%gﬁﬁlﬁ’[ummﬂa%ﬁﬁ 400 asrioaidos wam 2 Talug nnmaaenzismavaininnuitaglugig 8-34
wluuas Lﬁaqmwgﬁmmﬂa%ﬁagﬂwﬁ’m 400-1000 BIFLTALTUR Lfiaﬁﬂ‘]:ﬂﬂﬁi@(ﬂﬂﬁuLLmWU’haqu"ﬁ’N 285-365
wiluunsdsoglugismes UVA uas UVB lasswiseitldnasaumaselfisdasuaslunistosaas dye acidic
black 10B WUINENNNTAMNIAR LAA9 97%

lull a.¢. 2009 Ji uazAmz [16] Anwin1sgaduuazmMItiauaay azodye orange 7 (AO7) lavliFiiuala
aanloanslduasifida mnmﬁl,mw:ﬁwawdl,awﬁwa@iam‘s@@sﬁl“ﬂad A07 lapfnunfifienyindy 2.96, 4.15, 6.8,
105 lawld nsaluain uazuenlufiowlaaseanlodiduasdiufies wuiiies 6.8 dnigaduuufizzesdisoula
aaﬂvlsmwl@”ﬁﬁq@ wdilaRiamyiiiy 10.5 azvld AO7 lidnsgadafvasdisonlaaanlad Femandutisvindry
lumailsifiansss fisodsusdldfiiesnnmsgadusas A07 uufndisunlaaanladazinliifadfAzudely
fo aan%wuluﬁwzﬁwﬂﬁﬁ’%mn”uaLﬁﬂmauﬁgﬂmz@uﬁaalLLaaﬁwiﬁLﬁﬂqﬂLﬂagaaﬂvlﬁn@T LIGnaa ﬁnﬂ‘lfwgﬂl,ﬂai’
sanladisfinenazvinyjisenfuluanazes AO7 9nwWus: —N=N- TWidudfiansaslasans intermediate 3:winens
dasaanuasiazaulasliinafia GC-MS wuinans intermediate ﬁmﬂﬁwayjﬁa aIBuN3IENUIzNauMIY benzene ring,
naphthalene  ring  @9s13Bunigwaniisunsavinnstessaedeluldlasnszuiunseandiadulagazyinlwle
msﬁuﬂ?‘s}‘%ﬂLﬁuanNLaqaLﬁﬂ

1ud @.¢. 2010 Shih wazame [17] lednsmsssianzigisonlasanlodlasdinsanaznausinlasldans
assudisonluasaanazlaiasa (Ce(NO,),6H,0) uazuanlufiunlaasan'las (NH,0H) LLa:LLﬂaVLmﬁﬁqm%nﬁ 473-
1273 a3 nmeneilassanoussiarasdonlasanloddamaiiamaasaunesidiond wuindisowle
sanlodilassaouuuiaiuiaaardnuazanmism mmnawesasnanlassunsirefisasnui v aindn
Lﬁm'ﬁ'uqmﬁgﬁﬂ'mmavl,snﬂ@wmﬂwﬁﬂa;j‘l,wﬁ'm 10-43 wluluas uaﬂmnifumnmﬁmsw:ﬁmmm@mg,mﬂimﬂ
mﬂﬁﬂﬂé’aa'«g‘ammﬁ&ﬁﬂmammuﬁmmuwudwm@akl,mﬂ“’um%l,%'ﬂuvl,@aan%ﬁﬁqmwnﬂﬁmnma%ﬁ@m6‘] il
PWAaRNAYITIN D 10 W lwiwas

1uf a.q1. 2003 Cote uazamiz [18] lednmnsdaaTziuaznImanEUzanzsasaymaw lulavasdines
154 (CoFe,0,)  #ilassatuvuadimalasiilalasinafuaalasldasasdn iwainluasa laveadluiasa
lmaonlaasenlad I@ﬂﬁ%’ul,m']:ﬁﬁqmﬁgﬁ 475-675 LARI% 1INMNINARBINLTY pH  uazgunpivaedaanziidu
tssimayfiasnndnadenmamziuueaznamnan daunavl,ﬂmiwa‘fmm”aﬁ’u%maaa‘@mﬂmiuiﬂuaaﬁmaﬂiﬁ
\lasananaznauvas metal hydroxide ﬁama:l,nﬂﬁaumim%wmiﬂﬂﬁLLa:miamﬂ@]”waavlamaﬂvlmﬁﬁqm%gﬁ
gd‘*’fu«%mﬂﬁamaaﬂvlﬁmiﬂuamﬁwaﬂiﬁ%uﬁmaa

Tull a.a. 2004 Ji uazAmz [19] Ansmidaenzinpuinlaveadineslviunuursunlulasislalannas
vaalaglda3tiunIzans fa cetyltrimetyllammonium bromide (CTAB) ‘W‘U'hLfiama”ﬂwm:mwwﬂ@ﬂmﬂﬁﬂ@m6] LT
MIAgIURYITIFLaND (XRD)NABIIANTIAUBIANATOULLLEDINTIA (SEM) NdasanIsaidiinasouuuusadrin
a3gs (HRTEM) uriawnluvaslavaadinetlavifiumaidunuguinasagnadszan 25 mluwas uaziianuen
120 W1llaT UATINKHATEY HRTEM wudmnrAnsasursinlulavaadineslaifimadulaluluuwiunu (100] e
224MIANRNTTIONTZANY CTAB adluszrinaneuiunmIsianziadnadaannmaiulauasiansnmslavasndn

lull a.¢. 2005 Fu uazame [20] lddnsmuadevlnmiisulasanlodinaezuinauuaynmamlulavar
wWo3ls9f (Tio,/CoFe,0, composite) lag3Tn1sanasnan (co-precipitation) uazwaR-198 (sol-gel) LHaldidudais
UfAsemanasiifmautanmeuiinan maedeulnindisalasenladunaymeamnlulaveadineslslddnmlag
Iimefinuasa3as Zeta potential wuinila pH annndn 4 uazlaiiin 105 ﬂi:guuﬁuﬁamauvlwmLﬁsm"L@aaﬂvlfmﬂLa:

Iﬂ‘uami(l,wgﬂiﬁazﬁﬂszgemﬂ”u @”aﬁfu%‘aaEﬂvlﬁdﬂaWﬁnLﬂﬁawa\‘lvlmml,ﬁﬂuvlﬂaan%ﬁuuhuaaﬁﬂaﬂiﬁ )



ildTienzineeymalasnafiandasantiaididnatenuuudassitusmaaunavadlavaadinaslsvifvueag
w9 26-74  wrluiuas LLazmm‘mmmaavl“nmLﬁwvl,@aaﬂvlﬁnﬁﬁl,ﬂﬁaua%ﬂwﬁ'm 5-38  WIlWNAT Lfiavlﬁ’sva@l
TiO,/CoFe,0, composite ui139in lnageuanuawITamMassljisondrsusslunisgasass Procion Red MX-5B
molduss UVA Sanusninaudszanm 365 wiluwas wuindandeudsmnifioulasanlod 95% lagsiiwin oz
Mldanuauniamassljisodiousigege

Tud a.6. 2006 Wang uazame [21] eumssanziuanaoilaveadineslsrinasoalasss borax flux

MNHANINAREINLTIIIATaIRAN AL lanaadinaslsidwa 5x4xs  Hafiwas waziadinesilosineiia
Raman spectroscopy Waz EPMA wuiuanlavsadineslsiidunanidien fanudunangs wazdianuduiitardonri
68

lud a.¢. 2007 Zhao wazam: [22] "Lﬁiﬂimuﬁam:mumsé'ame:ﬁak&mﬂmiuhuaa@ﬁWa?’l‘sﬁﬁﬁmm@
apmavszanm 5 wilwwas lapitlalasinasuen ssasdulelaun Tavoadluiasa (Co(NO,)+6H,0) uaz hanlu
LAI0 (Fe(NO4);+9H,0) AMNNIIANHNITZLIUMIANATIZANLIINILAN cations 134 Na' uaz K- Inadazwiaaunia
LAZAN BN WING uanantuudagafifasudug 8n 1w drias gonndl samsulanluaves Co” uaz
Fe’" ﬁﬁwa@ia’um@mql,mﬂLLazé'ﬂﬂm:maﬁ'mgmﬁﬂm PnMmInasasnuansiienzaalunmssianzilavead
waslsd ﬁaﬁqm%gﬁ 390 asFLTaLTuE iMlaT 12

