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4.1 

4.2 

4.3 

4.4 

LL~~~ Vibrational Mode ~wu 1 'LJ 1 'VIL 'VIL UtllJ 1~min 1'1l~U.'1~ 

1 'VlL 'VIL UcJlJ 1~aan 1'1l~~L~a~1m t-,~n 

LL'1~~ fl1LLC1uw"'~~1tJ (Eg) 1tJ1'VlLVlLUcJlJ1~emn1'1l~LL'1~ 

1 VlL 'VlLUcJlJ 1~e:ie:in 1'1l~~L~a~1m t-,~n 

LL'1~~m1nrue:i~~th~f1elU'1Jcl~ 1 VlL VlL UtllJ L~elelf1 L'1l~U.'1~ 

1viL'VlLUcJl.J1~ae:in1'1l~~L~el~1m"1~n 0.5 1.0 U."1~ l.5%mol 

LL~~~tJ'1f11'rn~'1e:ium1lJL UtJ~mim'1l"1~lJ~L ~~'llel~ 1 VlL vi L iltil.l 1~e:ie:in 1'1l~ LL'1~ 

L'VlL'VlLUt1lJL~ae:inL'll~~L~cJ~1mi1~ 0.5 1.0 LL'1~ l.5%mol 

., 
WU1 

18 
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21 

27 



'j1 t1 m w 1-wi.h:: mru 

d "' 
.f11'W'Vl 'V!'U1 

2.1 tJ5ii~mL {.:i~1mL?1-1'Ue:i-11V1LVILUcll.J 1~e:ie:in 1'11~ 4 

2.2 nTntJ~m.m tJ"1-1?1m'U:::'11n L'11"1LU'UL'1"1 4 

2.3 m :::'U1'\.Jfl1'j'L'11"1L'1"1 5 

2.4 LL?f~-1t:-J"1'UB-1fl1'JL~l.J Zn "1-11'1.J Ti02 9 

4.1 XRD pattern 'UB-11VILVIL um..11~ve:J fl 1'1l~LL"1::: 1VILVILUm..11~e:ie:Jfl 1'1l~~L~e:i~1mi,,,~n 

d 
0.5 1.0 LL"1::: 1.5 %mol Lt:-J1VI 500 ·c 15 

4.2 XRD pattern 'UB-11VILVILUtll.J 1~e:ie:in 1'1l~LL"1::: 1VILVIL-um..11~e:ie:in 1'1l~~L~e:i~1mi,,,~n 

0.5 1.0 LL"1::: 1.5 %mol Lt:-J1Vl 800 ·c 15 

4.3 FT-IR m tJnlilfl-l'Um 1 VIL VI LUeJl.J 1~e:ie:in 1'11~ LL(!::: 1 VILVIL -ut.11J 1~ ve:in 1'1l~~L~e:i~1t.1m~n 

0.5 1.0 LL(!::: 1.5 %mol Lt:-J1Vl 500 ·c 17 

4.4 FT-IR mtJnlilfl.J'U e:i-11 VI LVIL Utll.J 1~ e:ivn 1'l1~ LL(!::: 1 VIL VIL um.J 1~ e:ie:i n 1'11Jl~L~e:J~1 t.1 L i,,,~n 

d 
0.5 1.0 LL(!::: 1.5 %mol Lt:-J1VI 800 ·c 17 

4.5 LLfl'lJfl1'j~~n~mL?1-1'!Je:i-11 VIL VI Lut.11J 1~ e:ie:in 1'1l~LL"1::: 1 VIL VIL i1t.11J 1~ e:ie:in 1'1l~~L~e:i~1m "1~n 
\) 

0.5 1.0 LL(!::: 1.5 %mol Lt:-J1Vl 500 ·c 19 

4.6 LL?f ~'1LLfl'U fl11~~fl~'ULL?f-1'!Je:J-11 VILVIL Utll.J 1~e:Je)fl 1'1l~LL(l::: 1 VILVIL\Jt.ll.J 1~Be:Jfl 1'1l~~L~B 
\) 

~1mi,,,~n 0.5 1.0 LL"1::: 1.5 %mol Lt:-J1vi 800 ·c 20 

4.7 SEM-EDX m tJ nlil-rl.J'Um 1 VIL VIL i1t.1l.J 1~ve:in 1'1l~LL"1::: 1 VILVIL i1t.11J 1~€J€Jfl 1'1l~~L~e:i 

I.I ~ ci 
mmi,,,"1n 0.5 1.0 LL"1::: 1.5 %mol Lt:-J1VI 500 ·c 20 

4.8 SEM-EDX mtJnlilf1J'U€J-11VILVILUtll.J 1~e:ie:in 1'l1~LL"1::: 1V1LVILUt.1l.J 1~€Je:in 1'll~~L~e:i 

v a ~ 
mmi,,,"1n 0.5 1.0 LL"1::: 1.5 %mol Lt:-J1VI 800 ·c 21 

4.9 SEM 'Ue:i-11 VIL VIL Uc.Ill 1~e:ie:in 1'1l~LL(l::: 1 VIL VIL Uf.ll.J 1~v€Jfl 1'l1~~ L~€J~1m "1~fl 0.5 %mol 

d 
Lt:-J1VI 500 LL"1::: 800 °C 22 

,., ,., ' 

4.10 ¥e:it.1"1:::fl11EJ'U~-1L;e) E. coli i,,,'1,1V1~?1€J'U~1tl Ti02LL"1:::TiO/Fe Lt:-J1Vl 500 ·c 23 
,., ,., ' 

4.11 ¥Elc.1(1:::fl11EJ'U~-1L;El B. subtilis i,,,'1-1V1~?1€J'UJi'1c.1 Ti02 LL"1:::Ti0/Fe Lmvi 500 ·c 24 
,., ,., ' 

4.12 ¥Elf.l(l::: fl11EJ'U~-1L;e:i P. oeruginoso i,,,'1-1V1~?1€J'UJi'1t.1 Ti02 LL"1:::Ti0/Fe Lt:-J1Vl 500 ·c 24 
,., ,., ' 

4.13 ¥e:it.1"1:::fl11EJ'UEJ-1L;el 5. oureus i,,,'1-1V1~?fe:J'UJi'1t.1 Ti02 LL"1:::Ti0/Fe Lt:-J1Vl 500 ·c 24 



... ... ' 
4. 14 ~Bm,~rn~cJ'UcJ~L :SB E. coli Vl~~Vl~~el'IJ\11"W Ti02 LLfl~TiO/Fe Le.J1'vi 800 ·c 25 

... ... ' 

4.15 ~m.Jfl~fn~cJ'UcJ~L:fieJ 8. subtilis Vl~~Vl~~el'U\111~ Ti02LLfl~Ti02/Fe Le.J1vi 800 ·c 25 
... ... ' 

4.16 ~ewfl::m1~cJ'UcJ~L:fieJ P. oeruginoso Vl~~Vl~~B'U\111~ Ti02LLfl~Ti02/Fe Le..11vi 800 ·c 25 
... ... ' 

4.17 ~el~fl~fn~cJ'Ucl~L:fieJ 5. oureus Vl~~Vl~~el'U\111~ Ti02LLfl~TiO/Fe Le.J1vi 800 ·c 26 



L th.J~Vl'n'\Jtlt!~'J11 VlbVlb'Ut.ll..J 1~elelf11'1l~lJrl11lJ~1lJ7'Hi 1 Vf111b f :itlD n~tl1~1mL~-:J lJL~~tl1i11'Wzj-:J 1~~ f1 

1J1lJ11-Ut1t!el~1-:Jf111-:J'll11-:Ji1"1f'l.Jf111~1LieJ 1 i.Jf1~lJ~~t!Vl~~ 11lJ~-:JLb'l.JflviL~cJ L(el11 LU,:; 11f~ tJ5n~cJ1b ~-:J~1cl 

U.~-:l'llel-:lelt!.ll1flt!11 t11 V1 b VIL 'UcllJ 1~elelf11'1f~ 1lJL vlcJ-:i(t1el~t1rn1l.l'\J~'11el-:l1 ~~ 1 V1 L V1 L 'UtllJ 1~elelf11"11~ Lb~ fJ-:Jb~tl1tl'\J 
, \J . 'ii 

f111L'U~tlt!LL'U'1-:l h,t,1:;ffi i~~lJ t-l~el h,t,1:;e)eJf11'1l~'1JeJ-:l1 V1 LVlb'UcllJ 1~elelf11'1f~~-:i,!t1 1 t!-:i1t!1~cl,t!,Q ~-:i1~L\J1~tllJ 

LL'1:;Pimn~l.l'\J~V11-:lbrllJ LL'1:;V11-:lf11cl.fl1'W'11el-:l 1 V1 L V1 L'UcllJ 1~elelf11'1l~ LL'1:; 1 "1 L Vlb -um.J 1~elel n 1'1l~~ L~el~1 m t,l~ f1 0.5 

1.0 LL'1:; 1.5 o/omol LL'1:;V1~~el'lH) 'Vli n 11f1ut-:iLieJLbUAviL~EJ 4 'llii~ ~el Escherichia coli (E. coli) 

Staphylococcus aureus (5. aureus) Bacillus subtilis (8. subtilis) LL'1:; Pseudomonas aeruginosa (P. 

aeruginosa) 

1~m1t11 ~ E.Jii.Jffi~ftJ L1t1 eJ~t-l1.Jt11~ E.1~1 nneJ-:ivit11~cJ l.lt-l11Vlcl1~ EJ~-:J'11 '17t1r11Dvi i 1vi m L '111J1~,11"clni 
" , " '::,J 



'11 

~B.:im1v1 LL"1::: fl~B.:1'1'1Vl~~l3!uBL~nmm...1LLU1.H~B.:im1v1LL'1~Btlfl'HU1Lfl11:::\101v1 ~"1..i1mvi1-i-~fl L~fl"i!L 1~~v-J 
'I " ' , 

LLW1fl'tl'W YiULW'1B'W1LVli:'IL'WEJ.:iLW?IL~tl1L~m1;.n~ 500 °( LL~Lnm~lJBl:UVl.fllJ1'Wfl11LmLU'W 800 °( LW'1B'W1LV1'1 ' \) 

Ltl~EJ'W 1tlLU'WLW'1~ 1 vii.1 LL"1:::~.:iYiu LW'1~1viu~ 1fltl (Fe2 TiO5) L~mJBEJ B~.fl1A~~.:iLm1~V1'1Ji'LL'1v1.:iqvii1 'Wfl118u 

8-:i E.coli B. subtilis LLfl::: S. oureus 1~~mcJ1\;ILL'1.:ivJ"1Bm1m"i!'WJ 
\) 



Title: Synthesis of Iron doped Titanium Dioxide for Antimicrobial Activity and Cytotoxicity 

Abstract: TiO2 and iron-doped TiO2 were synthesized by sol-gel method. They were calcined at 

500 and 800 °C for 2. The synthesized particles were characterized by X-ray diffraction (XRD), 

.courier transform infrared spectroscopy (FT-IR), UV-vis diffuse reflectance spectrophotometry 

UV/DRS), scanning electron microscopy (SEM) and scanning electron microscope-energy 

dispersive X-Ray analysis (SEM-EDX). The XRD patterns of all sah1ples which was calcined at 500 
' 

°C showed only anatase phase. When increasing temperature from 500 to 800 °C, anatase phase 

:ransformed to rutile phase. Minor Pseudobrookite (Fe2TiO5) phase was observed at 800 °C. The 

oarticles that contained rutile showed the higher antibacterial activity in E.coli, B. subtilis, and 5. 

oureus than anatase phase under fluorescence irradiation. 

KEYWORDS: nanoparticles, antimicrobial, cytotoxicity 



tJ'Vlvi 1 

uV1t!1 

. 
1 utl~~ui..rd-r"~l'v: L tlu fa,,,~min hii~ii61JU1(;1 el\J.fl1rl ';i~~\J\J1 t ti LlJm 1(;11\J m1m1u htl1lJ1UWel n~1 i 

'I 'I 'I 'I 

l~1u(il1Un1';iLL'WV16 (il1\Jfl11lJ--l1lJ LL(l~(il1\J~--lLL1(;J~ellJ L'liu elelnhiii61Jel.:l~~n~~ eleln1'1l(;J1VlLVIL'UellJ U(l~ 

E:€ln 1'1lii61Jel--lL,,,~n LU\Jv1\J ~1,,,1\J"1';iU';i~nel\Jeleln hii61Jel.:l fa,,,~ 1 VILVlL 'UellJ~LU\J1"(;1\J1 t \JLYlrl t ufam(ilijn,';j , 

-~~lJ1U';i~~n~lJ11irlu~~"1,,,m';ilJ\,\1.:l 1 L'1it1 Lr1~el.:i~1m.:i ~~"1,,,m~i,i~V11u1u ~~"1,,,m1lJ~~ellJ Ltit1v1u 

::€l.:i~1niir111lJL"~m".:i 1lJLtiu~~ 11r11,rn LL ~.:lLL 1.:iviu\>\mtt'l1'Wn(;Jfffau61lel.:ir1nel1u J,vi~Ln LL(l~ m(;J -~1-:i 
" " 

·,;~ Lfl';i.:l " ~1.:i61Jel.:le.J~n1VILV1L'UellJ1(;Jeleln1'1!ii ii 1(;13 Lb\J\J ~el 11VI~ (rutile) eltl1LVI" (anatase) LLn~ 1.J1r11r1-v1 
" " 

:xookkite) L(;JelU n~~~'WtJ 1 VIL VIL 'UVlJ 1(;Jeleln 1'11(;11 u tm.:i"~1.:ie.i~mL \JtJel\J1LVI" LLn~11 VI~ L(;Jel~Lfl1.:i"~1.:ie.i~n el 
" 

·~ "•Vl""1lJ1';iflb ,J~vm tlu tr11.:i"~ 1-:ie.i~m 1 Vl(l1(il~elru,,,.niJ".:i (U(;J(;J1, 2555) ~1\JL vJ"\J11fl-v1t!uiitelm"'W\JiJelV 
\I 'I \J \J \I 

;.. 1 fl ~.:it!u Lfl1 .:i" ~1--le.J ~ n61Jel.:l 1 VIL VIL 'UellJ 1(;1 elel n hiiiiifl11lJ~1flqj L 'W11~ L Ut1~1 LL ,J1~ 1~'1J~1,,,~.:l 1 um1n1WU(;J 

._ ~~aVl5.fl1'W 1un11,J1~vn~1 'tl.:l1tl 1 VILVILijellJ 1(;Jeleln 1'1liiG'l1lJ1';iflb~1ellJ1lll,,,n1el1fi L'1j\J 1fin11~n~~neltl~1lJ , 

~ 

·.vi. VIL 'UellJ 1(;Jeleln 1'1fii~1(il1\Jfl11lJ'UellJl.11n~el 1ITL'1ln -L~n L~ el.:i~1 n1id"11111m~~m.rn111l11~1 el 11fl 111J u 'W.:l 

,.\', m ';iVl(;J(l el.:l 1lll~ elru,,,.niJ~el.:i LL(l~fl11lJ~UtJ1';ie.J1 ml"l 
, " 

1~,,,,r\J f11';ielelnqY1iV11.:i;1m'W L(;Jel 1 Yl L'YlL 'UVlJ 1(;Jeleln 1'1lii"1lJ11'1~1L :ff mL uflviL1vi.:i LL\Jflvh1mLn1lJt11n LLn~LLn 

';lJ(ltJ (Matsunaga LL(l~fl ru~' 1985) zj.:ln(l 1nm';ifJtJ t.:iLL tlflVh~v~~Ln(;J:ff \J\J1L 1flJ~\J~161Jel--l~1L ~.:ii.J:5 i'r1el1 

V1n~1L ~.:i,J nn1mii61JU1(;Jeltl.fl1flL~n i1~t1~~11 \Jn1~(;J(;Ji\JlJ1n i.J1~aV15.fl1'W 1 \Jn11~elel"(l1e.J~--lG'l--l;ff\J~1lJ 1 i.J 
~ , \J \J 

soecies, ROS) ~~v\'1n1ele.iu.:iL'1J(l~ LLn~L'1i(l~ LlJlJLtJ1U'tlel--l LL\J 1-1vh1el v\'11 ~L•1rni LL~ nLL(l~61Jel--lL ,,,mmv1t1f11,,,n 

BeJnlJ1 (Egerton LL(l~Aru ~' 2006) L U\JL ,,,~ 1 ~LL \JAvi L~ellil1el1 tl~~(;J ~1nflru"lJu~1 ti n11~1 LL tJAvi L~el61Jel--l 

: VIL Vlb'UellJ 1(;Jeleln L'1l~ v\'11 ~iin11tl11 VIL'Yl L 'UVlJ 1(;Jeleln hiiimi~mL~m ~lJUWaV15.fl1'W 1 tln11~1L. t:Avi.1v :(;JV 

iJn11tl1LY1LV1L-umJ1(;Jeleln1'1!iimL~ell111Vn1~t11.:i'!lD(;J L'liu L,,,~n (h~-B'el LL(l~Aru~, 2557) ~.:im~u (:...1Y>1l.!~ , 

t1 el n~ 1 nd1lllil n11Pi n~1 ~ .:i n11tl 11 Yl L VIL ii ellJ L(;J el el n 1-liii1J1V1 (;I "el\J n11 el el n qvi iVI 1.:i;1.n 1'W L -du tl1 

LV1LV1L'UellJL(;Jelvn1'1liilJ1Vl(;JG'IB\Jn1';ielBnqVIB\,\vL'lf(lilJ~L~.:i,Ja(;J (human lung epithelial cells A549) 

(Moschini LL(l ~A ru~, 2010) LL(l~ii m1L~el 1 VIL VIL 'UVlJ L(;J a ci n 1'1lii(;l1 el i.:in~~ LL~ 1tl1lJ1Yl(;J "B\J n11Bel nqVIB(;l a 

L'1J(lilJ~L~.:lLv11tllJ (MCF-7) (Ahamed LL(l~Aru~. 2016) 

1 



~~'UY11tlnei br1 LL'1~n11eieifl~Y1Bv11..:i-a1m~ 1~mti11t.ll.J 1 'VlLVlL 'UcJlJ 11ileiei fl 1611\11~ L~ei~1m 'Vl~fl ~m1m"UlJ-U'U 

i;i1..:i 'l n'U fac.11eieiei'UL 'Vl~flel1'1V111 ~\h~~viirn~ 1 'Ufl11~eimrn1m,i-J..:i L611'1JLL i.Jr1vh1m ~lJ~'U 1~m VI~ n'1~L'U'Ui1 . 
fj\Jt..::ihi1 ~BL~nmB'Ull\J Lfl'111lJ(,)1 ll'U vh1 mfllil1€l fl'1i'1 L 1~ri' '1~Lnlil~°L.IL ~lJ~'IJ •1hc.1 L~l.Jth~3Vl6.fl1~1 'Ufl11 

€J€lfl'111~'liLL\JflVh1c.1 (Egerton LL'1~flru~, 2006) 1~cJVllil'1€l\Jfl11~1L;ff€l~~'UV11V 4 'll'U~ AB Escherichia coli, 
I 

Staphylococcus aureus, Bacillus subtilis LL'1~ Pseudomonos aeruginosa f11cJ11'1fl11m~~'U~ 1c.lLL'1..:J 

~~ Bm 1m611'U(;) LL'1~LL'1..::i~i LL'1~t!11 VIL VlL uc.1lJ 1~BeJfl 1611111~ L~t1~1m VI~ n~~ti11c.il.Jt'U 1 tlV1~'1t1\Jfl11€lt1n~viBti'i.J 8-.:i 

,611'1JlJ~L ~ ..:J L1'11'UlJ'lJ€l..:Jfl'U (MCF-7) lJ~L ~..:Jtlellil'llel..:Jfl'U (NCI-H 187) lJ~L ~..:J'(j€J..:Jtl1fl'lJ€)..:Jfl'U (KB) zj..:;iemfl11Vl~'1 €)..:J 

~1~€11 '1'1 ~ '11lJ11'11 i L ti'U"U €llJ "1 'LI n11~ n"cl11-1 ru'1lJu~1 'U n11~1 LL i.Jfl~ L1 cJ'll B..:J 1 VIL VI L'Ll cJlJ 1~ €l €l n 1611\11~ L ~t1~1 c.1 
~ ' 

FT-IR, TEM, XRD, UV/DRS, SEM-EDX 

2. ~fl"cl-1flt:U'1lJu~1'Ufl11tJ\Jt..::iLL\Jfl~L1c.l 4 'll'Ulil AB Escherichia coli, Staphylococcus aureus, Bacillus 

subtilis LL'1~ Pseudomonos oeruginoso 

3. ~n"cl-1r111mti'U'Vl"cl-i;im•1rnJlJ~L~..::i 3 'll'Ll~ AB L611'1JlJ~L~..:JLl'11'UlJ'lJ€l..:Jfl'U (MCF-7) lJ~L~..::it.l€l~'ll€l..:Jfl'U (NCI-

H 187) lJ~L~..:J't1€l..:Jtl1fl'll€l..:Jfl'U (KB) 

2 



d 
UVIVI 2 

.:... : n~•Ri~tl~mmJi'1mbi.=l~'!Jel~L 'Vlb'Vlb'Um..11~e1e1n L'll~ 
,, ' 

·.Yh'Vlb'Uc.ll.JL~eJe)nL61J\11 (Titanium dioxide: Ti02) ih1mhmim,r11hJ~eJ Ti02 iii.:i1tJ51')i.J'1.17~h1~mntJ 
'U ' 'U 

..,._ £ "-';~~Li.JL'U~ (Ilmenite) V11md~1fl;'U (Leuxocene) zj.:Jb'UtJLd~~r'1.1u~V1~.:Jvli'.fo.:i1-1 tJi:meJ'\JV!'1nL'U'ULeJ 

c::• . .".r ~ .°..Jt;'i (Fe Ti03) ~i,J1J~Vl1.:Jfl1clfl1'WLLi;'l~Vl1.:Jbfli1•1rn.:i 1 'Vl\ 'VlL'UcJi.J1~eJeJn 1"1J111 i1'1mHU~b'UtJ'lleJ.:JLL~.:J ~'ll11 

--=-!:f-:. ·!1 ·.i.JL'UtJ~~ tl'1eJ~.ncJ1tJm1H'nueJ1V111 m ~ Lfl~e),:)~101.:J ~i,J1J~'Vl1.:JLL~.:J'l)e).:J1'VlL'VlL'UcJi.J1~eJeJnL61J\11 

.- __ .,. •~>:1f"~tJL.~.:Jfl17i..lcJ11fl~tJ•1h.:icJil\1l~ L'UtJ~7')M.:J!ilTU7 ('1.1U~ n-type) i1fh~'1.1'U~nLV!'lleJ.:JLb~.:J~.:J 
... 'U 'U 

'!It~ 1 'VlL 'Vlb um.JL~eJeJn L61J111LL U-:J(il7i,J 1m-:i~~1.:J'l)e),:Je.J~n 111lLLri 

:. 11'Vl~ (rutile) il1fl1.:J~~1.:ie.i~mLUUL'Vl'Vl')~1nui;'l (tetraaonal) L'U'U'1.1U~vlvn.Jl.J1nvl~~1'Uo11i.J'1.11~ i1 
'U ~ ' 

• -~,. .:"lltl L.f~L~~tl')(i)e)n71Ltl~cJ'ULL tl'1.:J(ile)e)(UV!.flDvl~-:i 
' 'U 'U 

2. eJtJ1LVI~ (anatase) i11fl1.:l~~1.:le.J~nLLUULVl'Vl1~1nu'1 (tetragonal) L'UtJ'1.1U~v\-wu1'U5')1l.J'1.17~tl1tJ 

z:- ··..-,1n 1 ~fl11i,J~e)'U~.:J ff"J1 915 e).:J1311L61J'1L;cl~ '1~L tl~cltJ 1m-:i~~1.:le.J~n~ 'Ut.JLL UU11 YI~ 
'U 'U 

3. mfl 1flvi (brookkite) llifl').:l~~1-:ie.i~mLUUeJeJft 'Vl1eJi..1Un (orthorhombic) LU'U 
'U 

4<" ,., "'fl 1' .•_f:. "..,fl1.:J~11.:le.Ji;,nLutJLLU\J') Vl'1 
'U 

L~ e) 1 VI LVI L 'Uc.ll.J 1~ e)e) n L61J~L\1l-ru fl1 ')n 1~~'U\111cl LL~.:J'1~ Ln~t15 fl~cl1Vl1~ Lfli11~ clUi;,~tlci eJcltl1~ ~'1U ( -) 

££fl:... 'l;.:it11~'1'1'll'1~1tl~'llflUeJeJnoBL'1tJ (02) 1'LleJ1fl113inmmtl'U "61JtlLtl-aieJeJn1"1l\11 (Super Oxide:02-)'' ~1'U 
' ' 

._ -;~~~.nn (+ ) vlLVl~eJeJtjf1'1~1tl~-:iLeJ1tl')~~'1'll'lleJ.:Jtl1 (H20) 1'LleJ1fl1131 L~eJ1~!il1LeJ.:Jn'1'lli..11~i..1~'1 ~.:l'1'U 
•• '/1. Vl L 'U cli.J L~ eJ eJ n 1"1l111~.:J \l] ~ '11clV!~ eJV! 1 cl L ti L~ eJtl 5 fl~ cl 1'1'U L~ ~'1 ~'U '1.:J Lb'1 ~J 1vl ~ qj L~ cltl ') ~ ~ '1'\.J L ti '1 ~ 

-f'~E.J.tl'ULfl~1eJn-8'1L')~l9'1 (Hydroxyl Radical: ·OH) zj,:iJ-:i "61ltlLtle1ieJeJnL"1J111" (02) LL'1~ "LflmeJn-8'1L1~ 
' 

ff," (·OH) vlLn~t'U i1tl')~~'Vl5[l 1'W1'Un1')~e)cl~'11cl~1')~'UV1~ 6 i'Uo~1flfa1fl1i'lleJ'ULL~1 '1 '11clLU'U 

;.,-,{rnJ'UL~ e) e) n L61J~ LL'1~J1~'U~eJ1fl1P1i1 n71fl'U'W'LJ17 L VIL 'Vl L 'Ucli.J 1~ e)e) n 1"1l111 ~1i..111'1 m~~'U1 ~Ln~t15 fl~cl1 

;-:in~11 1~cl1°tlL-wmLL~.:i'11nV1'1eJ~v-l'1eJm ')m'lf'U~ Vl'1eJ~ LED LL'1~~1l.l1 ')'1f11~~LL'llfl~L~cJ Ll1lLL~~-:i~-:im -wvl 2.1 
'U 
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fl1W~ 2.1 tJ{ln~md-:i~1mL61-:l'lJtl-:J1'VlL'VlLUmA~e:ie:in 161!~ 
' 

(~l.J1 httf)://anouchemistry.blo~spot.com/2010/) 

1fif11'ii-:!Lfl'i1~,.,,, 'Vl L 'Vl L um.J 1~e:ie:in 161!~611lJ1'i'1i-:JLfl'i1~,.,,,~,.,,~1E.11fi 1 tN1'1..11~Vi1..1d ,i~i-:i Lfl'i1~~ 

.r . .:vlJ 1~e:ie:i n 161!~~1 v m~tJ1'1..1f11'i L61!~ -L,J ~(Sol-Gel Technology) zj,:i L tl1..1m~u11..1 f11'i L tJ~ tl'l..161'11'1..1~,11 n 

•,v'11~L1vn11 "Sol" ~11..1mne:iv'11..1'itJ'lJ ei -:ia1'i LL'lJ11..1~e:iv~ii'lJ1..11~ei'l..l.f11flU'i~lJ1ru 0.1-11lJmei1..1 L'U'I..I 
" " , 

.c:; dc1 I Q,; .J 
• •• t -:!'VlL 'iE.I n11 "Gel" LL61~-:!~-:l.f11'W'Vl 2.2 

• • • • 
• . 

• • . . 
• • ,II. 

fl1W~ 2.2 f11'iLU~V'I..ILLtJ~-:iam1..1~,11n L61l~L U'I..IL'1'1 

(vim http-Uwww mpik~.mp~.de/1571937/Sol-~el chemistry of carbon) 

tJ{ln~v111..1m~tJ')'l..lf11'iL61!'1-L'1'1 ii 3 tJ{ln~tl1f1e) Hydrolysis Water condensation LL'1~ Alcohol 

:~..,densation ~-:161lJf11'j u,1~m11~(1J~ii~'11)1e)e)\Jl'j1f11'iLn~tJ{ln~EJ1 f)e) pH ~1d-:itJ{ln~t11 eJ\Jl'j1~1'1..1LlJ'1'lJtl-:I 

- .. ;i~ fa,-,~ LL'1~eirui,, fliJ ~-:i,11..1 n1'ifl1tJfllJU'1~ mi,,~ 1d 11..1am1 ~~ LL\Jlf11)11-:J n1..1,1~V111 ID61!~ LL'1 ~ L ,1~~1~ ii , " , 
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Hydrolysis :M - 0 - R + H20 ➔ M - OH + R - OH 

Water condensation :M - OH + HO - M ➔ M - 0 - M + H20 

Alcohol condensation :M - 0 - R + HO - M ➔ M - 0 - M + R - OH 

L~e) M LLVltJ1a'\.1~ L~LLfl Si ZrTi Al Sn Ce LLa~ OR LLVl'LJ Alkoxyl sroup 

1 tJm~U1tJfl11t..i~\9li-r'11m1m1~~ LU'LJ Sol LL a~ Gel L~mi1~m~u1tJn11V111 ~LL ~-:iv~ 1Ji't..i~\91Jlru'V11 tJ 
" 

~•_ .. UU\,17'11 L~'LJ fiber aerosel zerosel powder LLa~ coatins film LU'LJ\?1~?111~-:i~tJ t..i~\91JirusnffiJi'v1n ' , 

- ~~u1tJ n 111'1fa-Lva v~i1 fl17lJU1?f Vli?t-:i L ~e:i-:iv1 m UtJ n11 L\9l~VlJ?f71'\.1~ e:ii'?t~ 1 tJW~u 1lJ La na'Vl 11 ~?f 7l.11) ri , " , , 

lt)-irol>•h 
Ceatl raullo" 

\ero,:eljilm 

att§t@ 

l m/orm pt1rllrle\ 

11, at 

Xrrogl'I 

/)cll\ejilm 

lkat 

/)('ti\ 
Ct'rOftllt \ 

,,,--

AertJge/ 

.,J . 
(Vll.11 http://slobal1nforesearch.hatenablos.com/entry/201 7 /06/05/165046) 