Tudl a6 2007 Liu uazame [23] lednsnszuiunmsasoulaveadinaslsinalwle yield Tudszanmgalas
AFlalaninesuen wanaliamzdansuzianizrasninlavaadinailiinuirfiauiaeunineglugig 0.10-0.14
Tulasiuas LLa:"numaq,mﬂﬁﬁ‘*um@111&zy%mﬁmmﬂmmhﬁmmm:qm%nﬂﬁﬁlﬂ’ﬁ’lumi&lLmﬁ:ﬁ INNIIANEN
woAnssumausimanlagmyiadimansimanseslavaadineslnimasoafianiiz 120 ssrnoaifos laglday
dutuvaslmasnloasenlad 2.5 Tus1s Taold quantum interference device (SQUID) wuindnudinanduaaiien 85.5
ANTAILRAENILAILAEN 29.2 emulg URERINNUNIMENTITaua19dn 892 Oe anwdaL

1u a.¢. 2007 Chen uazame [24] Anwnszuauntaassuaymeawlulavaadiaslsilasldasionszas
Poly Ethylene Glycol (PEG) lagnszuaumslalasimaiuen nmaidan PEG andudzionszanaiiiasaini dyand
Lifife uazlddalv ol PEG lunszmumsé'amsw:ﬁwuiwﬁuﬁwamaaaas@i‘ﬁ]:gwﬁ'wu PEG sarinasyily
mm"l,wadﬂaaaamﬂumnﬁuimL‘ﬂuagt,mml:aﬂaa@”atfumﬂﬂsﬁﬂgmirﬁf:ﬁaﬁma@iaé’mwmﬂﬁuimaaag&mﬂ mMa
3Lﬂiﬂ:ﬁ<ﬁ’arJmﬂﬁﬂﬂﬁaaﬁg‘am‘mﬁﬁL§ﬂmamm‘udadmuwuiwmﬂé“nwm:maé’mgm'?ﬂﬂﬂLﬂﬁyuaﬂﬂﬂianauLﬂu
Eﬂ’i’]dLﬁﬂ‘ﬁ:TﬂuaaijaLaN PEG adlu ijaﬁnmawﬂ'ﬁmummﬁnmmmu%ama%sﬁawuhay‘l,mﬂiﬂuaa@ﬂwaﬂiﬁﬁ
flawalngjazazddinnunmiuiumiudinangs

Tull a.a. 2008 Liv uazaniz [25] lednsmsssenezilavaadinaslsilasiflalasnaiuos ssasduils
1éun cobalt dodecyl sulfate (Co(DS,)) FeCl; waz NaOH Lmﬂﬁ'qmvsgﬁ'ﬁ' 120 99 LTRLTE Lf‘ia’imﬁzﬁmmmz
Tassaananlagimafiamsiasiusvesisdiendwuinlaveadneslsinsanewleflassaisuuuidndeasany
ﬁagammgmmmﬁ 22-1086 :MNMIATEH Iz IwIRTaslataadineslvilaninaliandasgantiaidianavas
Lmuﬁr'aumuwu'hgﬂi'wwaaakl,mﬂﬁﬁ'dLm']:%wlﬁﬁ 2 WUU A WU nanoplatelets sﬁaﬁmm@agiumq 7-30 Wluuas
WAZWUL nanopaticles %dﬁmmﬂagmﬂagluﬁw 2-8 wlwluas lumu"?ﬁ'i’ﬂvlﬁa%mULﬁmﬁ’umiwa*fm"’waamgmﬂm
Tulavaadinaslsriin hydrophilic 1as8aaulavaadan spherical micelles NU{ASHAL Fe™ uaz OH TusinvinlsiiAa
CoFe,0, nanoparticles  lapuazanuansdnmgmantanisuimanvailaveadinaslsinuinnuiameids
AaUTIUAL

lul a.¢. 2009 Zhang uazAmz [26] lAANBIITVFULAGIE 9 NHEBLILAREAN NMILUSBILFI ANUENITANT

el jfsodnuasvataunmamlunaulnin CoFe,0,-Zn0 NiguaTMzAlanis collosol WiaTiaTziuwIaayMAK 1

ﬂauiwﬁmﬁmmﬂﬁﬂﬂﬁaaqamsﬂﬁ&ﬁﬂmammudaomuwmwm@agmﬂayﬂu‘*ﬁu\‘l 3015  wnluiuas uaziila



AazAautanLlnanwuItnauIndn CoFe,0,-Zn0 uaasaNtan13idu superparamagnetic RESIGEIER
(photoluminescence) WUiAMuEIAAK 443 wilwuas uenniwudIgInUeNUENIIMISIU§Asendaouas
284n81IWAN CoFe,0,-Zn0 lumitianaans methyl orange mulduasyidananniiy 93.9%

lud a.¢. 2009 Ayyappan WAzt [27] ?inmmimuqwm@agmﬂiﬂuaa@ﬁwaﬂsﬁ”ll, Suulas facile
method 1agns vary 8aTsiuearnazausznindianuesuastinidu 0:100, 20:40, 40:60, 60:40 iavhmsiaszst

(3 a v fa ' [l ' (3 [ [l
T%Wﬂ@%ﬂ’]ﬂiﬂﬂﬂa@nw ?J‘SWL‘S'YI;I@ElL‘Ylﬂ‘HaﬂﬂEla\‘iﬁ‘]‘ﬂ‘ﬂiiﬂuﬂLﬂﬂﬂia%LLUUﬁ@NNT%WU’NT%W@@kkﬂ’]ﬂiﬂﬂﬂa@nw aﬂs“na%

' = A v o o £ ' & d 4 v o A a & a
lugas 101 fs 1611 wluiwes SyvwaeymaazdunRusnuguautanmuiwinfinoitosnuafiladiinnin
A a X 4 P a X

lapdduAnduan 47-80 Wavmiaaumadumaiiuiu

T @.4. 2010 Wang uaz Zhou [28] lafnsanusauisomatssufisendrsussvas lnniloulessnlodn
LARBUUY MnZn soft ferrite WAz activated carbon lun1stas@ane methylene blue ﬂ’ml@TLLmﬁ lagiSuauannnig

a o ' aaa 2 ' & A & a . . . ad
Lmyma@}mﬂgmmﬁnaLLmLﬂu 2 YNGOW AD VNABULINLAILY soft magnetic ferrite activated carbon lasisms
anaznausIN Tuaaunged 1 Innilonlasanloduafauun soft magnetic ferrite activated carbon iia3anldann
JunanwInlasdd dip-coating et lUAanzdinauazlasiasandannundiWa89nd Mnzn ferrite Waz TiO, (Waas
¢ A = & da o o . aaa a e A .
winauazg ind Wadnmiuiidrdunizvesiaquisdjisolnindonlasenlodnefanuu Mnzn soft ferite uaz
. L ad da o ' ' 2 & o o ' ' o ' A & Aa

activated carbonWuINARUARIF N zgIINNaY LUt 138-657 m'/g PunudanaIndnsg vasinqueszsiia Aunfn
o o ¥ ' aa @ ak 'Y @ ' aaa A A [N
Fuwnzgahlianuminsamusad jisndisussdiu nnmenuldaydhiaguajisneeulnanidquantani
witnandvadfeaNnsauenaanINNAITAcAN L IA LA aUINLNLRAN NAINARBILLBNARALANNRINITANITLSS
U5 5 asaluudr wudn activity vasizqiisditeniuden g aass asiudagdldhiaguajisnnndeyle
28N lIANLARBLL® MnZn soft ferrite WA activated carbon Huddsz@nsanuazdanuaiunsalumsinauunlslng
1éa

1ud @.¢. 2010 Chia wazane [29] AnwIdaisInUIMIaLazANNLTUNANNTNadaaNUANILILAENV D

6 6 = 6 6 o ad ' =S =S
Tavaadinaslsr wanuwlulavaadines l3aanswlagdTn1IanaznansIn AT WHANLRZYUIARNANRI I
X o a & oA P ¢ X o o = X A o o go =
Junvgmnpiimauaslad laswuiufagunninuas lodgedmazilianuduningeludidunusnuauwanan
dl J lﬂl o e 1 =3 1 a = a dlﬂq’ d‘ lﬂ‘ =1 1
nladu lagidari lUnesausuianmsdmannuinauwisimesidsainunannidananduwmalng

ud a.¢. 2010 A wazAme [30] 39LLNLINUNNTAILATICHUATAIANHALLANIZVIABN IWEN activated
carbon/CoFe,0, uaztiriggaanlwdnlyldlun1siida malachite green luthh 3nnmmesesnuitawiaeunia
ﬂawiwﬁmgluﬁwiwm 14-20 WL ULNAT \WadnwWLasNInadan179adu malachite  green UWAURIVBY
AaNlw&n activated carbon/CoFe,0, WU71 pH ﬁ]:ayﬂwﬁw 2-9 mné’nmm:waa’s”a@yﬁ'aﬂﬁﬁ%mﬁﬁauﬁal,t,ﬁm&nv‘h
Twaasansnaananin laid el amunsmanian b
ud @.4. 2010 Mourdo wazAme [31] ANBLALINUMTRILATITALAZTAITAIAN BNz Laa N IWED
. aa . & da o A & o '
TiO,-coated CoFe,0, lag3s polymeric precursor IMNHANTINATDINLMIWUNNIILAZUAFIVUAINDARINYDI
a o a o ' aaa o 2 o o 'Y
Tniniioy'lasanlaa aaqﬂauiwaﬂvl@memwmm’mmnﬁﬂgmmmmmamauwufnum'mmmmmd
' = A ° @, ' o ' Aaa [ = A % A o
wilniinuas CoFe,0, Talinavhliwdanisusnvesiagiisljisuneanndsnniuganszuiumisandiadu lath
Taaaanlwdnildesaae atrazine  uaz rhodamine B Lilaldiaqu391 ]380 TiO,coated  CoFe,0, WUl

A

a & a o ' a &
AMYUENNITA NS Ay EAaRITUTENOU auﬂ%'ﬁmaamuﬂ"l@ﬁmﬂwLmﬁwvl,@aaﬂvlﬁnﬁmqﬂﬁ



3. 15N LAZITNITNARDY

3.1 &13Ladl
Fomaad UIBNHHEG Uszine
1. n3aluasn (HNO,) Merck Germany
2. Lanuaa (C;H;OH) Merck Germany
3. uanluilon laasenled (NH,OH) BHD England
4. S5y luiataians:laiasa ACROS ORGANICS Belgium
Ce(NO,),.6H,0)
5. ,afiawlnanaa (C,Hy(OH),) MAT&BAKER DAGENHAM England
6. lmasnlaasanlod (NaOH) Merck Germany
7. 1aU8ad Wia3a (Co(NO,), 2H,0 Aldrich England
8. AN MALATA Fe(NO,); 9H,0 Aldrich England
3.2 Lﬂ%aaﬁaua:qﬂnirﬁ
Lﬂéaaﬁmm:qﬂnmf UIENIHAALAT T Uszine
1. ﬂﬁaﬁ;amiﬁﬁaLﬁﬂmammudadﬂﬁﬂ JEOL Japan
(Scanning electron microscope) ﬁ:u JSM-6335F
2. @INuUa - -
(Mortar)
3. Lﬂ%ﬂdmﬁﬂu%mﬁ’m@{@mﬂﬂ’]ﬂ JEOL Japan
(Fine coater) % JFC-1200
4. 1A309TITTA 4 FURL AND 54 HR-200 Japan
(Analytical balance)
5. Lﬂ%‘a\i Transmission electron microscope JEOL JSM-2010 Japan
(TEM)
6. Lﬂ%adf@ﬁuﬁﬁma:mww;u Autosorb 1 MP,
(Surface area and pore size analyzer) Quantachrome
7. @589mMIB9 LABQUIF England
(Centrifuge) 3% 1000 Series
8. n3098aaTlwiin Labquid England
(Ultrasonic) 34 136H
9. n3endnmssanuninlafines SIEMENS Germany
(X-ray diffractometer) 34 D500




10. °g@vl,aimma‘§uaa Berghof Germany

(Hydrothermal vessel) 34 HR-500
11. (ﬁﬂuqm%qﬁ W840 Schwabach , Germany
(Oven) Memmert

A v ' 6 a [ 4

12. 1A309UMIAN 9 uazaUnIninsinenmaas

Wi dnnes Jie 9715@ waea centrifuge
N3z sEnIad MRS Ludn

Aa o I's 6
3.3 25n15dILASITH a%mﬂm‘fuﬁﬁﬂﬂﬂaanlm

1, MILasBNAIaTaNNaENTERIsn i RaulnareafianudTuiosas 80 lagUsuas
lfagaieidulnanasin 80 Gadday anuday ldasluwraiaUiunasawma 100 dadfas uilsudnas
esinaL

2. mItessusTazasnaNluily anaiutu 3.0 luans

2.1 wmansazasuanlaily (25%wiv) USanas 20.4 Jaddes asluiatadSunassuwa 100 Jaddas
22 Ususmnasdetiingn
3 misgsemzieunam ludisonean lod
3.1 Tadsoulwasaanaslaesantin 8.1532 niuluininasuuie 250 Hadaas w4 70
3.2 tmsaraunausznisiinuefawlnaneafiaiunls Aenududusoss: 80 lapUSunasvesiafian
lnanea 1daaﬁﬂmai‘ﬁﬁ%ﬁmﬂmmmLansﬁ:"l,al,mmagjt,wia:m
3.3 Whssazaonaud eudszdninasldiwanudeud 50 °C uazanandisenluasaana:lansnszans
3.4 tsmsaransuanluiiefesonHlaasluudazinines dninesa 25.0 Jadaas udRnanusudn
500381/W17 a:"L@Tmm:mmﬂuﬁmﬁawju sndszanm 30 wifiesazansaziaswdudaing uazas
navsuimiasinasa
35 thasazasillallanaznanlasieIoaniss lusa 5000 saumndt iwaa 10 wift
3.6 thaznouiildundsdsinnsuasuniu Lamuaammu‘%qﬂ%?aﬂaz 95 agi9nz 3 A39
3.7 ﬁmznau"[ﬂauuﬁaﬁqmﬁnuﬁ 60 °C 1wmn 24 Talug
4. ﬁwmﬁvlmwlﬂuﬂavlmﬁﬁqmmﬁ 400 aseaides Wwnm 1 $alug



ad e [ 3 a A ad dql’ a et v
'Jﬁmimmﬁwmagmﬂmiuﬁmmuaaﬂ%@ﬂ@ﬂuﬁmi@mmﬂawﬁmuammﬂu NE‘J_]VL@]@NLLN‘HI]’]W 3.1

' & o aa P a A Y
a’lia:a’l21N'd&li:‘n’;’m%’mﬂLaﬂa%v[ﬂaﬂaa‘ﬂ AA ﬁliﬂ“l%tmiﬂlaﬂsﬁz\lalﬂs(ﬂ 8.1532 n3N

a2 80 Tagilsaasvasananlnanaa

A 4

ABAITATAY+IRANTDWNS50 °C

3 M d@19aza18aNH, 25 mi +ﬂ’J'lNL§’J500 rpm

\4

v =) =) 1 o ¥ d: ‘=|
1ﬂmnauamaaaqu WIALDIILAIDILKRIYY

A 4

ARV FAULDANDTOE %95 D819AT 3 A

aungmnnal 60 °C

A 4

=) -~
acznandtiaad

l

WAzNaRAHINgInAA 400 °C, 1h

h 4

nsw lugdiSanoanloadansaon

A 4

Aazingnaia XRD , SEM, TEM uazdn

ad o [ a A ;dq’ =) ﬂ/
31] 31 LLN‘Hﬂ']‘INLLﬁ@\‘l’)‘Eﬂ’Tﬁa\‘iLﬂ'ﬁ’]ﬁ‘lﬁNdﬁii:ﬂ’]ﬂu’ﬂu‘miﬂ&laaﬂvlﬁﬁ@ﬁ@ﬂﬂizu’)uﬂ’]’i@]ﬂ(ﬂzﬂauL‘ﬂ%L%aL@ﬂ’]ﬂu

3.4 nMLasBanazdstaTziRslauaaatas L3
MIsIATzANIlauaadiwas isr
1. dasazanonan lnsalwu laiase anududu 0.2 luads warasazanslauaas lnse Ay
g 0.1 Tuand azansluinnaulnasnleson aghias 50 Tadans
2. uswssarevssasludnineduua 250 dadaas Usuaanuiunsacmeliivingy 8 dumsazans
lmaonlaasanlomdutu 6 lwas audrourutmanauasiduiian 15 wn
3. Fusiarmouanaina1 aslugalalasinaiuea

4. ﬁﬂﬂlﬁmwﬁauﬁqmmﬁ 150 a3aLTaL TR WA 24 TN



5. éﬁmznau@i”sUﬁwﬂﬂﬂmﬂvl,aaamumzﬂ”ﬂﬁmmmLﬂuﬂm@mq@ﬁmmwﬁu7
6. LTWAN 500 rpm 1dwiian 10 w1 LLazaumnauﬁthnuﬁ 80 adaLalBud 1WA 24 TN

ad s 6 A A ad [ @
'sﬁmimmiwmmagmﬂuﬂummwaanvlﬁn@ﬂ@maﬁ"l,ﬂmmasuaa a;ﬂvl@ AILEUATN 2