'11'LJ1~ vitJi1?ftJ 1v?imn L~V1 nu fl11Vl~?fe)U~Vlitrut-:iL (e:i'l~'LJVl~VL~V 1 'tll Vl LVl L UVlJ 1~e:ie:in L'!f lil LL a~ 

:'LUVlJL~e:ie:inL'!flil~L~e:iJi'1m'\.1~n 0.5 1.0 LLa~ 1.5 %mol LtJfl11Vl~?fe:irn;ffe:i.:i~tJVl~~'ll'U~(,17-:J1 ~-:iv1e:ih Ji1 
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1. Escherichia coli (E. coli) 

Escherichia coli Lth.JLL'lJflviL1mLmllff\J (Gram negative bacteria) iu~1~Ltlt..1 

LLVl~ (rod shape) 1lJ"~1~"iJt11 LUt.J facultative anaerobe L'11riJM~~~ijt1t1f1'1iL'11..JLLf!:::uJijt1t1f1'1iL'1t.J E. coli . 
e:i ~1 t.J 1 ~Pl Enterobocterioceoe LLfl::: L tlt..1 LL 'lJ fl vi L1f..l ~ ~ ~ tJ ~1 t.J f1 ~ lJ Lfl ~ v-J tl 1ll (coliform) ,J 1::: L.flVl fecal 

" " ' 

E. coli ci11...11 V!riJ1ll1 '1i~~t.JV11~ rit1 hfl (Pathogen) LL~U1~'1lq~~vh 1 ~'Ln~ hfl e)1V!11L tlt..1-Yi~ (Food 

poisoning) V!~tlL1f..lf111 Enterovirulent Escherichia coli group (EEC group) ij 5 iJ1:::L.flV1At1 

• Enterotoxigenic E. coli (ETEC) 

• Enteropothogenic E. coli (EPEC) 

• Enterohemorrhogic E. coli (EHEC) V!~tl E. coli 0157:H7 

• Enteroinvosive E. coli (EIEC) 

• EnterooggregotiveE. coli (EAEC) 

2. Staphylococcus oureus (5. oureus) 

Staphylococcus oureusLtlt.JLL 'UflviL1f..1'1l'U~V!~~~ t1~1m'l~fl Staphylococcus t1~1 t.J1~Pl 

Micrococcoceoe L Ut.JLL 'lJ flvi L1f..lrit1 hfl~ ~1A'ru 1t.J tl1V!11 LL 'lJflviL1f..1'1l'U~dcJt1lJ~~~ LLf11lJ'\J1f1 ij1,J~1~ L tluvi1~ 
u " 

anaerobe AtlL'11f!J 1~ t.J~ijmmf'!LL"1::: 1lJijmmf"l LL~L'11f!J 1~~f1111 t..1"m1:::~ijti1mf'l 

S. oureus L'11ru 1~ t.J'111•rnc1rnnD 6-46 ti~Pl1L'lff!L;f..l" 1~tiij'1i1~muV!.flD~LV!lJ1::: 
" 'I \I " \I 

al.lti~~ 30-37 eNf"l1L'lfm;f..1'1 "~1~"11~~1~~~ruvtJJD~~n11 10 ti~Pl7L'1!m;f..1'1 L'11riJ1~ti~1t..1'1i1~1-h pH 4.0-

10.01~f..lij'1i1~~LV!lJ1:::"lJAtl 7.0-7.5 5. oureus "~1.rn11~~ (toxin) '1l'U~Ltit..1vihvie:in'lit..1 (enterotoxin) 

a11vi~vi"~1~ii"ll~~Lf'l~ Ati Vlt.Jfl11lJ~tit.J 

S. oureus vi11 ~Ln~ L1fltl1V!11L tlt..1-vi~ 'll'U~ intoxication zj~ Ln~'11f1f111'\J~L.flfl 

mvi11~iia11vi~ enterotoxin ~Lttia~1~(u i.Jt..1L~tit..11t..1iJ1lJ1ruutif..lf111 1 LlJLfl1n-r:..i '1:::a~inrnvh1v..r,r 

B1 m1L~u°l'.h f..l M ij mm1fl ~t.J 1i ti1L~f..lt.J i~ Li f..lt.J L tlt..1(;1:::f\111 t..1'1iti~\1 ti~ LLfl :::ri tit.JL Vi~ f..l ~th m.11 ~11titl'' '1i'.i 
" 

mm1,J1~ ~1~::: L tlt..1(;1:::f\11~ ni1ll L dti LLfl:::ijm1L ,J~ f..lt.JLL Ufl~fl11lJ~t.J fa~(;) L tlt..11:::f..1::: ~ 11mt~m'1ij m1L~t..1 

•trn~:il'W'11~~,Jn~ zj~ 1~f..1~11 \Jti1m1'1:::~(t..1mti1 t.J 2-3 1t..1 ~~-d''1:::(t..1u~nu"m-wm1l.!~1t..1vi1t..1"11~~'llti~ 
" 

~1~ m f..l ,J~m rum 1,Jm ~ t11..J'll ti~ Lt ti 1 t.J t11V!1'HLfl :::iJ1lJ1ru a1 ~vi~~ a~1~(1...11 t.J tl1'\II 11 11mt~an 7'W ~1~ m f..l 

1~ti~11 iJ'llti~~m~-rrn(rnK1ti 
" 
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3. Bacillus subti lis (8. subtilis) 

Bacillus subtilisL'U'\.JLLUAVIL1tl (bacteria) iiJ-h:iL'U'ULLvi-:i (rod shape) fJ€ll.J~~ 

,;_ .... ·rnu1n (Gram positive bacteria) aci1'U1-:i?i 8acilloceae zj ,:iaciL'U1-:l?!L~t11nu Clostridium LL"1~ 
~ ~ 

.: i=SJLjotomoculum LA~ €l'I.J~ ~-;iern v-l"1 flL'1"1~1 (flaggella) ~ ~-:in110 a n'li L'1'UL '1.Jfl1'H'1~fll L~U 1(,) (aerobic 

-~c:eria) LL~U1-:161l'U~L'U'U facultative anaerobe 

4. Pseudomonos aeruginosa (P. aeruginosa) 

Pseudomonos oeruginosa L'U'ULLUAVIL1tlLL'flil.J"1U iiit1~1-:iu vi.:i (bacilli) ~e:i.:i 

• ··rne:in'liL'iJ'UL'Ufl1iL'1~qJL~U 1(,) (aerobic) L'U'ULLUAVIL1tlL'U1-:l?l Pseudomonodoceoe ~7l.J1it:1LA~€l'U~1~ 

~ -~ 4.aoellum 1 L~'U~~~e:icim-:ii1 tln~-;;i~-wum~'iJ7t1€ltlb'U~'U J1 '1.l tl~°ltl1€lL'U'W11 LL"1~L'U'U normal flora L'U 
) ~ ~ 

~--.~fl'U P. oeruginoso ~1l.J1i('IV111 ~Ln~ hr11 'Ufl'U 1~ i1l.Ji.:J~(,)1 LLl.J"1.:l LL"1~~'U 1m~u1-:i 

P. aeruoinoso L'U'UL.ff v 11Ail1tl fam~'1~i'.im1~~L-ff anuCJ~.fliifll.Jfl'U~1°ltl1€lU1tl 
.::, \.t 'U 'I 

~ -r 1°ltl1€l~U1tl~~nrn~ 7(;11L'Uh.:i-wmu1"1 U1.:l'VIL1cJflhA~~L-ffa~Ln~-;;i1n P. oeruginoso -:hhr1~~L~€lL'Uh.:i 

!..-U1"1 '17flCJU1t1hr1~~~L(e:i1'Lih-:i-wmu1"1~7'U1'U 2000 A'U\9lvll -;;i~ii~1'U1'U 10% ~iimL°ltlt,ll.J7'iJ7m(a P. 
~ ' 

:;e'1.Jginoso zj,:i L 'U'U~1L°ltl~B'U~U~€l-:I 1 'Ufl1i Vh 1 ~Ln~ hr1tle:i~U1l.J 1 'U h.:i;tl1U1"1 LL"1~L 'U'U~1L°ltl~ci1'U 1 °ltlqjb 'Ufl 71 

E 1~Ln~ hr1tle:i~u1l.J 1 'U~c:i.:i ICU hr1~~Lf e:i-;;i1n Pseudomonos ~1111~mL-w~m~-;;i1t1mt11 'LI h.:i-wmu1"11~t1 

'_l-'"11fl1 e:itlmrufl1iLL'WVlfJ ~1°ltlU.:l tl1t11<JJ1L.ffe:i LL"1~€l1mi hA~~Lte:i-d'L'U'UUfiJ°ltl1~i'ULLi.:ll.J1fl1'Ub.:i-wt11\J1"1 
• 'I -., "' 

::)seudomonos ie:i~amt15;1'U~l.J1flVh 1 ~tl1fl~€lfl1ir fl~1 

P. oeruginoso ~1111w~~L~e:i1~~"17tli~UUL'\.J~1.:Jfl1tl L~€l-:l'iJ1flii°ltl"11tl'U'iJ~t11'W 

'"'1~flel 1 ~Ln~ L"!!'U fl1111~1l.J1i('I L '\.Jfl11Lfl1~~~~~17UL~el~~1ie:i~amt15;1'\.J~~-r1.:i 1 tli~'\.J~l.J1V17'11m -d' e)L~el 

.,..., d d ., 
2.2 .:J1'U1\ltl'V1Lnt.11'tlel.:J 

i1wrufl1iL(,)1tll.J€l~.fl1fl'\.J11 'W 1 V1 L'Vl L 'Utll.J 1~elelfl L'll~~ L~el~1 tlfi7~\911-:! 11~ii m1i~t1€l ci1.:J(,)e)L ~e)-:1 1~ ti 

Vu LL"1~Aru~ (2010) 1~L(;l1t111LV1LV1L'Ut11J1~e:ieln1'1f~~L~el~1t1fa°ltl~ Fe3
- Cr3

.,. LL"1~ v5
- LL"1~L~el~--welfa°ltl~ N 

ViU11 L vJ ~'1.1 el-:1 L V1 L V1 L'Utll.J 1~ elel fl L'1!~1lJ L ti~ tl'\.JLL ti "1-:1 L~e:iii fl11L~ €]~1 tlfi1(,)~-:I fl~11 1~ t1i'.i'1.lt11~ €l'\.J.fl1fl el E;b 'U61!1.:l ' ' ~ 

20-30 t111'WLl.J(,)i LL"1d~ti7l.J1?1fl~1fl11~"11tl~fJ€l11 methylene blue (MB), (active dryer) PR i-:i1ttLL~-:i 

·1hrni LL"1~-tl1-:i LL~-:l~l.J el-:IL ~'U 1~ ti fl11~"11tl~fJ ell.I 1 'U"!!1-:I LL~-:l'Vll.Jel-:IL~t!Ln~ 1~~ fl11LL~-:i-tl1-:it1i 'U €) fl -;;i1n-d'ei'.:i 1~ 
~ ~ 

?1fl~1fl1i~"11 tl p-xylene fat11VlLV1L'Utll.J1~€lelfl1'll~~L~el~1t1fa°ltl~-vr-:i 3 61li:1~ ~ 111 11mtl~t1'U1tlL~'U 

fl11Uel\J 1~elelfl 1'll~L~elci7-:i~l.JUiru 
~ 
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Kokila LLri~rHU~ (2010) Lli7Lti11E.Jl.JLV1LV1LUE.llJLlil€lBn1'1l\,l~L~Bli71E.JbrlVI~ Fe3
+ L~B~'1~1tJtru8.:im1 

~-:!.11'U"IJB.:ifa~nmm.1nuV1mJtl1~\lu1n LLri~Llil\J1l.l1~m~nn11?1r11EJ~cJBl.l methylene blue (MB) LlilmVl~n , , 

- }!rn-:J 1 tJ1 tJ-d1 cl 1 ~tl 1~ ~V1B.ll1'W 1 'U n11 L ~.:i,J 5 n~EJ 1\i71 cl LL?l-:J ~:ff u L ~ e) .:i '11 n"IJ'U 1 lil €l'4.fl 1 A"IJ e).:J 1 V1 L V1 L 'U E.ll.J Lli\ 

€ L" :'ll\,l~ L~e)\i71E.l brlVI~ Fe3.,.1liL~lJ:fi'U :u~~1l.J1n:fiu LL"1~tl~~1ruL Vl~nv1l.J1n:fiuvi11 ~Lbl:1Un1'rnliln ~'ULL?l-:J 
" 

J2-..1tlV11-:Jli71'Ufl11lJE.111A~'U~.:i:fiut:J'1'11nLV1A'WA X-ray Diffraction (XRD) -wu~n~~~mu 101( 20 = 33.3°) 
• I ' 

€ ·£:.u-w1~Lv.J~B'U1LVlm~EJ.:JLv.Jm~cnLL'1~vi~~'U1U 104 ( 20 = 33.3°) \l~btl'U~i1LLVl'U-:Jvi~~U~.:Ju1tilbVl~n , , 

'Ue:Jn\l1n'i551.:i1u1~cJ~\J11 Vlb Vlb UE.ll.J Lli\e)e) n L'1l~l.J1tl~~~nti11 m umpB€ln~viitru8.:iLL UA-viL~cl L 'ti'U Sikong 

.f~f'ru~ (2010) 11ilLti11E.llJ Ti0/3Sn02 ~L~Bli71mVl~n -wu11?11~~Ltil~E.llJLlilml1'U~tlB'U1LV1~ LLri~i1"1l'U71il 
" " 

:""...."1AL 'U'U 12.89 Ll.J bfl~Ll.Jtili€l'4.fl1A L VI~ nv1 L~e)l;l,:J 1tl-d1E.Jvi11 ~€l'4.fl1fl'U1 b ui1m1l.J?11l.J 1W 1 'Un1iL ~.:itl5 n~cJ1 

- ~ .. ?t.:JL ~l.J:fi'U 1 u-d1.:i"IJB.:JLL?l.:J.;;jl.JB.:JL,.'.;u LL'1~?11l.J1~1:1 tru8.:i L;ff B Escherichia coli Llil?ll.JU'HU.fl1EJ 1(;1LL?l.:J E.Ji LL"1~ 
" " 

"-!.1il:1fJU8.:i11il 99.7% .fl1EJ1(i1LL?t.:Jv1l.JB.:JL,.'.;'U 

Stoyanova LL"1~Aru~ (2013) Llil~.:JLA~1~"1 Ti02 LL'1~ Ti02 v1L~Bli71cJLVl~n11ilEJ16L'1l'1-L'1'1 "IJ'U11il 

€"..:'"ALO~cJ"IJe).:J Ti02 v1L~Bli71EJLVl~mtl'U 12-15 'U1b'ULl.Jm Vllil?IBUn1i?l'11EJ"IJe).:J~cJm.J Reactive Black 5 

.--i1(;)LL?l-:JEJ1LL'1~LL?t.:iv1l.JB-:JL~'U ?11lJ1it1fJU8.:iL;s'mLuAviL1EJ Escherichia coli ATCC 25922 Llil~.fl1EJ1(i1LLa.:iE.Ji 
" " 

yj•..., 11tl~l.J1 ru L VI~ m 'U'U 0.5 o/omol ?11l.J1 ~l:1?1'11 cl~ cl e)l.J 1 utl5 n~ E.11 d ;\i71 EJLL?l .:J fl 1 cl 1\;l n1 i Lb?l.:J ~i LL"1 ~ LL?! .:iv1 