0.2 M Fe(NO,), Solution L3N 50 ml 0.1 M Co(NO,), Solution 138N 50 ml

A 4

6 M NaOH Solution t@381& 100 ml

1/5U pH to 8

l

stir Uszanos 304111 — 13219 9%Nn3192 homogeneous

Hydrothermal at 150 °C , 24h

l

avaznawlagnis centrifuge BN pH=7

]
= a

anmnau‘lﬁ'uﬁaﬂqmﬁgu 80°C 24h

A 4

¥ s
UG]NOGLWEIZLE] HI9

\ 4

wansumzianzlaginaiva XRD, SEM, TEM waz an ¢

31U 3.2 wnunmwusaritnisdanzinseumamlulaveadinatlailasnszuiunmslalasinesuen



3.5 35nsdaarziennianluaaalndn CoFe,0,/Ce0,

1. shasazansuaan lnsaluuslaete anududu 0.2 Tuas wazansazanslavaad lunia A
g 0.1 Tuans axaeluinnandsieanlasen agheas 50 Tadans

2. wauaazaevssesludnineduuna 250 Haddas Usuaanudunsadsliivingy 8 dassazans
lmdonlaasenlodidutu 6 luans audroursudimnanauansiduiian 15 wf

3. wawaIazanevissasluininesaua 250 Jaddas Usuaranudunsadeliivinny 8 dessazans
lmdonlaasenlodidutu 6 luans audlrsursudinanauwasiduiia 15 wf

4. mmfuﬁwmagmmuﬂu%tf%‘wvlmaaﬂvlsnﬁﬁ@‘hmmsluﬁmwmuiﬂmIaJaﬂ”af:ﬁa 0.2CoFe,0,:0.8Ce0,,
0.4CoFe,0,:0.6Ce0O,, 0.5CoFe,0,:0.5Ce0,, 0.6CoFe,0,:0.4Ce0,, 0.800Fe204:0.20e021a'a\11u
sIazansluts 2 Ysudanudunsadsldivinny 8 drpasazanaladoylaasenlodiutyu 6 luans
wazARMBLYIRAANaRRTENTUIA 15 W

5. Wantazaneldli hydrothermal vessel LLﬁaﬁﬂﬂlﬁmmﬁ”ﬂuﬁqmﬂQﬁ 150 adaLTaLGua LDuIan 24
SZYER

6. svaznaunsetiinauandunas LL&Taﬁwvlﬂauﬁqm%nuﬁ 80 aseaaidus twam 24 Falus alanus
vasauMaw luaanlndn CoFe,0,/Ce0, ludanaiulanluadiag

3.6 MaA3ENEIsIIagiamansmsanzyasnsw ngiSoalaaanlad wewlulavaadineslsy uasws

wilwaanlnanlavadiaslsasonlaaanlaa

3.6.1 MILATHNETNIBLNERILMTIATIEHALNATLA zeta potential

vhansaratnely disperse lninnauteanlasan Usudftasaiud 5-12 Tagldmsazanansalalasnassnuas
lmdowlaasanlod LLazi’mmﬂi:qﬁmﬁLam@m 9

3.6.2 MILASHNAITIBENIERTUMTIATNEAIIBINATAMTIAEINURIaITI TN

ﬁ’mumm"’aazmﬁm%'wvlﬁmi'gmlumiumm”’mih\‘l (sample holder) I@ﬂﬁv‘w?uﬁ'madmmi@ﬁamoa:ﬁmayj’lu
FEWULADIAWTUUAULTIITA8E74 nniulaurinasaiainslunias XRD Fota3as JEOL JDX-3530 theta-2theta
X-Ray diffractometer u§159:501fuA309 XRD Iﬂﬂiﬁqméuéfuﬁ 20 1Ju 15 agen uwazyugaineidu 85 agen o'le
gﬂﬂiﬁwmmé’uw’"uﬁs:wmmmLﬂTuﬁ'mgu 20 LLﬁﬁaﬁnNaﬁvl,@i”mLﬂ%'ﬂmﬁﬂun”m‘fagaluuﬁu JCPDS WoAT1988L
wauaIgnsenate U

3.6.3 miaspumatim e luneseudsmaiiniiassiiudian (BET)
Aaufiasyinmstaiuidivassns dasinlimsaagnoud LLazﬂiWﬂawnﬁaﬂuLﬁauﬁawaLﬂumm@;ﬁﬁﬂﬁmﬁuﬁﬁwaa
mséﬁasi’mﬁvl,@‘ﬁfmﬂ5wu,ﬂm"l,ﬂ"l,ﬁiuﬁ"aaaﬂmnmm”’aaﬂ'woﬁaunﬂﬂ%ﬁﬁ]:mmf@ laglfgunnil 80 asaiaaiFoalu
a1 T2l

3.6.4 m‘sm?mm”aazhamnﬁaﬁﬂﬂmaauﬁwmﬂﬁﬂﬂa”adqamiﬂﬁaﬁnmammudaonﬂ@(SEM)
TRAUNDILARBINNTAYINANURZDIAAIBLENIUEE  TUKHUNBILAINNGARS lULUFAUNEILARBIEANTA8EINILA
foanuass emuasulasdlunalsmsuasinassadilasdluanalass dluwdrdsasassaanloin
Wwaan 20 wdt tielwanseragnanszanedans nasumsaasluasunasnios 1-2 noe uazdalWinelwasn

ROARI LIRS



3.7 managaudszAnsnnzasniasslisenasusslagisnisinainisii laiin

mnasaulszansnwsasassl jisendrsuaslumsdasasioniaasananan lanasaulasls

§ . v aAa A A Q/ > kg
L3814 spiral photo reactor Naldigiddda TednannmIasit

1)
2)
3)

4)
5)
6)
7)

w3 fAsendauss 1 gL lwhdnaanloasn
hssazapvasaassljisendrsusslatn luluszuuves spiral photo reactor

a a A6 A o a aed) o a A |a &
fassdznavdunidoiadie g Whldluseuy lesansdsznaudunidnldunaziasoundSunmasuan
winnu 500 lulasnsuasuan

Janaaa LN uLLEd

Tadm i W lagls conductivity meter NdalGaunuaaufiaas

wasuam s v liidudSanaansueulasldaun1sves Langmuir isotherm

A o o ¢ o Al A a A '
WannnWanuaunuiues C/C, nunafltlumIansuadvaidSouiisuanuansunsaluninss

Aaaa

Unsen



4. HANIINAADILALILATIZHNANIINARDS
a 6 dw a A A & A J 6 & Aa -{
441 namsiansvdszguuiiniteymansdiioalasanladuignsuazennmanslavaadilaslsivsans
Tﬂﬂmﬂaﬂ zeta potential analyzer
mﬂmﬁmﬁ:ﬁﬂi:guuﬁuﬁwm%ﬁ'ﬂuvlmaaﬂvl,snﬁuaﬂﬂuaa@ﬂv\laﬂivﬂmmi vary aiLa 5-12 lasltnia
lalasaaasnuazlamdunlaavanlad wuinnnies 7.33 a:”l,xiﬁﬂi:@uuﬁuﬁa (isoelectric point) Ti5uu'laaanloe
o & o oA ' o ' X a Aaa & o A a &
asnwifiasannniiesnii 7.33 dszquuiniadiSonlasanlodwziduauuazuin muden  lelianek
isoelectric point #millavaadinaTlaiwuinidias iy 9.38 azlaifuszauuiuin (isoelectric point) lavaad
wxla?'l,iﬁ@]”agﬂ 4.1-4.2 BWRZA1Y 4.1-4.2 QIRUANLATNINNT/EB8NI1 9.38 ﬂizguuﬁuﬁﬂﬂuaa@ﬁmﬂsﬁ%
WUaULAzUIN ANEI0U INNINAaaITIduaNsadansrazin il luiuaaumIssa s minaUsuanie
TiznivmMInasasialiaynavaslaveadineiliiuazisonlasenlodifananlninludnyuzaainiafions
= ' & a & a & & A a e
A9gaiznilizavesmiizes nmMIlanzitiieaslavaadinasliuazdiionlasanladnazaunn

viaaaulwanluanum admnﬁ(ﬂLmﬁdgmijwﬂi:gagﬂiluﬁ’mﬁ'm% 8-9

M99 4.1 LLammﬁLa"mLa:ﬂi:ﬁ;uuﬁuﬁwadmiﬂuaaﬁLWaﬂiﬁ

Target pH Measured pH Zeta Potential (mV)

5 5.06 43.31

6 5.99 38.8

7 7.08 25.08
8 8.04 19.02
9 9.07 8.945
10 9.98 -17.51
11 10.97 -35.99
12 12.05 -33.4

% o ¢ ] . oA A ' . . . dql' a 6 6
EELI 4.1 ANMUTUNWBDIIZHINN zeta potential LAZATWLATLWNEAIAN isoelectric point vunuAvadlavaadinaslsn



A1319 4.2 LLammﬁLamLa:ﬂizguuﬁuﬁwawas’fi'L%'sJaJvlﬂaaﬂvlsn@T

Target pH Measured pH Zeta Potential (mV)
7 6.91 12.96
8 8.06 -22.58
9 8.99 -38.59
10 9.94 -46.38
11 10.9 -46.87
12 12 -39.58
Iscelectric Titration Graph |
- B - S : |

Zeta Potential (mV)

[
1

31 4.2 ANUFNNUTIZWIN zeta potential uazATNLaTINaA isoelectric point UnAUAIaITITaN lnaan lod

a ¢ a A & a £ 6 ¢ A £
42 mamsiarzdepmamdisoulaaanloduigns aynawslavaadiaslsviusansuazannians
aaalwdn CoFe,0,/Ce0, Ingnakanisiagitunaasssdiand
A a & A a ea o 6o & a o
Walnnzdmseymeawluditonlasanlodndiansddianzuriunsanaznawdwiiaidonulumszaonas
snisinuefiaulnanaafisanausasas 80 lasdsunasvasenawlnanas lasldinafiansidsiuuasssfiand
' A a ea o ca & A o . i a o . v a o o o
wuhaymanidioulasen lodndianzidnmadsnoundunis 20 sgndumidlndidssnunugudayainasgm
{ o o { o A o ' ¥ o o '
WathlwSouiisuny JCPDS Iwdiaafn  81-0792  asusaslugy 4.3 Gedumibinalsuuwnanidunis 20
| @ A { ) a_ a
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ABSTRACT: Preparation of bismuth vanadate and cerium dioxide (BiVO,/CeO,)
nanocomposites as visible-light photocatalysts was successfully obtained by coupling a
homogeneous precipitation method with hydrothermal techniques. The BiVO,/CeO,
nanocomposites with different mole ratios were synthesized and characterized by X-
ray diffraction (XRD), Raman spectroscopy, and transmission electron microscopy
(TEM). Absorption range and band gap energy, which are responsible for the
observed photocatalyst behavior, were investigated by UV—vis diffuse reflectance
(UV—vis DR) spectroscopy. Photocatalytic activities of the prepared samples were
examined by studying the degradation of model dyes Methylene Blue, Methyl Orange,
and a mixture of Methylene Blue and Methyl Orange solutions under visible-light
irradiation (>400 nm). Results clearly show that the BiVO,/CeO, nanocomposite in a 0.6:0.4 mol ratio exhibited the highest

photocatalytic activity in dye wastewater treatment.

KEYWORDS: BiVO,, CeO,, degradation, nanocomposites, photocatalytic activity, visible light

B INTRODUCTION

The application of heterogeneous semiconductor photo-
catalysts in water cleaning and environmental remediation has
recently attracted considerable attention because of their
successful utilization of solar energy which is a natural abundant
energy source.! Of all semiconductor photocatalysts employed
in water purification, TiO, with a band gap energy of 3.2 eV
was found to exhibit high photocatalytic activity under UV light
irradiation. Apart from the most commonly used TiO, catalyst,
cubic fluorite cerium dioxide (CeQ,), a semiconductor with a
band gap energy similar to that of TiO,,” also shows promising
photocatalytic activity for the degradation of various organic
dye pollutants such as Methylene Blue (MB), Methyl Orange
(MO) and C.I Reactive Black S (RBS5).>* CeO, has also
successfully been employed in water splitting for H, production
and phenol and chlorinated phenol photodegradation under
UV illumination.>® Although photocatalytic activity of CeO,
has intensively been investigated, the broad band gap energy of
this material limits its further application in the visible light
region.7 Therefore, recent effort has been devoted to narrowing
the band gap energy of CeO, photocatalysts either by doping
with metal/nonmetal elements or by forming heterojunctions
between CeO, and other narrow band gap semiconductors in
order to generate visible light-driven catalysts.>’

By using coupled semiconductor photocatalysts, improved
charge separation, increased charge carrier lifetime and thus

-4 ACS Publications  © 2012 American Chemical Society
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enhanced photocatalytic activity due to high efficiency of the
interfacial charge transfer from catalyst to adsorbed substrate
can be obtained.* ' As a result, photocatalytic properties of
CeO,-based composite materials have been extensively ex-
plored. Hu and co-workers® investigated the catalytic perform-
ance of Cu,0/CeO, heterojunction photocatalyst and found
that the coupled semiconductor photocatalyst showed stronger
visible light absorption capacity compared to pure CeO,. The
composite catalyst also exhibited 20% higher photocatalytic
degradation of Acid Orange 7 (AO7) than that of pure CeO,
under visible light illumination. An increased photoactivity of
this composite catalyst was ascribed to the formation of p-n
junctions, which are favorable for charge carrier separation.
Photocatalytic degradation of Rhodamine B over Bi,O;/CeO,
catalyst under visible-light irradiation was also evaluated by Li
and Yan.” Therein, Bi,O,/CeO, in the 9:1 molar ratio gave
maximum photodegradation activity and the Rhodamine B
substrate was completely degraded within 8 h of irradiation.
The enhancement of photocatalytic efficiency was believed to
be due to an increased charge carrier lifetime obtained from the
use of a composite photocatalyst. Li and co-workers'' studied
the photocatalytic degradation of Rhodamine B over ZnO/
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CeO, composite nanofibers prepared by an electrospinning
technique and observed that the composite photocatalyst was
able to completely degrade the dye substrate within 3 h whereas
only 17.4% and 82.3% degradations were obtained in the case
of pure CeO, and pure ZnO, respectively.

In our present study, we have investigated the photocatalytic
efficiency of a BiVO,/CeO, composite, in which CeO, was
coupled with Bismuth Vanadate (BiVO,) to form composites in
different mole ratios. BiVO, was chosen as a sensitizer
semiconductor due to its narrow band gap energy of 2.4
eV.'>"? Pure BiVO, has previously been investigated for its
photocatalytic properties as well as its application in water
splitting and wastewater treatment.'*~1® However, to the best
of our knowledge, the photocatalytic activity of BiVO,/CeO,
composite has not been reported. Therefore, the aim of this
study is to elucidate the photocatalytic efficiency of this novel
BiVO,/CeO, composite material with an expectation to obtain
a promising visible-light driven catalyst. The coupled semi-
conductor photocatalyst was successfully synthesized by the
combination of the homogeneous precipitation and hydro-
thermal methods and its photocatalytic performance was
evaluated via photodegradation of MB, MO, and a mixture of
MB and MO solutions under visible-light irradiation.

2. EXPERIMENTAL SECTION

2.1. Photocatalyst Synthesis. BiVO,/CeO, nanocomposite
catalysts with different mole ratios between BiVO, and CeO, have
been prepared by the combination of homogeneous precipitation and
hydrothermal method. First, pure CeO, was synthesized by the
homogeneous precipitation method using Cerium(III) nitrate
hexahydrate (Ce(NO,);-6H,0) as a cerium precursor. In a typical
procedure, 10.91 g of Ce(NOs;);-6H,0 was dissolved in 100 mL of
80% v/v ethylene glycol solution. The solution was kept under
constant stirring and heated at 50 °C until a homogeneous solution
was obtained. After that, 25 mL of 3.0 M Ammonium hydroxide
(NH,OH) was slowly added into the above solution. The transparent
solution immediately changed to a yellowish suspension. The
suspension was kept under stirring at 50 °C for a further 24 h and
the precipitate was finally collected by centrifugation, washed 3 times
with deionized water and then dried at 80 °C for 24 h. The obtained
powder was consequently calcined at 500 °C for 1 h. The as-
synthesized CeO, powders were subsequently added to the
preprepared mixture solution of Bismuth nitrate hexahydrate (Bi-
(NO;);-6H,0) in nitric acid and Ammonium vanadate (NH,VO,) in
ammonia solution (1:1 mol ratio) to form suspensions with different
BiVO,:CeO, mole ratios, 0.2:0.8, 0.4:0.6,0.6:0.4, and 0.8:0.2. The pH
of the prepared suspension was adjusted to 7 by slowly adding 0.1 M
of NH,OH solution. The suspension was then transferred into a
Teflon-lined stainless steel autoclave and the hydrothermal reaction
was carried out at 120 °C for 6 h. Finally, BiVO,/CeO, composite was
obtained by filtration and drying at 80 °C for 24 h. The as-synthesized
composites were characterized and confirmed for the ratio of
BiVO,:CeO, via elemental analysis of Bi (related to BiVO,) and Ce
(related CeO,). For control experiments, pure BiVO, photocatalyst
was also prepared by the procedure described above.