Yuzheng LL'1~Aru~ (2014) Lli7Lti11E.ll.l 1 V1b VlL'UE.llJ Llile:J e:J n L'll\,lv1L~Bli71EJ LU~B'U Llil EJ 1 vi L VlL'Llm.J Llil B€ln L'll\,l.;;j 

.~ £Jlil1EJ 1u~B'U~Lt:J 1'V1e:JruV1fliJ 600 LL"1~ 7 oo B.:J\311 L'll"1 L;EJ?t \l~'ViUL v.J?te:J'U1L vi?t LL\,\ dfo L ~l.le:JruVlflD1 un11Lt:J1 
, 'U .. \I 

:t:lilA~B.:JllU "IJ 'U11ilv111i111illil1EJLV1A'WA Transmission Electron Microscopy (TEM) LL'1~'11nLVIA'WA X-ray 

:: notoelectron spectroscopy (XPS) 'WU11€l~ti1€ll.J"IJB.:J LUiB'ULL vi~m-u11 tl1 'U 1m.:i~n"IJB.:J 1 VlL VlL UE.ll.J 11ilB€ln L'll~ 

"}\n.:i~1'U LL'1~'11nn1~Vllil?IBU\J1LUVllil?IBUn11e:JBn~viifYu8.:i Candido olbicons, Escherichia coli, 

::.~epphylococcus oureus .fl1cJ1(i1LL?t.:Jv1im.:i&u-wu111 VlLVlL'UE.llJ 11ilmrn L'll~v1L~Bli71EJ 1 Uie:J'U~Lt:J1vi 600 LL'1~ 

~oo e).:J\3!1L'11'1 L;E.l?I ?11lJ1itieJtJ8.:iLLUflviL1cl 11il~n11€l'U.fl1fl'V1Lt:J1v1 900 e).:JP\1L'll'1L;cl?I , 

Kumar LL"1~flru~ (2015) LlilLti11E.JlJ1VlLV1LUE.llJLlil€lBn1'1l~v1L~Bli71mVl~n LlilE.Ji1"1J'U11il€l'Ufl1ABcJv1 5.6 'U1 , " 
: '..I L lJ ti1 1 LL ri ~ Yl u 11 ?I 1 lJ 1 1 1:1 e1 u 8 .:i L ;ff B Mycobocterium smegmotis, Klebsiello pneumonia, 

Srepphylococcus oureus LL'1~ Bacillus subtilis 

'U€l n'11n 11ili1 m1Lti11E.Jl.l 1 VJL VJL 'UE.llJ Llil BB n L'l:f \,l LL'1~u11 tit! 1~~ nvi1 ~ un11B€ln~vii(;11'ULL uAvi L1 mL~1fi'.:i 

:m,.rn1~V11il?IBUn11€l€ln~viivi1.:i;1m-w1'Um~eru8.:iL'll'1lJ~b~.:J"IJ'Uli\~1.:J~ b'l!'U Ahamed Lbl;l~ Aru~ (2016) L\il 

,ti11E.ll.J 1 VIL vi L 'UE.llJ Llil B€l n 1'11~~ L~Blil 1 EJ Zn Llil EJ Zn v1 L~l.J"1.:J 1tlL'!J11 tl BE.IL 'U Lfl1.:Jt:J~ n"IJ B.:J 1 Vl L VIL UE.llJ llil BB n L'!l\,l 
" 
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-:: '"',nnii Zn ~L~hm~1tlv~-d-w 1 ~ilnTrn1t'11V~1"1Jel~~LamrHJ'Ll1 'LI 1 VILVILUEJlJ 1~eiein 1'1l~1~~ vh 1~~Lanmei'U 

- "~t~'U 1tlv~LLCl'Un11lJ11 vHh 1~~ zj~~~L'U'Un11L~1J't,rn1Jtl1t'1'U1n (h +) J~'\,H'l1JU1:::'11'U1nLL'1t~La nv11eit1 , " , , 

- •:fo nm:::~t1'1::: d~ 1 ~Ln~LL 1~Ai;l zj~LL 1~1-lm 'U'UU'1~EJG11Aru 1 'Un11'V111 ~L61l'1,h~el1J'1'11mL'1t'Ueln'11nii Zn ~ 
" ' ~ 

- .-rr11 uv~ 1 tJ-d1v'1~"1Jt11~eit1mflLL'1:::v~ 1~Vl~'1el'Uf1111JL'Ut1vl,~H11m'!l'1~1J::: L 1~L~1t11J (McF-7) 1~ww'U11 L~ei , 

- -P111JL'U1J'U'Uel~ Zn '1:::V111 ~L~1Jfl111J'111J1W 1 'Un11V'Ut~L61l'1~1JtL1~L~1'U1J 1~~~~;ff'U LLC-J'UJ11'VHL'1~~~~1tl 
" 

1I02 
SIH Decreases 

Band G•p lncreuu: 

,/41fMn8 .. n<I C O, ' OodatNe Oam•c• 
' .- • • • • • • • • To l t0molecwl•:1 

0 '• 
ft1n'llk..-tl l 

..... ____ ----
f t , • 

J•1n-.1 •I ---- ----~ 

I 
No Cellular Response 

I b ti,• h. b" •• •• ta• h" 

Vt1lt1H e 6.-,wt 

I 

H,O,, 
,,, Oimilattv• Dam•c• 

to lt0m•l.cul•• 

'OH 
Free Oxvcen Radicals Mediated Cellular Injury 

Kumazawa LL'1:::flru::: (2002) 1Ji'Pi n't!r1e.J'1"1Jel~el'UJ11fl 1 VIL VIL UV1J 1eieiei'Ll~elL"ll'1~ L~~L~el~"IJ11 W'U11 
' 

:,1L iiv1J 1~eiein 1"1l~~il"1Jt11~ei1imflii'm.1 n11 1 o 11l Lfl1L1Jv11'1t"1m1C1eJeJn~V1i'Vl1mm"ll'1'1LJi'~ 

Dechsakulthorn LL'1tflru::: (2007) 1Ji'Pi n't!r1m1eiei n~V1iV11~;1il1W"IJeJ~el1iJl1fl'U11 'LI 1 VIL VI LUV1J 1~ 

€"1'll~LL'1:::-B~fi'eiein1"1l~~m6ll'11JtL1~~1lnJ~"IJeJ~fl'U hwifi MTS assay fi1 IC50 "IJeJ~"tl~fleJeJn16ll~LL'1:::"IJei~ 

.YILUV1J1~eiein16ll~ilfi1 49.56±12.89 ppm LL'1t 2,969 ±667 ppm mm11~'U 1~v~1VILVILUV1l1~eieJ'11'!!~ 

::: '1~Vli1Ji'~~fl111JL 'U1J'U'U~~ 1 

Zhans LL'1tflrut (2011) 1Ji'Lv1~V1Jel1iJ11fl'U1L'Ll"IJeJ~1m,1:::eiein1'1l~ 4 '!l'1~ Ael SiO2, TiO2 , Al2O3 LL'1t 

: "'0 L~ VW'U11"1~J~~'!l\i~"11J11CI 1 tJv,11 ~n11'V11~1'UJ11V 1 'LI 11l L Vlflel'UL~~tJ 1 t1L6ll'1~ 1JtL 1~Uel~"IJel~fl'U'V11~1'U 

• ""'.Jn~ zj~ ZnO eiein~VIB1Ji'~~~~ 1el~'1~mfiei TiO2 , SiO2 LL'1::: Al2O3 \;111J'11~'U 

Kanasesan LL'1tflru~ (2013) 1Ji' L\;J~EJ1Jel1iJ11fl'U1 L'UL 'l-1a neiei n 1611~ L~V el1iJ11fl~i~ Lfl11 ~'1-1LJi'i'.J "IJ'U1~ 

•-: :::mru 19 t111 t1L1Jv11 LL'1:::'11m1C1vut~L6ll'11J~L 1~L~1t11J (MCF-7) 1Ji' zj~Ltlt1tl1t LV'llt11 t1n11-wvlJt11~eJ 1tJVl1~ 
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Karunakaran LL'1 :::fl ru::: (2013) 1(;1Vltil'1 €1'\J nTrn €l n~VI iVI 1-:i;-rn 1'W \>l€l L61HH,1 vlh.i 1u "11'1 l,l'tl 0-:ivt~ 

l NIH3T3) 'tl0.:ia11tl1:::n0u Zr02 LL"1::: Ti02 i.:im..1.rnm:::(;)'\J 1l-l 1mLl.J(;l1LL"1:::1:::(;)'\J'U1 L t!Ll..J(;l1 LL"1:::'U7l.l1Vl(j)'1€J'\J 
' 

;;i11l.la1m1ri 1 'Un71L U'U'171(;17'U€l'Ul.l"1~a1::: LL"1:::1-111l.l L U'U~~\>lm'1l"1~ zj,:iv,iu11m1l.la1m 1ri 1 'Un71 LU'U'111(;17'U 
'" 

"11Ln(j) €) 0n;Llil-B''Ufl'\Jfl11l.l L U'U~~(,l m '1:1"1 ~t'Ufl'\J'tl'U 1(j)€J'U.fl1 fl'tl €1~'111i.:ia0.:i'1JU(j) b(j) cl €l'U.fl 1!'1'1.l'U1(j) 1l-l Lfl1Ll.J(;l 1 
' ' 

~1l.l11rivi1 "17 cl L '1!"1 "1'1(;1~ n11 €l'U.fl1 fl'tl'U7til'U 11 'U Ll.l (;l 1 L ~0.:iv1 niil'117l.lvt'U 1 LL 'Ll'Ul-17 n ni 1vi 11 m tl Ln7 :::~ til~ ~1'1.10-:i 
' 

.'!!"1"1'1~~ Ltilcl~7~'\J m1l.la1m1ri 1 'Un1100n~V1icYut.:i L'll"1"11 vlh.i1uma(,7'1J€J.:ivt~ (NI H3T3) L 'U'U 1l-l 1r11-Ti02 > 

·J.JLfl1 Zr02 > 'U1L'U Ti02 >'U1L'U-Zr02 

Rajini LL"1 :::1-1ru::: (2013) 1~L(;l~cll.l?i11tl1:::nB'\J1VILVIL'Ucll.J1(j)€J€Jn1'1l(;l'1J'U(j)1vtl.1 (titanium 

dodecylamino phosphate) LL"1::: 1~t111 UVl(j)'1€JU ni10Bn ~VlicYut.:iu. ul'lvi L~cl n11BBn~viiV11.:i:1bmv,i(,lm'lf"1 

:..:::L ~,:JL~tilL~€ltil'1.111 lJ::: L ~,:JL\;11'\.Jl.l l.J:::L ~.:itl1 n~(j)~ n zj,:J'W'\J11?111'1JU(j) 1 vtl.1'1€1€1 n~vii1 'Un71fJ'\Jt,:JL'1l"1l.J:::L ~ .:ii.:ia1l.l 

~U(j) 1(;1~ '11 L Vl~~a11tl1:::n €JU'1J'U(j'\'1€J€lnflV1if1'ut.:iL'1l"1~lJ:::L ~" 1(;1~L~€J,:Jv7nvt'17cl?l1L Vf~~1clfl'U L 'l!'U 1 VIL VIL'Ucll.l 
' ·1 ' 

•.(j) €l Bn 1 '1l(;lij L"1'1.I €1€1 n;L(j)i'I.J ?1,:J zj,:i v::: 1 U'1!1 cltl €),:J fl'U n71Lntil BB n;L(j)i'U.fl1 cl 1 'U ~7,:J n7 cl 'Utl nv1 n'1fl11l.JL 'U'U1:::'U1'\J 
" 
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3.1.1 '11'l'LFlij 

1. Ethanol 95%, Merck 

2. Methanol 95%, Merck 

U'Vlvi 3 

1Gm 'l''Vl~ae:i~ 

3. Iron (II\) nitrate (Fe(NO3)3.9H2O), Merck 

4. Tetraisopropylorthotitanate (TIPT) ~ 98%, Merck 

5. Dimethyl Sulfoxide (DMSO) 99%, Sigma 

6. Sodium chloride 95%, Merck 

7. Nutrient agar, Himedia 

8. T ryptic Soy Broth, Merck 

d ci ~ 
3.1.2 LFl'leMl.JelLLi;l:::eltlfm;u 

1 

1. Lfl~el~n1\J?l1"i"1:::"11cJ (Hot plate stirrer, Heidolph MR 3001) 
' ' ~ 

2. Lfl~e)~LVl1mVl'U~\JtJn"11~ (Centrifuge, HERMLE 36 HK) 

3. L\;11Li:-11 (CARBOL\TE,CWF 1200) 

4. fovivim1l.J~\J (Desiccator) 
" 

5. ~m.J"1l.J{e:iu (Hot air oven, Binder FD 240) 
" 

6. Lfl~e:i~-B'.:i1vJ-w1 2 ~1LLVl'U~ (Electronic balance, SartouriusModel 

7. Lfl~el~-B'.:i1vJ-w1 4 ~1LLVIU.:J (Electronic balance, DENVEN TB-214) 

8. ~th.JL~tl (Incubator, Binder BO) 
" ' ... 

9. ~L;m•ihi (Laminar flow clean bench, clean clean H2) 

" 
10. VllJel~~'JJ1L~eJmcJ1~m1l.J~\JLml1 (Autoclave, TOOMY SX-700) 

11. Ll.J1mtJL,J\;l(Micropipette) 

12. Ll.J 1mL Y-1"1\;l(Microplate) 

13. m\e:i~~"1Vl"i"i~\J~L~n\;l"iel\JLLUU~e:i~m1vi (Scanning Electron Microscope, 

Quanta400, FEL, Czech Republic) 

14. Lfl~el~W~Le:ie:i1V111m=,vJeJ1l.J~\JYh1L 1vim ,J n t Vl"ilJ L\;l e:i1 (Fourier Transform 
" 

nfrared Spectrometer, Vertex 70, Bruker, Germany) 

15. Lfl~tl~L~n~L "itJ~WL'Vi"ifl L Vl"ilJL\;ltl1 (X-ray Diffractometer, X' Pert MPD, 
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PHILIPS, Netherlands) 

., 
3.1.3 L ;el\l~'l.!Vl~EJ • 

1. Escherichia coli (E. coli) 

2. Staphylococcus aureus (S. aureus) 

3. Bacillus subtilis (8. subtilis) 

4. Pseudomonas aeruginosa (P. aeruginosa) 

3.2 nTiL\;1~£1111 VIL VIL ti£111 Lfl mm L'lf ~ LL'1::1 VI b VIL ti£111 Lfl min L'lf ~~ L~ e) Jf 1m 'V!a n 

3.2.1 n1~Ul~tl11 Ti02 

c..J"1l.J"111'9::(l1E.Jb(;lm::1€l1'111vr'J~(l€l€JTIVILVIV11L'\.J(11 (TIPT) tl~l.11(111 10.00 ml b€lVl1'\.Jm,tJ~mm 

1.30 ml LL'1::bl.JV11'U€l'9tl~l.J1m 19 .25 ml L~l.Jtl1niu 1.50 ml mua11'9::'91t1~1mr1~€l.:im1..JLLY1•mlJL v,~n 

~e)ru'V!.nD 55 °( bU'UL1'91 3 i1Ll.J-.1 u 11tJ~'\.JLVl~tl-.1 ~'\.J"111'9::'91tl~1'U'U'Ui.:iLL'91'11-.1(11::n€ltJ~1m.11eJtJ Ll.J 
' " ' 