2.2. Characterization Studies. The crystalline phases of pure
BiVO,, pure CeO, and BiVO,/CeO, were determined by powder X-
ray diffraction analysis (XRD, JEOL JDX-3530). The diffraction
patterns were recorded in the range of 26 = 20 to 70° using Cu K,
radiation (4 = 0.15406 nm) with a step scan of 0.5°/min. Raman
spectra were measured at room temperature using a Jobin-Yvon
T64000 triple-stage spectrograph with a spectral resolution of 2 cm™.
A 632 nm He—Cd laser was used as the excitation source with an
output power of 25 mW. Morphologies and microstructures of the as-
prepared samples were examined by transmission electron microscopy
(TEM, JEOL JEM-2010). UV—vis DR spectra of the photocatalyst
particles were recorded at room temperature in the range of 300—~700
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nm using a Lambda 950 UV—vis spectrophotometer. The absorption
spectra were obtained by analyzing the reflectance measurement with
Kubelka—Munk (KM) emission function, F(R,,). Optical band gap
energy (Eg) can be determined from the plot between E = 1240/
Absorp Edge 20nd [F(R)hv]"? where E is the photonic energy in eV and
ho is the energy of an incident photon. Isoelectric point (IEP) of
BiVO,and CeO, particles was also examined by zetasizer nano
instrument (ZS Malvern).

2.3. Photocatalytic Activity for the Degradation of Dyes.
Visible light photocatalytic activities of BiVO,, CeO,, and BiVO,/
CeO, composite powders were evaluated through the decoloration of
MB, MO, and the mixture of MB and MO solution with an initial dye
concentration of 2 X 107> M. Slurry batch reactor equipped with
halogen lamp and a 400 nm cut off filter, providing a light intensity of
185 mW cm™ was used in this study. In a typical run, 0.05 g of
photocatalyst was dispersed in 50 mL of Milli-Q water using ultrasonic
probe for 30 min. The predetermined amount of organic dye was
subsequently added into the catalyst suspension. After that, the
suspension was stirred for 30 min in the dark to ensure adsorption/
desorption equilibrium before light illumination. During the irradiation
procedure, the reaction sample was collected at 20-min intervals and
centrifuged to remove photocatalyst particles. The concentration of
MB and/or MO substrates was then determined by measuring the
absorbance at 4, 664.5 nm and 4., 463 nm, respectively, via UV—vis
spectrophotometer (Shimadzu UV-1800).

3. RESULTS AND DISCUSSION

3.1. XRD Analysis of BiVO,/CeO, Nanocomposites.
Figure 1 shows the XRD patterns of novel BiVO,/CeO,

Figure 1. XRD patterns of pure BiVO,, pure CeO,, and BiVO,/CeO,
varying mole ratio; tetagonal BiVO, (T-BiVO,) and monoclinic BiVO,
(M-BiVO,).

nanocomposites in comparison with those of pure BiVO, and
pure CeO,. The diffraction peaks of pure BiVO, at 20 of 28.8°,
30.55° 34.5°, 35.2°, 39.8°, and 42.5° were respectively indexed
as (112), (004), (200), (020), (211), and (01S) planes of
monoclinic BiVO, according to the Joint Committee Powder
Diffraction Standards (JCPDS) file no. 75—1866. Although the
diffraction peaks at 26 of 24.6° and 32.9° belong to the (200)
and (112) planes of tetragonal BiVO, with JCPDS file no. 14—
0133. Diffraction peaks of pure CeO, at 20 of 28.8°, 33.3°
47.6°, and 56.4°can be indexed as the (111), (200), (220), and
(311) planes of fluorite CeO, with JCPDS file no. 34—0394.
The XRD patterns of BiVO,/CeO, nanocomposites exhibited
characteristic diffraction peaks of both BiVO, and CeO,
crystalline phases. It can be seen from Figure 1 that, at low
concentration of BiVO, (0.2 mol ratio), the diffraction pattern
of the nanocomposite materials was quite similar to that of pure
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CeO,. However, upon increasing the mole ratio of BiVO, in the
nanocomposite sample, the diffraction pattern was more similar
to that of pure BiVO,. This is possibly due to the high
crystallinity of the BiVO, phases, thus appearing as the
dominant peaks in the XRD spectra of the nanocomposite
samples. The XRD results also clearly indicated that BiVO, in
the as-synthesized BiVO,/CeO, composite presented in two
crystalline phases, which are monoclinic and tetragonal
structures. Calculation of the normalized ratios of relative
intensities corresponding to these two different phases of
BiVO,, suggests that the monoclinic structure presents as a
predominant phase (>90%) in the obtained BiVO,/CeO,
composite samples.

3.2. Raman Spectra Measurement. Raman spectroscopy
provided further structural evidence as to the composition of
the composites, as shown in Figure 2. The vibrational peaks at

Figure 2. Raman spectra of all photocatalyst samples; and highlight of
Ce—O responses for 0.2Ce0,:0.8BiVO,, 0.4Ce0,:0.6BiVO,, and
0.6Ce0,:0.4BiVO, (the insert).

121.96, 220.15, 322.32, 378.04, 720.96, and 831.14 cm™
observed from the pure BiVO, sample were in good agreement
with those from the work of Goti¢ et al.'” and Zhang et al.'®
The peaks at 720.96 and 831.14 cm™' were ascribed to
asymmetric and symmetric V=0 stretching modes, respec-
tively. Although the peaks at 322.32 and 378.04 cm™" reflected
the asymmetric and symmetric bending vibrations of VO,>.
Another two vibrational peaks at lower wavenumber (121.96
and 220.15 cm™") were assigned to external vibration modes.
For the pure CeO, sample, only one main vibrational band at
463.78 cm™! is observed, because of the Ce—O bond
vibration.' In the case of nanocomposite materials, character-
istic Raman peaks for both BiVO, and CeO, were found.
Interestingly, the composite spectra also clearly show a
decreasing CeO, peak intensity when the mole ratio of
BiVO, to CeO, is increased (the insert in Figure 2). This could
be attributed to a lower coverage of CeO, on the BiVO,
surface.

3.3. Morphology Characterization. The morphology of
pure CeO, (Figure 3a) shows spherical-shaped nanoparticles
with a diameter in the range of 5—10 nm, whereas pure BiVO,
from TEM analysis (Figure 3b) was found to be rod-like
particles with approximately 100 nm dimensions. The as-
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Figure 3. TEM images and electron diffraction patterns of (a) pure
CeO,, (b) pure BiVO,, (c, d) 0.6BiVO,:0.4CeO, nanocomposites.

synthesized BiVO,/CeO, composite via the modified coupling
synthesis method (Figure 3c, d) clearly shows the presence of
CeO, nanoparticles deposited onto the BiVO, surface. As
shown in Figure 3d, it clearly shows two different crystal
structures on the composite surface, which can be assigned to
CeO, (left) and BiVO, (right), suggesting a high degree of
crystallinity. This confirms that BiVO,/CeO, nanocomposites
were successfully prepared with CeO, nanoparticles covering
the BiVO, surface.

3.4. UV-Vis Diffuse Reflectance Spectra and Band
Gap Energy. The UV—vis DR spectra of pure BiVO,, pure
CeO, and BiVO,/CeO, composite are shown in Figure 4a. The
optical band gap energy (E,) can be determined from the plot
between E = 1240/ Aapsorp, age a0d [F(R)hv]"? as shown in
Figure 4b. Pure CeO, has an absorption onset at 420 nm,
which corresponds to a band gap energy of 2.76 eV. The
absorption edge of the BiVO,/CeO, nanocomposites show a
shift toward the visible region upon loading of BiVO, onto the
CeO,. According to Figure 4b, the nanocomposites in all
BiVO,:CeO, mole ratios possessed similar band gap energy of
approximately 2.46 eV which is lower than the band gap energy
of both pure BiVO, (2.51 V) and pure CeO, (2.76 eV). This
observation is important, as it indicates that the BiVO,/CeO,
nanocomposites can be photoexcited to generate more
electron—hole pairs under visible-light irradiation, which
could result in higher photocatalytic performance.

3.5. Photocatalytic Activity for Methylene Blue (MB)
Degradation. The photocatalytic activities of all three BiVO,,
CeO,, BiVO,/CeO, photocatalysts were evaluated by measur-
ing the decoloration of MB under visible light irradiation (>400
nm). The concentrations (C) of MB and MO were determined
from UV—vis absorption studies by using the Beer—Lambert
law relation at the maximum wavelength (A, of 664.5 and
463 nm, respectively. Variations of MB concentration (C/C,)
with visible-light irradiation time over different catalysts are
presented in Figure Sa, respectively. As a comparison, direct
photolysis of MB as well as the photocatalytic degradation over
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Figure 4. (a) KM absorbance plot and (b) band gap energy of pure
BiVO,, pure CeO,, and different mole ratio of BiVO,/CeO,.

pure BiVO, and CeO, were also performed under the identical
conditions. All MB degradation curves of C/C, vs time
displayed in Figure S are already normalized and calibrated
from the photodegradation of MB in water in the absence of
catalyst under identical conditions. As seen from Figure Sa, the
mole ratio of BiVO,/CeO, at 0.6:0.4 provided the highest
photocatalytic activity where the highest MB degradation of
80% was obtained within 30 min of irradiation. It was found
that lower or higher ratios than that of 0.6BiVO,:0.4Ce0O, lead
to decreased photocatalytic performance. Stability of photo-
catalytic MB degradation using the selected 0.6BiVO,/0.4CeO,
nanocomposite was also investigated as shown in Figure Sb. It
was found that the 0.6BiVO,/0.4CeO, catalyst exhibited a
highly stable photocatalytic performance toward MB degrada-
tion because no significant loss in activity was observed. It only
displayed less than 10% deactivation after 10 cycles.

3.6. Photocatalytic Activity for a Mixture of MB/MO
Degradation. This preferential degradation activity (MB) as a
consequence of different adsorption ability between BiVO, and
CeO, (in Figure S) could be partially explained by the different
surface charges characterized by zeta potential. The isoelectric
point (no net charge) of BiVO, and CeO, were found at the
pH of 4.56 and 7.33, respectively. This suggested that, under
the photocatalytic conditions used in this study at pH 7, BiVO,,
and CeO, possessed negative and slightly positive charges on
the surface, respectively. Because BiVO, has a net surface
negative charge, the cationic methylene blue molecules would
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Figure S. (a) Comparison of photodegradation efficiency of MB using
all photocatalysts; (b) cycling runs of photodegradation of MB using
0.6BiV0,:0.4CeO, (initial concentration of MB 7.5 mg/L and catalyst
loading 1 g/L).

preferentially adsorb on BiVO, particles. On the contrary,
CeO, particles possessing a slightly positive surface charge
would preferably adsorb the anionic dye molecules, such as
methyl orange, rather than MB. Therefore, a further
preliminary study on the degradation of a mixture of dyes via
adding MO into the preprepared MB solution was also
investigated using selected 0.6BiVO,/0.4CeO, composite (as-
synthesized) as well as physically mixed 0.6BiVO,/0.4CeO, as
control. The reason for conducting a preliminary investigation
utilizing dye mixtures is that real-world wastewater from
industries would most likely contain more than one type of
organic dyes.

Figure 6 illustrates the degradation efficiencies of the mixed
solution of MO and MB over the 0.6BiV0O,/0.4CeO,
composite and mixed 0.6BiVO,/0.4CeO, catalysts. The results
clearly confirm that both MB and MO dyes were preferentially
degraded over as-synthesized 0.6BiVO,/0.4CeO, composite.
This is possibly due to the strong interaction between CeO,
and BiVO, as supported by the UV—vis DR spectra in Figure 4.
In addition, the preliminary stability investigation of the
BiVO,/CeO, composite was also carried out for 5 cycles as
shown in Figure 7. It was found that the composite catalyst
exhibited stability toward both MB and MO degradations,
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Figure 6. Comparison of photodegradation efficiency of a mixture of
MB and MO solution using as-synthesized 0.6BiVO,/0.4CeO, and
mixed 0.6BiVO,/0.4CeO, under identical conditions (initial concen-
tration of both MB and MO 7.5 mg/L and catalyst loading 1 g/L).

because no significant loss in activity was observed after the
second run.

Figure 7. Cycling runs of photodegradation of the methylene blue and
methyl orange mixture solution using 0.6BiVO,:0.4CeO, (initial
concentration of MO and MB 7.5 mg/L and catalyst loading 1 g/L).

An illustration of interparticle electron transfer behavior is
proposed as shown in Figure 8. The band edge positions of the
conduction band and valence band of a semiconductor can be

Figure 8. Possible photocatalytic mechanism for degradation of dyes
over BiVO,/CeO, nanocomposites under visible light irradiation (MB,
methylene blue; MO, methyl orange).
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determined using the equation:*"* E'c = y — E¢ — 1/2E,,
where y is the absolute electronegativity of the semiconductor
(yis 5.56 eV* and 6.04 eV'? for CeO, and BiVO,, respectively).
E€ is the energy of free electrons on the hydrogen scale (4.5
eV) and E; is the band gap of the semiconductor. The
calculated CB and VB of BiVO, were 0.28 and 2.78 eV, and of
CeO, were —0.32 and 2.44 eV, respectively. According to
Figure 6, when the BiVO,/CeO, system is irradiated under
visible light (>400 nm), both CeO, and BiVO, can be activated
since the band gap energies of CeO, and BiVO, observed in
this study were 2.76 and 2.51 eV. The excited electrons at the
conduction band of CeO, crystallites are transferred to the
conduction band of BiVO, crystallites. The electrons will then
react with oxygen molecules to finally form hydroxyl radicals.
These hydroxyl radicals will further oxidize the MB molecules
that are preferentially adsorbed onto the BiVO, particles.
However, in the case of the CeQO,, it is not so clear-cut.
Although oxidizing species like hydroxyl radicals can indeed be
formed on the CeO, surface, the availability of the MB species
on, or near, the CeO, surface would be expected to be
significantly less than that on the BiVO, surface. This is due to
the fact that the CeO, particles possess a slightly positive
surface charge (at pH 7), which would preferably adsorb
anionic dye molecules, such as MO, rather than MB. Therefore,
any MB degradation on the CeO, surface is quite low. As a
result, more efficient charge-carrier separation, and thus
improved photocatalytic activity could be achieved.'**

4. CONCLUSIONS

Novel BiVO,/CeO, nanocomposites with different mole ratios
have been successfully prepared by homogeneous precipitation
coupled with a hydrothermal method. These synthesis methods
demonstrated good reproducibility and facilitated the produc-
tion of high-purity products. The mole ratio of BiVO, to CeO,
in the BiVO,/CeO, composites was found to affect the
degradation of dyes under visible light irradiation. The
optimum mole ratio was found to be 0.6:0.4 (BiVO,:CeO,)
showing the best photodegradation performance under visible
light illumination. According to UV—vis DRS results, the
absorption of BiVO,/CeO, nanocomposites increased in the
visible region (485—505 nm). Moreover, the low band gap
energy of BiVO,/CeO, nanocomposites also influenced the
dyes degradation, and showed significant promise as a visible
light photocatalyst for dye wastewater treatment. Further
detailed studies to fully understand the mechanism are ongoing
in our laboratories.
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Abstract

A CoFe,O4/TiO, nanocomposite was successfully synthesized by coupling the modified sol-
gel with hydrothermal techniques. The obtained CoFe,04/TiO, nanocomposite was
characterized by X-ray diffraction for phase composition and crystallinity. TEM images
revealed that the shape of the as prepared samples was almost spherical and the average
particle sizes were found to be in the range of 5-35 nm. The saturation magnetization (M) of
CoFe,04/TiO, nanocomposite was determined to be 29.64 emu g™. Photocatalytic activity
and cycle stability were studied by the photomineralization of formic acid under solar light
irradiation.
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1. Introduction

Nowadays, environmental pollution has increased especially water pollution from
industries. Heterogeneous photocatalysis has been widely used to completely mineralize
various organic and inorganic substances which are known as environmental pollutants [1].
Titanium dioxide (TiOy) is one of the most widely used for photocatalyst due to its
nontoxicity, chemical inertness, long-term stability against photochemical corrosion and
strong oxidizing power [2-3]. However, removing the small particles from large volumes of
water involves further expense. Therefore, the attracted considerable attention has been
focused on the application of magnetic separation technology to recover the particle and
solve environmental problems [4-5].

Ferrites materials (MFe,O4; M is a divalent metal cation such as Ba, Co, Mg, Mn, Fe,
Ni, and Zn) are magnetic materials with the cubic spinel structure, which have been
extensively used in many applications such as biological and clinical fields, optoelectronic,
microwave adsorption, and drug-loading materials due to their excellent thermal and
chemical stability, and magnetic properties [6-7]. Cobalt ferrite (CoFe,O,4) has been widely
studied due to its high electromagnetic performance, excellent chemical stability, mechanical
hardness and high cubic magnetocrystalline anisotropy [8-9]. By using coupled magnetic
semiconductor photocatalyst, improved charge separation, thus enhanced photocatalytic
activity due to high efficiency of the interfacial charge transfer can be obtained, and also
easily separating the particles by an external magnetic field from water pollutant. Therefore,
the aim of this research is to elucidate the photocatalytic efficiency of this CoFe,04/TiO,
nanocomposite material with an expectation to obtain a promising solar-light driven catalyst.
The coupled semiconductor photocatalyst was successfully synthesized by coupling the
modified sol-gel with hydrothermal techniques and its photocatalytic performance was

evaluated via photodmineralization of formic acid under solar light irradiation.
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2. Experimental
2.1. Sample Preparation