Vl1'U€l'9 LL'9:: L€lVl1tJ€J'9(111l.J~1vJ'U L~€l'91-.1La~~,11(11::n €ltJ~'l.l11ffi~11.:i1t11ri~~m1l.Jtt1 ~1m!t1tl1(11::n€lt11 tlLc..i1~ 
" 

€lru'V!.nD 500 LL'9:: 800 °C LUtJL1"11 2 i1 h.1-.1 ~:: 1~c..i.:i 1 VILVIL ut1l.JL~€l€ln 1;~~'1.111"1::L~tl~ 
' " 

3.2.2 n1'ab(;l~fl11 Ti02/Fe 0.5 1.0 bb'1:: 1.5 %mol 

L~l.JL(11(111:::L€JL'11L~1~(le)€J{1vi1VlVl7LtJ(;l (TIPT) 3.0 ml c..J"1l.lfl'UL€JV17'U€l'9 50.0 ml '9:::'97tl 

Fe(NO3h.9H2O 1ue1m1~1tJ 0.5 1.0 LL'9:: 1.5 %mol 1ut11nit1 8.3 ml L~l.J'9.:i1tl11..Ja11'9::'97cJi1.:i~tJ mt1 

a11'9::'97tl~€lru'V!.nD~e)-.1 LU'UL1'91 4 i1Ll.J-.1 u11tJ'V!l.J'UL'V!~tl-.1 ~1-.1(11::n€l'U~1tltl1fau LL'9:::Le)Vl1tJe)'9 (111l.J~1vl'U 
' " ' 

,11(11::n€ltJ~L~€l'U~€lruV1.nD 105 °C ~1m!u,l1(11:::nm.J1tlLc..i7~€lru'V!.niJ 500 °C LL'9:: 800 °C LUtJL1"11 2 , ~ , ~ 

i11l.J.:i ~::1~c..i.:i1Y1LVIL\Jtll.JL~€l€lnL'1l~~L~€l~1mv,~n 0.5 1.0 LL'9:: 1.5 o/omol Lc..J7~ 500 °C LL'9:: 800 °C 

(;l7l.J~1vl'U 

.,. ,K ...... 
3.3 n1'aL(;l'atJ11b "tie) IJ. 'UflVI b 'atl 

LtcJ.:i bt€lLL'UflviL1EJ~1'tlltJn11Vl~'9e).:i 'UtJ€l1'V!11LL~-.1 Nutrient agar (NA) LL~1U7LUUl.J~~CU'V!iJ~ 37 

e)-.111\1b'11"1L'lit1a Lth.JL1'91 24 i1Ll.J-.11m~AL'1\JL~tl1n1mtmLUAviL1 tl~L~"1-.11tJ€l1'V!11L'V!'91 Trypticase soy 

broth (TSB) u11tJ,Jl.J~e)t1J'V!.flD 37 e)-.1!111L'11"1L'liEJa LU'\.JL1'91 18-24 -a'1Ll.J-.1~1m!tJL~e)~1-.1LtmLUAviL1cJ~1cJ 
' " 

Lvi1nu 108 CFU/D"1~~(111 ~1ni!tJL~€l~1.:i(l-.1ml.J~1~'U 'V!'9€l~'9:: 10 Lvi1 ~1..J1~1::~um1l.JL~€l~1.:i ~ijm1l.l 

Lil.Ji'l.!'l.leJ.:ibte) LV11f1'U 105 CFU/iJ'9~~m 1~cJu1ltJ1~~1n7'j~~n~'\.JLL"1-.1~fl11l.JcJ11fl~'U 600 '\.J1L'\.JLl.JmU7bte) 
" 
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~L~mn~ tl~lJ11,li 0.1 il'1~~\,li lJ1Ln~t.1U'Ut11Vl1iL~t.1-:ntei Trypticase soy agar (TSA) LL~1tl11tli.JlJ~ 

eJruVlflil 37 e:l-:1~1L'1f'9L~m'f L1J'UL1'91 24 -a'11m L~m!U~1'U1'U1flfaUi'U\,ltl'Ufl1iL\,l~t)l.JL;fft!LLUfl'VlL~t.1 . " 

. ., ., 
3.4 m1vi~ae:iu t)'VIBVUv-:1 L 'limLu~viL~t.1 

L~mLtmLUfl'VlL~t.11'UeJ1Vl1'HVl'91 TSB th1tJ,JlJ~e:lruVl.nil 37 e)-:1~1L'1f'9L~t.1~ L1l'UL1'91 18 -a'11mL~e) . " 
II IJ II f 

'11-:iL;mLUfl'VlL~t.11w~m1m-ulJ-u'U 105 CFU/ii'1~~\,li '11fl'U'U1J1L;mL1.Jfl'VlL~t.1tl~lJ1\,li 0.1 ii'1~~m 1~'1-:i1'W 

Vl~lJ'Ml'1B-:i 1~t.1H' Microplate 'l:f'U~ 96 Vl~lJ '11m!wJ11V1LV1LUt.1lJ1~ t1~n1'1f~ LL'1~LV1LV1LUt.1lJ1~t1t1n1'1f~~L~B 

~1t.lLVl~fl 0.5 1.0 LL'1~ 1.5 %mol ~1e:l~1-:i'1~ 0.025 n-rlJ'1~'17t.11'U 99% Dimethyl Sulfoxide (DMSO) 

,Hmm 0.5 ii'1~~\,li LL~1L~t1'11-:1~1t.1tl1n i'W 2 ii'1~~\,li L~lJ'1-:!1tJV1'1lJV1~~t1u~:ihtmL1.Jfl'VlL~t.1~L\,l~t.1lJH . 
V1'1lJ'1~,J~inm 0.1 ii'1~~m -J11iJ-ruLL~wJ1:1eim1m'1ftJ~ L1lm1m o 1 2 3 LL1:I~ 4 -a'11m L~e:lmtJL1'11 ,11 . " 

L'lf 1:1 L:St.1 ~ L tlm 1 '11 24 -a'11lJ-:!Vl~-:1'11 ni!'U-urnh'U1'U 1fl fai1~ L'1 ~ '1! L~U 11,ltJ'U e)1VI 1 iL~ t.1-:i L ;ff e)1J11-11~1~ ,J 

!91'U1ruVl1L i.Jt1{L~'U~fl1iEJ\Je-:IL ~tlvl-:i~lJ fl1ivltl L tJ~ 

Bacterial killing percentage = 100 x (N0-N)/N0 

L~el N0~e:l ~1'U1'UL ~tli-:1\;l'U (1fl fau) 

N ~ti ~1'U1'UL~tl ru L 1'91Vl~'1tl-:i (1fl fa{l) 

3.5.1 X-ray Diffraction (XRD) 

LVlfl'Ufl XRD 1mLfli1~"1Vl11fli-:1~11-:ir..l~flLLi;'l~LvJ~'LJe)-:ll VlLVlLUt.llJ l~e:le:ln L'lf~ LLi;'I~ 

A1'U1ruVl1'1J'U1~r..J~n'1ltl-:ILLvli;'l~L vJ~~ Ln~t'U 1 'U 1 'VIL 'VILUt.llJ 1~e)e)fl 1-ii~ LLi;'I~ 1 Vlb Vlb Ut.ilJ L~e)e)fl 1-ii~~L~e)~1m VI~ fl 1~ t.l 

1i~lJfl1i Scherer (1)-(2) (Sheng LLi;'!~flru~, 2006) fat.11m-:i-:11'U~1-ffLfl~e:l-:i XRD i'U X'Pert MPD, PHILIPS, 

Netherlands 

3.5.2 Fourier Transform Infrared Spectrometry (FT-IR) 

LVlfl'Ufl FT-IR 1'tl1'Ufl1iiLfli1~"1Vl1Vll-lvl-:in-a''U'1JeN~1i L~t.lfl1il~fl1i~~fl~tl1-:i~~ 
" " 

Vertex 70, Bruker, Germany 
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3.5.3 UV-Visible absorption spectroscopy (UV-DRS) 

LV1f1'Uf1 UV-DRS 1-ffiLm1~'\-1V!1fl1LLfl'\J°r'l~..:J-n'U (Eg) LL(l~n111Lf111~'\-1'\/11r11n1'~~vin~tJLL~..:J 

~1n DRS spectra '11lJ11fll-11tnrur11LLfl'\J'V'l~..:inul~~1nm..1n11 ~lank vi1LvJEJ(l1nL'1'U(;lvJm1~ absorption 

edge '1J€l..:i~11LL(;)"~(;11~~ l~m11Jm1ri~'Ll~~vin~'LI (A ) LL"~tl1r11 ltl1-11'U1ru~1mrnn11 Plank lii'..:ii1 

LviEJ~ Es = hy = he 

Eg fit! fl1LLfl'\J°r'l~..:J..:J1'U (eV) 

h f\€1 fl1f1..:J~'IJ€l..:JLL°r'l'1-ll'l (6.67 xl0-34 
J.s) 

C A€! f111lJL~1'1lel..:JLL~..:i (3 x 108 m.s-
1
) 

A A€! m11Jm1r1~'Uvivivin~'U 
\J 

. A 

3.5.4 Scanning Electron Microscope and Energy Dispersive X-ray Spectrometry (SEM-
J 

EDX) 

L Vlf1'Uf1 SEM-EDX 1 mLf111~~'\/11€l..:Jfl'U1~nm.J'll€l-lfi1(;)(;)1..:J 'l ~ifo~L 'l..1~11(;11€!~1..:i 

i1'\/lr'Utm..:i-:n'Llffi1\ri~€l..:i SEM-EDX i'LI Quanta400, FEI, Czech Republic 
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d 
tJ'Vl'Vl 4 

. ~ff~1 bf1'j.:l~~1..:ie..i~mrn::"ll'l..11~e.J~n~'rnL'Vlf1tif1 X-ray Diffraction (XRD) 

1 t.1 n1c.i1 Lfl 11::vt"ifl 1 ..:i'1-r1..:i~ ~ n"l.leN 1 'Vl L V1 L 'Uf!lJ 1vim:in 1"lllil LLG'l:: 1 'Vl L 'Vl L 'Uf!lJ 1vit1t1n 1"lllil~ L ~ el~'W L vr~ n 

Fe) 0.5 1.0 LLG'l:: 1.5 %mol 1vim'Vlfl'Ufl X-ray Diffraction (XRD) 1viv1i CuKn Ltlt1LLvr~..:in1Liivi-r..:i~ 

• vi1n111Lf111::,,hnnv11LLvrtl..:i 5-90 degree 2 theta 1viv~"1'17nL'Vlfl'Ufl XRD 'Vt1..:i1'VlL'VlL'Llm.J1vieit1n1"lllil 

. .. 1 1 ,.cJ cl 11 d d I CV .J 
:: '1L'V1Lt!Vl.J vleleln '1:!vl'VlL'1elv11VL'VfG'ln 0.5 1.0 LLG'l:: 1.5 %mol L~1'Vl 500 LLG'l::800"( LL'1v1-:lv1-:li11Yi'Vl 4.1-, 

80 

l .5%mo1Fe:TiO2 

l .0%mo1Fe :TiO2 

O'."S%m o1Fe:TiO2 

TiO2 

-, ~ 4.1 XRD pattern 'Vel-:J1VlL'VlL'UVl.J1vieiein1'1:!lilLL"1::1'VlL'VlL'UVl.J1vieiein1'1:!lil~L~el~1mvr~n 0.5 1.0 LLG'l:: 1.5 

......,ol L~1vi 500 ·c 

0 

1 .5%mo1Fe:TiO2 

l.0%mo1Fe:TiO 2 

----,..1r-....__Jµ..µ....___..,_,,__M..,_ft,,.. __ -.A..,._J 0.5%mo1Fe:TiO 2 

11 11 TiO2 ~..____, l I 

20 40 60 

2theta 
80 100 120 

1 1-W~ 4.2 XRD pattern 'VeJ-:l1'VlLV1L'UVl.J1v1t1eJn1'1:!lilLL"1::1'VlL'VlL'UVl.J1v1t1elf11"lllil~L~el~1VL'Vf~n 0.5 1.0 Lrn:: 1.5 

• omol L~1~ 800 ·c 
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,n m.Jri fl71i Lfl11~~~1m Vl f]{Jfl XRD 1 Vl L Vl L 'U till 1~ e)e)fl 161!~ LLrl~ 1 Vl LVl L 'U till 1~ e)e) fl 161!~~ L~e)~'"Jm '\/!~ fl 

0.5 1.0 LLrl~ 1.5 Lue:i1L~tJ~'1:i..rn Le.J1~e)t\J'\/!JllJ 500 e).:Jl'\1L'1!"1L'lim, 'lh1flf'\'Wfl~(;)1LL'\/!U.:J 20 LV11fl'\.J 25.37° ' " ..., 
25.41 ° 25.49° LLrl~ 25. 26° mll~7\;l'\.J~fl~t\J~\l~LtltJ'Wfl~fl11.:J zj.:J'V'l'\.J11LtltJL'Wi;'!e)tJ1LVli;'! (anatase) L'Wtl.:JL'Wi;'! . 
L~tl'"J L~mvhrnruviflm tJfl71Le.J1LtltJ 800 e)sll'\1L'1!"1L'lit1i;'! 1VlLVlL'Utlll 1~e)e)fl 161!~ LLrl~ 1 VlLVlb'Utlll 1~e)e)fl h~~L~e) 

' " 
~'"JtJLV!~fl 0.5 1.0 LLrl~ 1.5 LUeJ1L~tJ~Lllrl U17fl{)'Wfl~(;)7LLV!Usl 28 LV11fl'\.J 27.46° (JCPD 01-076-0649) 

27.47° (JCPD 01-078-1508) 27.52° (JCPD 01-078-1508) 27.53° (JCPD 01-089-4920) ~7l.J~1(;1'\.J zjsl 

~ fl~t\J~\l~ L tltJ'Wfl~LLfl'\.J i;'lsl L tlm 'vl i;'!11 Vl\J (Rutile) L tltJV!~ mLrid1-wfl'IJelt'1! L~'lJ"11fl(,) (Pseudobrookite) 'IJe:l.:J 
'\J \J \J " 

Fe2TiO5 L~flueit1 fat11V1LV1L'Ut1J..11~e:ie:ifl1'11~~L~ei~1mvi~fl o'.5 1.0 LLri~ 1.5 Luei1L~tJ~LlJri u11fl{)'Wfl'IJe:i.:i 
, V V 

Fe2TiO5 vi~1.:Jfl'\.J JCPD 01-070-2728 JCPD 01-070-2728 LLrl~ JCPD 01-073-1631 ~1:l..1~1 (;1'\.J ~.:J'U 

L~e).:J\11fl1e)€Je)tJ Fe3.,. (0.68 A) 1uLLVltJ~ Ti11+(0.68 A) 1tJLfl'j',:Je.J~fl bLrl~ 'Wfl'IJe)sl'1!L~'lJ"11fl°v1 
" " 

(Pseudobrookite) 'IJelsl Fe2TiO5 i;'!7lJ71mn~1~~€lt\JV!JllJi;'!.:J b'tftJL~tl'"Jfl'\.Jsl7tJ'IJel.:J Wano LLrl~ flt\J~ (2001) 
, \I '\I :::, 

U.'1~ Ganesh bb'1~flru~ (2012) 

4.2 Afl"ef1V1livl-1nitJ~1m'VlRtifl Fourier t ransform infrared spectroscopy (FT-IR) 
" 

\11 flfl 111 bfll7~~ vilJvJ,:i nitJ'IJ tl.:J 1 Vl b Vl L 'UtllJ 1~ €l €l fl 1'11~ bb'1~ 1 Vl b Vl b 'UtllJ 1~ el€l fl 1'11~~ b ~ e)~'"J ti b VI~ fl ~1 ti 
" 