A CoFe;04/TiO, nanocomposite was synthesized by coupling the modified sol-gel
with hydrothermal techniques. Firstly, TiO, nanoparticles were synthesized by the modified
sol-gel method. 20 ml titanium tetraisopropoxide (TTIP) was dissolved in 250 ml of 6 M of
nitric acid solution and stirred until homogeneous solution. The mixture of TTIP and nitric
acid solution was added into a cellophane membrane and suspended for 1 h in a mixed
solution of ethylenediaminetetraacetic acid (EDTA) 0.001 M and 20 ml of ammonia solution.
After the completion of the dialysis process, the suspension was washed with deionized water
by centrifugation at 5000 rpm for 10 min, and then dried the particles in an oven at 80°C for
24 h. Finally, the powder was calcined in a furnace at a temperature of 400°C for 3 h. Then,
CoFe,04/TiO, nanocomposite was prepared 1 to 1in the mole ratio of CoFe,O4 to TiO; by
hydrothermal method. Next, 0.1 M of cobalt nitrate hexahydrate (Co(NO3),-6H,0O) solution
was prepared and mixed with 0.2 M of iron nitrate nonahydrate (Fe(NOz3)3-9H,0), then an
appropriate amount of 6 M of sodium hydroxide (NaOH) was dropped into the mixed
solution until the pH was adjusted to 7. TiO, nanoparticles as prepared above were added into
the mixture solution. The mixture solution was stirred for 30 min and transferred into 250 ml
of teflon-lined stainless steel autoclave. The autoclave was maintained at 150°C for 24 h and
cooled down to room temperature after it finished hydrothermal processing. The resulting
precipitate was washed and dried by the same procedure for synthesis of TiO, nanoparticles.
Cobalt ferrite nanoparticles were also prepared by hydrothermal method as the same
procedure described above.
2.2. Sample Characterization

Phase structure of CoFe,O4/TiO, nanocomposite was determined by X-ray diffraction

analysis (XRD, Philips X’ Pert MPD) with CuKa radiation. Morphology and particle size
3



were investigated by transmission electron microscopy (TEM, JEOL JEM-2010). The
Brunauer Emmett and Teller (BET) adsorption-desorption of nitrogen gas for specific surface
area determination at the temperature of liquid nitrogen was performed on autosorb-1MP-
Quantachrome. The magnetic properties were investigated by a vibrating sample
magnetometer (VSM, Lakeshore VSM 7404) at room temperature.
2.3. Photocatalytic Activity Studies

The suspension of CoFe,O4/TiO, nanocomposite (1 g/L) was prepared in deionized
water. An impurity carbon burn-off step was firstly carried out by illuminating the
photocatalyst suspension with a UVA lamp (Sylvania blacklight blue, 18 W) at ambient
condition until CO, generation was not obtained. Before the illumination, the catalyst
suspension containing formic acid equivalent to 500 microgram carbon (ug C) was circulated
through the spiral photoreactor under the dark for 30 min to establish adsorption/desorption
equilibrium. Photocatalytic reaction was then initiated by illuminating the suspension with a
solar lamp (Philips TL-D lamp, 18 W). The amount of CO, generated by the mineralization
of formic acid was determined via conductivity measurement. The photocatalytic activity of
photocatalyst was analyzed through the rate of formic acid photominerization. The stability
of CoFe,04/TiO, was studied in five cycling runs.
3. Results and discussion
3.1 XRD and BET Analysis

X-ray diffraction patterns of pure CoFe;O4, pure TiO,, and CoFe,O4/TiO, were
shown in Figure 1. The pure CoFe,O, presented in cubic spinel structure (JCPDS no.22-
1086) and the main diffraction peaks at 26 of 35.44° and 62.59° were respectively indexed as
(311) and (440) planes. While the pure TiO, presented in the mixed phased of anatase
(JCPDS no0.21-1272) and rutile (JCPDS no.21-1276) in tetragonal structure. The main

diffraction peaks of anatase phase at 20 of 25.28° and 48.05° were respectively indexed as
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(101) and (200) planes, the main diffraction peaks of rutile phase at 20 of 27.45°, 48.05° and
54.32° were respectively indexed as (110), (101) and (211). The XRD pattern of
CoFe,04/TiO; nanocomposite exhibited characteristic diffraction peaks of both CoFe,O4 and
TiO, crystalline phases. The BET specific surface area of pure CoFe,O,4, pure TiO, and
CoFe,04/TiO, were found to be 188.41, 87.5 and 162.51 m? g™, respectively. The high
specific surface area might affect the physical properties of the material which is important
for influencing its photocatalytic behavior.
3.2 Morphology Characterization

The TEM images of all samples revealed an almost spherical shape with average
particle size in the range of 5-35 nm as shown in Figure 2(a)-(c). Electron diffraction patterns
of CoFe;04, TiO, and CoFe;O4/TiO, shown as the insets of Figure 2(a)-(c) exhibited the
brightness of polymorphic discrete ring of the crystalline particles suggesting a quite high
degree of crystallinity in polycrystals. Figure 2(d) shows lattice fringes of CoFe,O4/TiO;
nanocomposite. The distance between each lattice fringes were measured and identified as
the crystal structure of anatase, rutile and cubic spinel due to the d-spacing of lattice plane
from JCPDS file matches very well with the width of lattice fringe from TEM images.
Consequently, the fringe widths of 0.253 nm and 0.161 nm can be used to confirm the
dominance of (311) and (511) planes of cubic spinel structure, the fringe width of 0.218 nm
and 0.189 nm confirmed the dominance of (111) and (200) planes of rutile and anatase
structures, respectively.
3.3 Magnetic Properties and Separable Ability

Typical magnetization hysteresis loops were shown in Figure 3(a). The values of
saturation magnetization (Ms) and coercivity (Hc) of CoFe,O,4 and CoFe,O4/TiO, were found
to be 32.58, 29.64 emu g and 0.15, 0.05 kOe, respectively. It is difficult to see an obvious

hysteresis loop at the full scale which is in agreement with nearly superparamagnetic
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behavior. It has been reported that CoFe,O, particles exhibited superparamagnetic behavior
when the particle size is less than a critical value, generally less than 10 nm and the
remanence values of CoFe,O,4 nanocrystalline are usually low due to the small size on the
order of a nanometer [10]. The different hysteresis loop of the as prepared samples might be
due to several points such as the size, crystallinity, and arrangement of the particles [9, 11].
The magnetic activity of CoFe,O4/TiO, nanocomposite was evaluated in suspension solution
as shown in Figure 3(b). This magnetic behavior of the CoFe,O4/TiO, nanocomposite could
separate easily compared to the traditional photocatalysts in suspension systems under
external magnetic field.
3.4 Photocatalytic Activity Studies

The photocatalytic activities of all samples were evaluated by measuring the
photomineralization of formic acid under solar light irradiation as shown in Figure 4(a). The
variable concentrations (C/Cy) of formic acid were determined to fit well with Langmuir-
Hinshelwood (LH) kinetics studies from CO, generation. As seen from Figure 4(a), pure
TiO, provided the highest photocatalytic activity of 85% was obtained within 180 min of
irradiation. However, the activity of the composite lower than pure TiO, but an advantages of
magnetic composite could easily recovery and separate from water using an external
magnetic field. Stability of photocatalytic formic acid mineralization was also investigated as
shown in Figure 4(b). It was found that the composite catalyst exhibited a highly stable
photocatalytic performance towards formic acid degradation since no significant loss in
activity was observed. It only displayed less than 15% deactivation after 5 cycles.
4. Conclusions

CoFe,04/TiO, nanocomposite was synthesized by coupling the modified sol-gel with
hydrothermal techniques in the mole ratio of 1:1. These synthesis methods demonstrated

good reproducibility, improved ability to obtain uniform small particle sizes, and facilitated
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the production of high purity products. The composite photocatalyst shows magnetic

hysteresis loop and could be easily separated from the solution by an external magnetic field.

Physical and magnetic properties of CoFe,O4/TiO, nanocomposite influenced photocatalytic

performance, and shows significant promise as a magnetic photocatalyst for wastewater

treatment.
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Figure captions

Figure 1. XRD patterns of pure CoFe,O,, pure TiO, and CoFe,04/TiO;

Figure 2. TEM images and electron diffraction patterns of (a) pure CoFe,Q, (b) pure TiO,
(c) CoFe,O4/TiO, nanocomposite, and (d) lattice fringe image of CoFe,04/TiO;
nanocomposite

Figure 3. (a) Hysteresis loop of pure CoFe,O4 and CoFe,O4/TiO, (b) the magnetic activity of
CoFe,04/TiO, dispersed in water subjected to the field imposed by the magnet on the right
Figure 4. (a) Comparison of photomineralization efficiency of formic acid using all
photocatalysts and (b) cycling runs of photomineralization of formic acid using

CoFe,04/TiO, nanocomposite
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Pongwan et al., Figure 3.
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Pongwan et al., Figure 4.
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