LVlfl{jfl FT-IR 'tf'"J.:JLrl'l.lfl~tJ 4000-400 cm·1 'V'l'\.J11bfl~fl71itJ'IJe),:J~tJ5~ Ti-O stretching ~L"1'1.lfl~tJ1tJ-ci1.:i 421-

726 cm·1 ~tJ5~ O-H stretching ~1tJ'tf1.:JL'1'1.lfl~tJ 3445-3404 cm·1 
~tJ5~ O-H bending 1tJ~'"JslL'1'1Jfl ~tJ 

1622-1634 cm· 1 b~el.:J\11fl 1m"1fl'1'11~'1fl~~i'lJ'lJtJ~11 Vl LVlL'UtllJ 1~eiei fl 161!~ (Stoyanova bbrl~A ru~, 2013, 
' " " 

Saowaluk LL'1~flru~, 2011) LL?l~.:J Vibrational Mode ~1-:J 1 ~,:i~111.:i~ 4.1 LL'1~ Jl1'V'l~ 4.3-4.4 
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IO(' 3500 30'10 

.,J 

: L~TVl 500 C 

l.0%moIFe:TiO2 

1.5%moIFe:T,O2 

0.5%moIFe:TiO2 

25' 2100 

Wasenumber(cm ") 

I "' 10 I() 

120 ~-------------------------------~ 

4510 4000 3500 3000 2500 

.,J 

- :>l L~1Vl 800 ·c 

TiO. 

l.5%mo1Fe:Ti02 

0.5%mo1Fe:Ti02 

2000 1500 1000 500 0 
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a1':ii1aa1~ Wavenumber (cm-1) vibrational mode 

TiO2 500 °C 3422 (b) O-H stretching 

1633 (s) O-H bending 
t 

669, 572, 425 (b) Ti-O stretching 

TiO2/Fe 0.5 %mol Li:.J1~ 500 °C 3381 (b) I O-H stretching 

1622 (s) . O-H bending 

718-580 (b) Ti-O stretching 

. .,/ 
T1O/Fe 1.0 %mol Lt:J1'Vl 500 °C 3415 (b) O-H stretching 

1623 (s) O-H bending 

726-575 (b) Ti-O stretching 
.,/ 

TiO2/Fe 1.5 %mol Lt:J1'Vl 500 °C 3404 (b) O-H stretching 

1624 (s) O-H bending 
~ 

634-545(b) Ti-O stretching 

TiO2 800 °C 3413 (b) O-H stretching 

1628 (s), O-H bending 

544 (b) Ti-O stretching 

. .,/ 
T1O/Fe 0.5 %mol Lt:-11'\11 800 °C 3415 (b) O-H stretching 

656 (b) O-H bending 

424 (s) Ti-O stretching 

TiO2/Fe 1.0 %mol Lt:-11vi 800 °C 3445 (b) O-H stretching 

1633 (s) O-H bending 

63 l(b) 525 (b), 421 (s) Ti-O stretching 

TiO/Fe 1.5 %mol Lt:-J1Vl 800 °C 3423 (b) O-H stretching 

1634 (s) O-H bending 

525 (b), 422 (s) Ti-O stretching 
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4.4 fln'~1bb'1'U'l-'li-:i,:nu (Eg) ~'Ulb'VlfllUfll Diffused Reflection UV-Vis (UV/DRS) 

f11LL'1'1.J'Via-3-31tJ (E~) LL,H::fl711Lfll11~l1"11f11fl11~1ilfl~tJLLi:1-3'11 fl DRS spectra i:11l.l11'1i°i1tJ'H1Jf11 

LL'1'UYla-3-31tJ1t,1'11fli:1l.Jfl11 Plank 11ile.i f11LLfl'I.JYla-3-:iT\.J (E~) LLG'llil.:J~-3(i1111.:J~ 4.2 LLi:'l~ DRS spectra LLG'llil-3~-3 

.fl1'Vi~ 4.5 LLi:'l~ 4.6 11ile.J'1~L ~tJ11LdeJi1fl11L~lJL .,,,~ fli:'l-3 hJLL'1'\.Jfl111illil~~tJL~e)tJ h.l'V11-3fll11l.Je.111fll~tJL ~l.JttJJ..:iti' .., 

L~eJ.:J'11fl17Lfllilfl11LL'VltJ~ Ti4+ t-i'1e.1 Fe3+ zj,:iij~PlffieJeJeJtJ LVlfl'U 0.68 LLi:'l~ 0.64 A 11ile.i1eJeJeJtJ"UeJ-3L"1~fl~L~l.li:'l-3 

1t.1v\'11 ~Lnlil n11ri1e.11eJtJ~ L~ fl(i11e)tJ'11fle) eJ1u~i:'l 3 d 1 t.1 f1..:iLLriun11t111 vJvh.,,,~mLriu11Li:'ltJ'll zj,:ii;1e)li)fll~e)..:in'U 

-31tJ"lJe),3 Sood Lli:'l~fllru~ (2015) LLi:'l~ Zhu LLi:'l~fllru~ (2004) 

"' I 

~-rnv1-:i 

Ti02 500 °C 

. .J 
T10/Fe 0.5 %mol Le.J1'Vl 500 °C 

. .J 
T10/Fe 1.0 %mol Le.J1'Vl 500 °C 

. .J 
T10/Fe 1.5 %mol Le.J1'Vl 500 °C 

Ti02 800 °C 

TiO/Fe 0.5 %mol Le..11~ 800 °C 

. .J 
T10/ Fe 1.0 %mol Le.J1'Vl 800 °C 

TiO/Fe 1.5 %mol Lmvi 800 °C 

.rn~ 1.5 %mol Le..11~ 500 ·c 

Absorption Edge (nm) Band gap Energy (eV) 

418.45 

661.97 

628.47 

618.13 J 

397.24 

587.60 

631.73 

613.65 

1.5%mo1Fe:T,o, 

< ~5%mo1Fe:Ti0 1 

1.0%molFe:TiO,'---------

no, :::::::::,.___ 

1/v \11 t 

2.96 

1.87 

1.97 

2.00 

3.12 

2.11 

1.96 

2.02 
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07 

06 

~ 04 

300 4 

..J 
.L'1:: 1.5 o/omol L~TVl 800 ·c 

f l.0%mo1Fe:TiO1 

~~ l.S%mol~e:T,O1 

0.S%mo1Fe:TiO1 ----
Wavele, ~th ( ,mj 

4.5 ffn-~1m1nrue1-ll~th::neiu~1m'VlRilR Scanning Electron Microscopy and Energy Dispersive 

X-ray Spectrometry (SEM-EDX) 

'11f1n1'a1Lfl'a1::'\-fo-llf1th::nel'U'lJel<l1'VlL'VlL'Wm..J1~elelf1161flii°~L~elJi'1m~~n 0.5 1.0 LL'1:: 1.5 o/omol Ji'1tJ 

,'Vlfl'Ufl SEM-EDX Yl'Ufi1v'IL'VlL'VlL'Wtll..J eleln~L'1ti LL'1::m~n '11n1m'VlL'WtJl..J1~eleln1"1flii°~L~elJi'wm~n LL'1:: fi1v1 , , 

f'l1 {'U elti '11 n.ff u v1 el u n 11 Lv'I ~ tJ l..J ~1 el~ 1<J'lJ el <J 1 'Vl L 'Vl L 'Wtl l..J 1~ el el n 161! Iii n111 Lf'l 11 ::'l-h.J1l..J 1 ru el<J fii.J w n el'U 'lJ el <J 

1 "" 1 1 , ..J "" ., a ., ..J .., ..J 
'VlL 'VlLtitll..J ~elelf1 'll~'Vl L'1el~1m ~'1 n LLG'l~<l~<lv11 'a1<l'Vl 4. 3 LL'1:: SEM-EDX LLG'l~<l~<li11Yl'Vl 4. 7-4.8 

0.5%moIFe:TiO2 

' f 

l.0%moIFe:TiO2 
1.5%moIFe:TiO2 

1.5 o/omol L~Tvi 500 ·c 
20 



0.5%moIFe:TiO2 

" 

ti 1.5%moIFe:TiO2 

" 

iu~ 4.8 SEM-EDX m 'Lln~t:W'1J€l-:J 1viL 'VIL'Utl:W 1~€l€ln 1'llviLL'1~ 1 VlLVlL'Utl:W 1~€l€ln 1'llvl~L~el~1EJL'Vl~n 0.5 1.0 LL'1~ 

1.5 %mol L~Tvi 800 'C 

111111~~ 4. 3 ua~-:i'Ll~:w1rueJ-:i1-1'Ll1~nrn...1'1J€l-:J 1 VlL VlL'Utll.l 1~€l€ln 1'llv1LL'1~ 1 'VIL VlL'UtJ:W 1~ €leJ n 1'llv1~L~eJ~1m vt~n 0. 5 

1. 0 LL'1~ 1. 50/omol 

m :w1rutMrh h ~nelt.J 'tl€l~51~ (%weight) (SD) 

C 0 Ti Fe 

Ti02 500 °C 7.57 47.15 45.29 0 

Ti0 2/ Fe 0.5 %mol L~Tvi 500 °( 3.94 49.93 45.03 1.10 

TiO/Fe 1.0 %mol L~1vi 500 °C 7.06 52.85 38.23 1.87 

TiO/Fe 1.5 %mol L~1vi 500 °C 3.29 40.30 53.37 3.05 

Ti02 800 °C 21.82 46.21 31.96 0 

TiO/Fe 0.5 %mol Lm~ 800 °C 2.07 38.07 57.49 2.37 

... 
TiO/Fe 1.0 %mol L~1Vl 800 °( 2.31 41.30 52.88 3.51 

TiO/Fe 1.5 %mol L~1vi 800 °C 2.53 38.64 52.72 6.11 
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,ru::: (2012) 

0.5%mo1Fe:TiO2 Lin 500 ·c 

0.5%mo1Fe:TiO2 Lin 500 C 

soo ·c 

~0.1t~ a.cit 

4. 5 n1j'Vl~~tl'U'J'V15EJ'UEJ.:Jb 'tle!Lb 'UA'Vlb jEJ 

flT~Pimn'lvii~ut-:i L ~mL Ufl\1L~ t1~~-:i'11 fl'Vlvl'1el'Uvl1EJ '1. vi LVlL 'Uc.il.J '1.v10 elfl l'1!~ LL'1::: '1. 'V1 L vi L 'UEJl.J '1.vie.1e.1n l'1!~~ 

L~0v11m~~n 0.5 1.0 LL'1::: 1.5 %mol mc.11~LL'1-:JvJ'1ffiJL'jm'1:f'U(;l'lJ'U7vi 18 1(;)(;7 L\l'UL1'17 1 2 3 LL'1::: 4 -a'11l.J-:i 
" 

'11ml'Ur11'U1ru~1~0c.1'1 :::'lleMfl7'j~7L~mL'Ufl\1L~ c.11v1c.1V1{;1 '1 el'\Jfl1'j~'\Jt-:iL~mL't.JflV1L~c.1 4 'llti~ fie.1 E. coli 5. 

oureus 8. subtilis LL'1::: P. oeruginoso eJ'1fl1'j'V1~'1€l'ULL~\;1,:i~-:imV'li-i 4.10, 4.12, 4.14 LL"1::: 4.16 (;)7l.J'97~'t.J 
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"' d Q,J d 
;::mm'Vl"1n 0.5 1.0 LL"1~ 1.5 %mol LL'1v1.:iv1.:imvm 4.10-4.17 

lv1mnn1:rn n11Vlv1ffel-:1'1~L ~'U 1~111 V1 L V1 L umJ 1v1elel n 1'!!~ LL'1~ 1 V1 LVl LUmJ 1v1eJeln 1'!!~~ L~el~'rn L VI~ n 0. 5 

: LL'1~ 1. 5 LtleJ{L~'U\rlLlrn '11l.l1'H1'SJ1 E. coli 5. oureus 8. subtH.is LL'1~ P. oeruginoso 1~ '1~L~'U11L~el 

;011-un11f rnLG1.:i"l'J"1eJel L 1'1 L'!l'U~L ~l.l;ff 'U '1~~.:i~-rn 1 ·1Hmm~·1m.:in11'SJ1 L ;ff m ~l.l'1.:i;ff-u~1cJ lv1cJ'el\rl 11n11 L ~ l.l;ff 'U 
~ ~ 

Bm1n11'SJ1L ;ff elflelcJ ~ L ~l.l;ff 'U'1'Ui'11\J1~cJ~ L1"11 4 -B'1 Ll.l.:i zj,:in11~1 vi L Vl LUcJl.l 1v1eJeJn 1t~ LL"1~ 1 vi L'Yl LU cJl.l 1v1 

~'11'1l~~L~el~1cJLVl~n 0.5 1.0 LL'1~ 1.5 Ltlel{ L~'U\rl1l-l'1 '11l.J11ti'SJ1L;ffmLJi'l\'1L~cJ1~ '1'U L~el-:il.J1 '1 1ne.J'1'1Jel-:i 

~ ~~cJ1 t v-Jl\rl LLl'l\rl~ 1"1&\ mrn.:i 1 'YlL VlLUcJl.l 1v1eJeJn 1t~'1~L-u11 tlvi'1mcJe.i'U-:1Ltmh m.:i L ;ff el LL \Ji'l \'1 L~cJ L~ele.J'U-:1 L61!"1~'llel-:i 

: EILL 'Ui'l\'1 L~cl'1 nV11'11cl L61!'1~ fl\l~LL\rl nvi'11 ~'111i'Ui:in11l.l'llel-:!L ;ff mL 'Ui'l\'1L~cl 1 Vl'1elel nl.l1 fl '1~Vl11 ~LL \Ji'l\'1 L~cl \rl 1cl 
~ , 

_ ~ '1v1 (11~-ucJ LL"1~i'lru~ , 2557) -ueJn'11ntlL~'U 1~11L~eleJruV1.niJ1-un11Le.11'lJeJ.:i 1 Vl L VlL UcJl.l 1v1eJeJn 1t~ L~ l.l'11n , , 

=)o Ltl-u 800 eJ.:ii"11L61l"1L;cJ'1 1;1.:ie.1"11~LLt1u'lieJ.:i11.:i~~.:i.:i1-u"v1".:iLL"1~L~me.i1~ 800 eJ.:ii"l1L'tl"1L;cJ'1 vi'11~ 

:, .'YlL UcJl.l 1v1eJeJn 1'1l~Ltl~cJ'U'11m "l'J'1el'U1LV1'11 tlLtlm 1 Vl'U'1l.lmru 
~ ~ 

0 3 

T unes (hours) 

4 

__ T,02 

_..Tio2/Fe 0 .5mol% 

- Tio2/fe 1 Omol% 

_T,o1/fe I 5mol% 

I V V I 

fl1~vi 4.10 1elcl'1~n11EJ'UEJ-:!Liiel E. coli Vl~-:!Vlv1'1el'U~1cl Ti02LL'1~TiOiFe Le.11\'1 500 ·c 
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80 

~ 70 .. 
~ 60 

::; so 
Q. 

.. 
-~ 20 

.. 10 = 
0 

0 3 

rime~ (ho ur,) 

_..-r.01 
__ T,02/feOS 

....,._ T10J/fr 1.0 

...,.._T10.2/ft- 1 '", 

d .., CV ~ Jt CV II • .cJ 
.fl1'rl'VI 4.11 'Hlcm:rn1~m.Jt1.:JL'IJ€l 8. subtilis ,,rn.:JV1~'1e:l'umt1 T102LL'1:::TiO/ Fe L~1Vl 500 ·c 

.. .. 
~ 
~ 
i::: .. 
C. .., 
J 
:"1 

1 .. 
= 

... JO 

"" .. (>() 

~ 
t so 
Cl. .,, 40 

~ 
30 ~ 

i ]O 

10 
= 

0 
0 

35 

30 

25 

20 

15 

10 

5 

0 
0 3 • 

Time~ (hours) 

3 4 

Tune°' (hour.-.) 

__ T,02 

-- - ___ T,O}/Fe O 5 

ToO]/Fe 1 0 

__ T,Ol/Fe 1 5 

-e,-1101 

___ T,O1/Fp OS 

TtO1/f ~ 1 0 

~ l10J/f e 1 c, 

I 1,/ V 1 

.fl1'rlvi 4.13 {elt1'1:::n1~~U~.:JL~el 5. aureus Vl~.:JV1~'1eltJJi'-w Ti02LL'1:::Ti0/ Fe Lm~ 500 ·c 
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r 100 

90 
"' 80 i 
.; 70 
2 
" 60 "" 

-------,------::;-,,,,:.~ l§o"e::....------",,,,..-Ti02 

"" 50 ~ ~ 
-"' 40 
] 30 "' t; 

20 cil 
10 

L 1 

90 

Cl) 

"" 
80 

~ 
C 70 
Cl) 
u 
<ii 60 
a. 50 "" 
~ 40 
:;.: 
"io 30 
·t 

20 ..... 
u 
re 

10 ca 

0 
0 

---:.,IIL,,'.""':.,,C..-±--- ---- --Ti02/Fe 0 .5 %mol 

1 

2 3 

Times (hours) 

~ Ti02/Fe l.0%mol 
----

4 

___ - Ti02/Fe 1.5%mol 

5 

~ Ti02 

--.,._Ti02/Fe 0.5 %mol 

------
...... Ti02/Fe l .O%mol 

~ ;--.~ r------------
- Ti O 2 /Fe 1.5%11101 ---------

2 3 4 5 
T im es (hours) 

I U 1,1 I 

fl1'V'lvi 4. 15 {mrn:::n11t1ut1.:iLih1 8. subtilis V1'1.:JY1viae:iulii'1ti TiO2LL"1:::TiO/Fe Lmvi 800 ·c 

70 
QJ 
0,, 60 ro -C 
QJ 50 u w ~ Ti02 
0. 40 
0,, ~ Ti02/Fe 0.5 
~ 30 :;;: Ti02/Fe 1.0 
-;;, 20 ·c: - Ti02/Fe 1.5 QJ -u 10 ro 
co 

0 
0 1 2 3 4 5 

T im es (h o urs) 

I U t,, I 

fl1'V'l\1 4.16 {ew"1:::n11t1ut1.:iL~e:J P. oeruginoso V1'1.:JY1v1ae:iulii'1ti TiO2LLmffiO/Fe Lmvi 800 ·c 
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90 
QJ 
on 80 ro ..... 
C 
QJ 70 
~ 60 QJ 
a. so on 
C :: 40 

:;z 

"' 30 
·.::: 20 QJ ..... 
u 10 ro 
co 

0 

l-----------:A ~ ~ e;.,=----.,._Ti02 

0 

~ Ti02/Fe 0.5 %mol 

Ti02/Fe 1.0 %mol 

~ Ti02/Fe 1.5 %mol 
~ ,,,,-c.------------

1 2 3 

T imes (hours) 

4 5 

d II Q,,I t ~ 4,,1 1,1 • • .cJ • 
ilTVfVI 4.17 1m.m:::n1WtJE.l-:IL'tltl 5. oureus V1'1-:!Vl~G'lt1tJmE.1 T102LL"1:::T10ifFe Le.J1Vl 800 C 
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4. 6 n1jAm~n1-111lJ L tlu-w~'tlel.:JL'IJ'a~lJ::L~ .:i 

~.:i~1"1~~1t1~1.:i'l ,Jvw1ml'UA11l.JL'U'U'Wmlm•1rnJlJ::L~.:IL\;11'\.Jl.J (MCF-7) lJ::L ~-:JUeJ(;l'LJe)-:JA'U (NCl­

H 187) LLa:::u::L ~ .:i-dt1.:i-J1 f1'1Jel.:!A'U (KB) ru f"!'U~i'Ulfjmm~:ULLa::L VIA l'U 1a~;1.fl1V'ILL V!.:!'111~ 1(;lt1a::mt1 
'U ' • 

~1t1~1.:i1'Ui:,1::a::a1t1 dimethyl sulfoxide (DMSO) 

' I 

1i11j1.:ivi 4. 4 LLi:,(;l,:ii;Jaf11~Vl(;l~eJUA11lJL U'U'W~~m'lfa~ll::L ~.:i'1Jt1.:i 'l VIL VIL 'Utlll L(ileJeJn L'lf(lllba:: 'l VIL VIL 'Utlll L\;l 

t1t1f1L'lfli1~L~t1tii'1m'Vl~ f1 0.5 1.0 LLa:: l.5%mol 

'1l'U(;l~1d.:i I MCF-7 NCl-H187 KB 

TiO2 500 °C negative negative negat ive 

TiO/Fe 0.5 o/omol Li;J1vi 500 °C negative negative negative 

. .,j 
T1O/Fe 1.0 o/omol Le.J1VI 500 °C negative negative negative 

. .,j 
T1O/Fe 1.5 o/omol Li;J1V1 500 °C negative negative negative 

TiO2 800 °C negative negative negative 

TiO/Fe 0.5 o/omol Li;J1vi 800 °C negative negative negative 

. .,j 

T1O/Fe 1.0 o/omol Li;J1VI 800 °C negative negative negative 

TiO/Fe 1.5 o/omol Li;J1vi 800 °C negative negative negative 
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c: 
tJ'Vl'Vl 5 

~ 'iU e.i a n1 ':i'VI ~ ,rn-:i • 

. 
~1vifu 1 VlL vi L 'UEJlJ 1~BBn hi LL"1~ 1 vi LVIL 'UEJlJ 1~B€ln 1'1li~ L~B\i11m vi~ n Le.J1~ muvinlJ 500 • c ~~ 

' " 

1 tJn1iLe.J1L~lJ.ff tJ'l.lt .!1~~~ 1 viru.ff tJ LL'1~L~€1Li:.J1~€){\JV!flfa~EJ'1 tltJL~tlL~lJL V!~ n '9.:l 1 iJ'l.ltJ1~~~a~'9.:l ~1 nn11 
u ' " 

Vl~~€l'Ufl11lJ~1l.!1W 1 tJn1':icJ'Ut.:lL ~€l~~tJVl~~'i'l'U111 VlL VlL 'UE.llJ 1~€l€ln 1'1li LL(!~ 1 VlLVI L'UE.llJ 1~€l€ln 1'1li~L~€l 
' 

\i1'lcJLV1~n~1lJ1':irn1h f . coli S. oureus 8. subtilis LL"1~ P. oeruginoso 1\71 LL"1~tJ€ln~1n d~11 

i1Bci1.:ii.:i 4 '11'U~LL~~.:ii:.JaLtltJ"1UtlUL"11"1'1lJ~L~.:iL~1t!lJ (MCF-7) lJ~L~.:iiJB~'l.!€1.:lflt! (NCL-H187) LL"1~ 

l.l~L~.:i-tl€J.:i,J1n'l.!€l.:lflt! (KB) 
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II '°' 
be! mnrn 1..:i ei ..:i 

1. Uvlvl 1 b 1'll'll1~'1. 2555. f11'H11~vl~1~B'UV1~61 'Utl1\i11tl~'Jd..:i,J~ n~tJ11.J1 LU 1 Vl b Vlb Utll.J 1vi FHJ n 1'11~. 

L:fiti..:i1vil.J : mr11'!l1Yi~mfamr!~viia11~\;11 :wvi11'\llt11~m:fit1.:i1vilJ. 38. 53-55. 
' 

2. ~h:::-a'ti LL~.:io1t1, mm LL'U:w1~ LLG'I::: -wL'll~~ ~'U'\111. 2557. ~:wu~l-wL\;lLLrJ(;l:::1"1~mL"1:::f11~~1L:S0 E. .. 
coli '(Je).:JVi~lJ 1 '\llL'VlbUtllJ 1vi€lelf11'1l~m~U\i11mV!~f1. 11~~1~1'll1f1111!111m~:WP11~(;1{ (7) 46-56. 
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AbstnlcL Ti01 and iron-doped Ti(); were synthesized b} sol-g.cl method. Ti◊z and 0.5 ° .mol 
Fe:Ti(); were calcined al 500 and 800 °C for 3 h. The synthesized particles were characterized by 
X-ray dif&action (XRD), Fourier transform mfrarcd spectroscopy (FT-IR). UV-VIS diffuse 
reflectance spectrophotometry (UV/DRS). scanning electron microscopy (SEM) and scanning 
electron microscope-energy dispersive X-Ray analysis (SEM-EDX). The XRD patterns of all 
samples that were calcined at 500 °C sbowed only anatase phal'e. On mcre-<LSmg temperature from 
500 to '00 °C. the anaiase phase transformed to rutilc phase. For 0.5 °omol fe:TiO;. 
p,eudobrook.itc (Fc::T1O,) phase wa,, observed at 800 •c. The particle, that contained rurilc showed 
hight:r antibacterial activitie~ aga1n,;t £. coli. B. sub1ilis. and S. aureus than l!latase phase. under 
fluorescent 1m1diat1on. 

Introduction 

h is well-known that bactcna. fungi and \.1ruscs :ire single-cell organisms found C\'crywhcre m the 
world. Some bacteria are pathogenic. such as Escherichia coli (£. coh1. Staphy lococcus aureus (S. 
aureus). Bacillus suhrilis (8. s11h1ilis). Lacwhacdlus acidophilus (L. a,·ufophilus). and 
S1rep10cuccus sobr111us (S. subrinus). For prevention or treatment of related diseases. it ts important 
10 find novel antibacterial materials from narural or inorganic subsumcc.-s. Titanium dioxide particles 
are an altemati\"e inorgamc material with antibacterial activity. high stability. low cosL and no 
toxicity to humans [l, 2]. When Ti(); is illuminated with lighL electrons (c·) are promoted from 
valence band to conduction band and holes (h-) an: generated in the valence band. The electrons 
and holes have strong. reducing and oxidizing activities. and can create hydroxyl radicals ( -OH) and 
superoxide anions (O~·). Tues.a: r-:activc species can induce cell death [3, 4]. TiO, has three main 
phases. anatasc. rutile and brookite [5}. Brooki1e 1s less common than anatase and rutile. TI1e mixed 
structure of anatase and rutile phases shows the higher performance than pure phase. Besides. 
brook.ite phase can causes bacterial cell death in less time than other phases [ 4]. There are several 
methods 10 synthesize Ti◊.! ; sol-gel [6]. liquid sprayed into flame [7]. precipitation [8]. and 
hydrothem.al method (9). The sol-gel method is widely u~ 10 prepare TiO, and met.al doped Ti◊, 
particles [JO. l I]. Doping with the metal clements Pt. Cu, Co. and Fe has been cffcc1ive in 
improving the photocatalync potency of TiO1 [12-15). Moreover, iron has antimicrobial 
applicution~ [ 15-17] and can denature bacterial cdl walls [J 8]. Howe, er. the bacteria can .recover 
from only pamal damage to the cell wall [19]. In prior work. Boonyod et al . 201 I, studied the 
activity against £. coli of pure Ti(); powder under fluorescent hght and compared this with UV 
lighL The antibacterial actl\ity under UV irradiation was faster than -;.ith fluorescent irradiation 
[20]. In addition. Yadav et al. r<.,x>ncd that reducing band gap CllCTb'Y affects an11b:ictcrial activity 
(4]. 

The purpose of 11:tis study was to prepare iron-doped TtO, by the sol-gel method. The iron­
doped Ti(); particles were characterized by using XRD. FT-IR. l.N'DRS. SEM and SEM-EDX 
techniques. The antibacterial ucti, ities of pure Ti(); and iron-doped Ti(); particles were mvestii.taied 
al:,,ainst S. a11reus. £. coli, and 8. suhtilis in the presence of fluorescent hghL Fluorescent light 
sources are less harmful than l.iV light sources. The use of a less harmful light source is prefer.ible 
in an antibacterial test. 

Alt,grG~ Noov al c::on(.e,r1$0l :t11S ~ r~berep'Oduted ot ~r any_,,,,. or by ~ ~Wlt'IOIJl l'lcwrinwl~dTrtlr'lt5 
Tack~- ·.ww.MMl"tmc.net. {' 112689292. Prince d S,ongb: Uf'li~. Mu41•n; 1iU1-at lhara. Thliiand-11J02/~i.!600-32) 
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Experimental 

Chemk1lls 
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All chemicals used were analytical grade. Tetraisopropyl orthontanate (T!PT>98%. Merck) and 
irnn(lll) nitrate nanohydrate (Fe(N0,)3.9H:0. 98%. LOBA Chemie) were u..~ed as the ~taning 
materials. Methanol (CH,OH>99"/u. Merck) and ethanol (CH3CH~H>95°·o. Merck) were used as 
solvents. Dimethyl Sulfoxide (99%. Sigma). nunient agar (Himedia), and tryptic soy broth (Merck) 
were used in teSting antibacterial activity. 

Synthesis of titanium dioxide (Ti01} I 
TiO: particles were prepared by the sol-gel method. 10.0 mL ofTetraisopropyl orthotitanate was 

mixed v.ith 19.3 ml of ethanol and 1.3 ml of methanol. Then 1.5 mL of distilled water was added 
dropwise into the solution under vigorous stirring at 55 °C for 3 h. The white precipitate was 
filtered and washed with distilled water, methanol and ethanol, respectively. The TiO: powder was 
driud at room temperature and then calcined a1 500 °C or 800 °C for 3 h 10 obtain v.·hite TiO: 
powder. 

Synthesis of 0.5 %mol iron doped tit.anium dioxide (0.5 %mot Fe:T i(n) 
The iron(III) nnrate nanohydrnte .vas dissolved m 8 mL of disulled water. The quanury of 

Fe( 0 ,)1.9H20 into TiCh was calculated to be 0.5 °omol. This solution was mixed into the 3.0 mL 
of tetraisopropyl orthotitanate and 50.0 ml of methanol. The solution was stirred at room 
temperature for 4 h. The resulting precipitate ~as washed with hot water and ethanol. respectively. 
1be gel obtained was dned at J05 °( for 2 hand the dried products were ground. The 0.5 °omol 
Fe:TiO: powder wa.~ calcined at 500 °C and 800 °C for 3 h. A light bro-w11 powder was obtained. 

Characterization 
The crystal structure of all samples was derennined using an X-ray diffractometer (XRD, X'Pen 

MPD. PHlLTPS, Nettterlands) in the range ~0 = 10-90° with monochmmati7ed Cul<,, radiation (i,_ = 
1.54056 A). The surface chemical bonds W4.'t'C characterized by Fourier transform infrared 
spectroscopy (FTJR. Vertex 70. Bruker. Gennany) over the range 4000-400 cm·1

• Band gap energy 
was studied by l;'V-VlS diffuse reflectance spectrophotometry (1:V-DRS). Scan!; were performed 
over 200-800 nm. Elemental composicions of all samples were analyzed by energy dispersive X-ray 
spectroscopy \\ith SE~l (SEM-EDX. X-Ma...,, Oicford. England). Morphology of the powders was 
investigated by scanning electron microscopy (SEM. Quanta 400, FE1, Czech Republic). 

Antibacterial acti\'ity 
The tesrs were carried out against S. aureus. E. coli. and B. sulmlis bacteria grown on 

Trypricase soy broth (TSB) al 37 °C for 18 h. The bacterial solutiore were diluted to 105 CFC mL. 
I 00 µL of a bacterial solution was placed into each well of a 96-\vcll micro plate. and mixed ,vith 
100 µL of titanium diox.ide solution (0.0:5 g ofTiCh or 0.5 mol~oFe:TiO.: dissoh·ed in 0.5 µL 99"/o 
D:vtSO and 2000 µL distilled water). The mixture wa:, exposed to fluorescent irradiation ( J 8 W) 
in a rectangular box ( 12 x 22 x 25 inch) for 4 h. The average fluorescence intensity was estimated as 
64 W •rn2 v.;th wavelength interval from 425 to 4 75 nm. Then, 100 µL of the mixture suspension 
was sampled and spread on trypticase soy agar plate and mcubated at 37°C for 24 h. After 
incubation. the number of viabk colonies of bacteria was observed. 

Results and Discussion 

X-R;i~· diffractioo analysis 
The crystal phases ofT i01 and 0.5% mo! Fe:Ti01 (calcined at 500 or 800 °C) were investigated 

by X-ray diffraction. Figure I shows the XRD patterns of TiO: and 0.5% mol Fe:TiO~. Toe XRD 
pattern ofTiO: (500 °C) exhibited reflection peaks at 26 = 25.3°, 37.9°. 48.0°. 53.9". 55.1°, 62.8°, 
and 75.2° corr~ponding 10 anata,,c phase (JCPD 01 -075-2546). The characteristic peaks of0.5% 
mol Fe:TiO: (500 °() appeared at 20 = 25.4~. 37.9°. 48.1°, 54.0°. 55.1°, 62.7° and iS.2" and 
matched well the anatase phase (JCPD Ol-073-1764). No peaks from rutile phase were obsened. 
On increasing the calcirunion temperature to 800 °C, the characr.enstic peaks of nuile phase sho\ved 
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up in the XRD pattern~ of Ti~ at 20 = 27.5°. 36.1 °. 3<1.2°, 41.3°. 44.1 °. 54.3°, and 56.6° (JCPD 
01-076-0649) and for the 0.5% mo! Fe:TiO1 at 28 = 27S', 36. l 0 • 39.2'', 41.3°, 44.0°. 54.3". and 
56.6° (JCPD 01-078-1508}. The anatase to rutile phase transfomultion took place when calcined at 

800 °C. In the XRD patterns of the 500 °C calcined cast!S, broad peaks were observed. ascribed to 
small crystal size in the samples. Meanwhile. narrow and sharp peaks were obtained for the cases 
treated at ROO 0 C. indicating comparatively larger particle size. The crystal phase of 0.5%rnol 
Fe:TiOz (800 ~c) presented a mixrure with rutile as t:he major phase, and pseudobrookite of 
Fe:TiOs. The diffraction peaks of pseudobrookite fe!'1Ti0s aPPfared at 18.3°, 25.6°. and 32.5° 
(JCPD 01-070-2718). and can be explained by the subsritution of iron imo the TiO~ structure. In 
fact. the Ti+- has 0.68 A radius that is similar to Fe3- \ 0.64 A). In other srudies. FeffiOs could be 
formed at high calcination temperatures [21. 22]. In addition, iron ions can be incorporated into the 
TiOz crystal structure. This is in agreement \l,ith other prior studies [23-25], where no iron was 
found in the XRD patterns. Besides, no peak of Fe was observed because Fe concentration was so 
low (26, 27]. The crystallite size could be estimated from: 

d = 0.91. . 
/JcosO 

(l) 

where d is the crystallite size. rJ is the full width at half maximum (FWHM) of the reflection 
(anar.ase (IOI) and rutile (II 0)) . ..,, is the X-ray wavelength corresponding to CuK.. radiation. and 9 
is Bragg·s diffraction angle [28]. The crystallite size ofTiO:: particles increased from 16 to 55 nm 
as the calcination tempt,>rature was increased from 500 to 800 °C. In addition. the Cl)'stallite size of 
0.5%mol Fe:TiO2 at 500 °C was 13 nm and increased to 41 nm af 800 "C. The crystallite size \\as 
found to decrease with iron dopmg. It is inferred that the iron ions inhibited the grov.th of TiO:: 
crystallites, which matches the results of other authors (29. 30]. In addition, the unit cell parameters 
of anat:ase and rutile (tetragonal, a = b * c, a = P = y = 90°) were detennined from following 
equation (2) [26]: 

I h1 +k: f 
-=-- +-di a' ,2 . (2) 

where d is d-spacing and h. k and I arc Mi Iler indices of peak. Crysrollite size. unit cell parameters 
and unit cell volume are listed in Table l. The standard JCPDS patterns of anatase (01-075-2546, 
01 -073-1764) and rutile (01 -075-0649. 01-078-150&) match well the XRD results. 
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Figure l. The XRD patterns of TiOi and 0.5%mol Fc:Ti~ calcined ar 500 °C and 800 °C. 
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Table I. Crystallite size, unit cell parameters. and cell vol~me ofTiO~ and 0.5 mo]% Fe:TiO:. 

Sample Crystal Crystallite size [ nm J Lanicc par.imcters [AJ Cell Volume [A~] 
Structure Anarase Rutile Calculated JCPDS Calculated JCPDS 

TiO: Tetragonal 16.21 a= 3.7929 a= 3.7850 135.68 135.84 
soo·c b=3.7929 b =-3.7850 

C =9 4310 C = 9.4820 
0 .5mo1% Tetragonal 13.73 a= 3.7792 a= 3.7760 133.63 135.25 
Fc:TiOi b= 3.7 792 b=3.7£60 
500"( C = 9.3563 c=9.4 60 
TiO~ Tetragonal 55.10 a= 4.5936 a =4.5930 62.42 62.42 

soo•c b=4.5936 b =4.5930 
C = 2.9582 C = 2.9590 

0.5 mo!% Tetragonal 41.33 a= 4.5912 a =4.5925 62.38 62.38 
Fe:TiOl b =4.5912 b= 4.5925 
800"C C = 2.9594 C = 2.9578 

Fourier transform infrared (FTIR) analysis 
Fouriertransfonn infrared (ffiR) spectra ofTiO: and Fe:Ti(n over the range 4000-400 cm·1 are 

sb0\\'11 in Figure 2. The broad band!> at - 3380-3420 cm· 1 were assigned to stretching vibrations of 
0-H bonds. Moreover. the absorplion band at ~1620-1630 cnr1 corresponds to 0-H bending. These 
two characteristi.cs indicate adsorbed water (HJO) and hydroxyl groups on the cata.lyst surfaces (Ti­
OH) [31, 32). In addition, small crystalli!es gave broad peaks. TI1e pejks at 700-400 cm-1 belong 10 

stretching vibrations ofTi-O [33] and fe-O [34]. These two bands might overlap. Therefore. FT-lR 
results indicated that functional groups were present on Ti(n and 0.5~omol Fe:TiO: particles. 

'\ 

I I 

\ ~ .... , 
• · 0.5•.moi Fc:TiO-- 500 "(' 

I -

··•········• • ............. __ 
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Figure 2_ FT-IR spectra ofTiO1 and 0.5•~,mol Fe:TiO: calcined at 500 °C and 800 °C. 
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Scanning electron microscopy and scanning eJcctrQn microscope-energy dispcrsh'e X-Ray 
analysis 

Figure 3 shows the $EM images of TiO1 and Fe:TiO1 calcmed at 500 or 800 °C. Spherical 
shapes were ob:;erved when annealed at 500 "C. The 0.5%mol Fe:TiO: (800 °C) had rough surface. 
with some spherical agglomerated parricles attached. The particle size increased. when annealing 
was at 800 °C [35}, This is consistent v.ith the XRD results. In addition. the particle size decreased 
with Fe doping. Ir can be inferred that iron ions inhibited the growth of TiO: crystallites. TI1is ts 
consistent with Ganesh and co-workers reporting that the cry~tallite size decreases wirh iron 
concentration [21]. The elemental composition was analysed v,,il:h scanning electron microscope 
energy dispersive X-my technique (SEM EDA"). The 6EM'-EDX analyses for Ti(r. and 0.5% mol 
Fe:TiO:i are shown in Figure 4. The results confirm the presence of iron ir, the doped samples. The 
calculated Fe:Ti ratio from EDX spectnm, of 0.5% mol Fe:TiCr. 800 °C 1s 0.05:2 (Feuus:Tb). This 
indicates that pseudobrookire (FeJTiOs) occurs as a minor phase in 0.5% rnol Fe:TiO2 800 °C which 
consistent with XRD result. 

o.s•,.mo1 Fe:TiO: soo 0c 

o.s•.moJ Fe:T,Oi llOO "C 

Figure 3. SEM mic,,-ogr.iphs ofTiD2 and 0.5%mol Fe:TiQi calcined at 500 "C and 800 °C. 
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is 

t T, 
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Figure 4. EDX ofTiCr. and 0.5%mol Fe:TiO~ calcined at 500 °C and 800 °C. 

t:V-VIS diffuse retlectance spectnt analysis 
The lN-Visible diffuse reflectance spectrn ofTi(r. and 0.5% mol Fe:TiOi, calcined at 500 or 

800 °C, are shown in Figure S. The absorption edge energy ~ ) was calculate<l from equation (3) 
(34] and is reported in Table 2. 

£ =hceV· E =1240 e V . 
r ,i · r ). 

(3) 

where E; is the band gap energy (eV). hi!> Plank's constant (6.626x10·3-I J.s). and c is the lo-peed of 
Ltght (3x l ~ mis). The absorption edges of pure TiQ (500 °C) and Ti<r. (800 eq were observed in 
the range 39()-420 nm. The band gap decreased from TiQ 500 °C (3.12 eV) to TiQ 800 °C (2.96 
eV) with stronger heat treatment [22]. ln the case of0.5 %mo) Fc:Ti01 calcined at 500 or 800 °C. 
the absorption edges appeared in the range 590-660 nm, corresponding to the band gap energies 
2. I I and 1.87 eV. respectively. The absorption edge of Fe3- doped TiO: has a red shi ft due to the 
substitution of Ti4 " with Fe3

-. This process can occur because the radius of Fe;-• (0.64 A ) i~ similar 
to Tj4 • (0. 68 A) (37, 38). The red shift of iron dop¢d Ti<r. was accompanied by a change m colour 
from ·white (pure Ti02) to light bro\Nll (0.5 % mol Fe:TiQ). ln addition. iron ions can enable charge 
transfer tran.~ition from 3d orbitals (Fe) to conduction or ,alence band. ThlS is consistent with a 
pr evious study [27, 39J. According to the liV-\'is results. Fe-'- doped TiQ can absorb visible light 
more than pure TiQ. suggesting higher photocatalytic antibacterial activity 
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Figur e S. L'VIDRS spectra ofTiO: and 0.5°omol fe:T1O: calcined at 500 °C and 800 °C. 

Table 2. Band gap ofTiO:? and 0.5 mo1°-o Fe:TiO:?. 

Sample Cut-off wavelength [nm] 

TiO:? 500 "C 
0.5 mo!% Fe:TiO~ 500 °C 
Ti02 800"C 
0.5 mo!% Fe:Ti02 800 °C 

Antimicrobial Activity 

397 
587 
418 
662 

3.12 
2.1 I 
2.96 
1.87 

Antimicrobial activity wa5 investigated against both Gram-posirive (S. aureus, B. suhtilis) and 
Gram-negative (£. coli) bacteria by spread plate technique. The bacterial kill percentages of Ti~ or 
0.5 mol01iFe:TiO2 (calcined at 500 or 800 °C) were calculated with equation (4 ) [ 19). 

(4) 

where r is bacterial kill percentage. No is the initial bacterial concentration and N is the viable 
bacterial concentration after irradiatjon. Figure 6 presents the bacterial kill percentages under 
fluorescent irradiation for 4 h. Antimicrobial activities of Ti°- and 0.5 mol¾Fe:Ti~ particles 
prepared at different calcination temperatures (500 or 800 °C) were not the same. The results 
indicate that the antibacterial activity of all samples increased \, hen calcination temperature 
changed from 500 to 800 °C. As the temperature increases. the Eg decreases to a lower energy [➔0]. 
In addi6on, the presence of rutile phase in TiO~ structure enhanced the antibacterial acti, ities 
against £. coli and B. suhtilis by up to 80° o. Besides, the iron doped TiO~ (0.5 rnol¾Fe:TiO:?) 
showed slightly higher activity than pure TiO:? because of the subsnrution of Fe-'• for Ti4

• [19). 
Moreover, the Fe>' creates shallow trapping sires at the donor and acceptor levels. which mcreascs 
the antibacterial activity as sho\.\o-n in Figure 7. In general. e·-h- pairs are generated when Ti~ is 
irradiated with light. Water molecules react with h' producing •OH radicals and oxygen molecules 
react \l,,ith e· producing 02 [ 4 1]. Therefore. the cell walls and cell membranes of bacteria were 
damaged, when in contact with TiO2. Images of S. aun-us. B. subtilis and£. coli after treatment for 
4 h ~ ith TiO1 or with 0.5 mol%Fe:TiO2 are shown m Figure 8. 

38 



Journal of Nano Research Vol. 56 

100 ~--------------------------------. 
90 

80 

.:o 

30 

20 

10 

0 

■ S Ottl?U.S 

O.S ~ol Fe: liO: 500 "C TiO. 1!00 "C 

35 

Figure 6. Antimicrobial acnrny ofTi(h and 0.5%mol Fe:Ti(h calcined at 500 "C and 800 °Cunder 
fluorcsc(..-nl light irrndiation for 4 h. 
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Figure 8. Test results of Ti02 and Fe-dope Ti<h again.<rt S. aureus. £. coli and B. suhtilis under 
tluorescenl light irradiation for 4 h. 
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Conclusio n 

The Ti(r. and iron doped 0.5 mol%Fe:TiO1 particles were synthesized by sol-gel mcrhod. 
Tetraisopropyl orthotitanate and iron(UJ) nitrate nanohydrate we.re used as the staring materials. 
The XRD r<!Sults revealed that anatase phase transformed to rutile phase and pseudobrook.ite 
(Fe2TiO<) phase at sufficiendy high calcination temperature. The crystallite sizes in all samples 
were estimated v.ith Scherrer·s equation. At the higher calcination temperature, the average 
crystallite size was increased. Lanice parameters and unit cell,, were estimated., with results closely 
matching literarure data. The pseudobrookite phase was observed <efter 800 °C calcination with iron 
doping concentration 0.S'lomol. f urthermore. the FTTR spectra showed peaks attributed 10 Ti-O 
\ibrations. The band gaps were estimated from W'DRS, and the results showed band gaps 
increasing \\'i th iron doping and with higher calcination temperature. The results of antibacterial 
eicperimentS revealed that particles with rutile pha.<;e, pseudobrookite phase and had higher activity 
man those v.rith only anatasc phase. 
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