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The  PXlWiSXUSRVe  QaQRcRPSRViWeV  WhaW  cRPbiQe  VXSeUSaUaPagQeWic  chaUacWeU,  high  ShRWRcaWal\Wic           

acWiYiW\  ZiWh  abiliW\  WR  degUade  d\e  (PeWh\leQe  blXe)  aQd  kill  bacWeUia  ZeUe  V\QWheVi]ed  aQd                

iQYeVWigaWed.  The  PagQeWic  QaQRcRPSRViWeV  cRQViVW  Rf  PagQeWiWe  (Fe 3 O 4 )  aV  Whe  iQQeU  cRUe,  Vilica               

(SiO 2 )  aV  a  Piddle  la\eU  aQd  WiWaQia  (TiO 2 )  aV  Whe  RXWeU  Vhell.  IQ  RUdeU  WR  V\QWheVi]e  Whe                   

TiWaQia-Silica-IURQ  O[ide  NaQRcRPSRViWeV,  a  cR-SUeciSiWaWiRQ  PeWhRd  ZaV  UeTXiUed  WR  be  XVed  fRU              

bRWh  V\QWheViV  Rf  iURQ  R[ide  aQd  cRaWiQg  Vilica  la\eU.  BeVideV,  V\QWheViV  Rf  WiWaQia  Vhell  ZaV                 

cRQdXcWed  b\  bRWh  cR-SUeciSiWaWiRQ  aQd  UeYeUVe  PicURePXlViRQ  PeWhRd.  X-Ua\  diffUacWiRQ  (XRD),             

VcaQQiQg  elecWURQ  PicURVcRS\  (SEM)  aQd  WUaQVPiVViRQ  elecWURQ  PicURVcRS\  (TEM)  ZeUe  XVed  WR              

chaUacWeUi]e  Whe  SUeSaUed  PaWeUialV.  MRUeRYeU,  Whe  ShRWRcaWal\Wic  acWiYiW\  Rf  Whe  V\QWheVi]ed             

QaQRcRPSRViWeV  ZaV  aQal\]ed  b\  XViQg  UV-YiVible  abVRUSWiRQ  VSecWURVcRS\.  AccRUdiQg  WR  Whe             

e[SeUiPeQW,  Whe  WhickQeVV  Rf  Whe  Vilica  la\eU  had  beeQ  YaUied  b\  diffeUiQg  Whe  aPRXQW  Rf  TEOS  aW                   

Whe  UaWiR  Rf  37.5,  150,  300,  600  aQd  900ȝL/  0.1  g  PagQeWiWe.  The  UeVXlW  dePRQVWUaWeV  WhaW  Whe                   

QaQRcRPSRViWeV  cRQViVWiQg  Rf  600  ȝL  TEOS  e[hibiWV  Whe  higheVW  efficieQc\  Rf  degUadiQg  Whe               

PeWh\leQe  blXe.  HRZeYeU,  Whe  QaQRcRPSRViWeV  UeYealed  Whe  iQefficieQc\  fRU  bacWeUicidal            

SURSeUWieV  XQdeU  Whe  iUUadiaWiRQ  Rf  blXe  UV  blacklighW.  The  SURdXcWV  fURP  Whe  V\QWheViV  b\  XViQg                 

cR-SUeciSiWaWiRQ  PeWhRd  ZeUe  cRllecWed  iQ  laUgeU  aPRXQWV  ZheQ  cRPSaUed  ZiWh  SUeYiRXV  ZRUk  [1]               

aQd   cRXld   lead   WR   Whe   laUge-Vcale   SURdXcWiRQ   Rf   PaWeUialV   fRU   ZaVWeZaWeU   WUeaWPeQW   aSSlicaWiRQV.   

    



IV   

AcNQRZOedgePeQW   
  

FiUVWl\,  I  ZRXld  Ueall\  like  WR  WhaQk  Whe  BSAC  SURgUaP,  Whe  DeSaUWPeQW  Rf  ChePiVWU\,                

FacXlW\  Rf  ScieQce,  ChXlalRQgkRUQ  UQiYeUViW\,  fRU  SURYidiQg  XV  a  gRldeQ  RSSRUWXQiW\  WR  dR  WhiV                

SURjecW  WhaW  Ze  haYe  QeYeU  leaUQed  aQd  dRQe  ZheUeYeU  befRUe.  ThiV  Pade  XV  cRPe  WR  kQRZ  PaQ\                   

QeZ   WhiQgV   WhaW   Ze   Ueall\   Qeed   WR   aSSl\   iQ   RXU   Ueal   life   iQ   Whe   fXWXUe.     

FRUePRVW,  Ze  ZRXld  like  WR  e[SUeVV  P\  deeS  aQd  ViQceUe  gUaWiWXde  WR  RXU  SURjecW  adYiVRU,                 

AVViVWaQW  PURfeVVRU  DU.  NXPSRQ  IQViQ  ZhR  alZa\V  giYeV  XV  all  VXSSRUW  aQd  gXidaQce  fRU  all  Whe  WiPe                   

dXUiQg  ZRUkiQg  RQ  RXU  VeQiRU  SURjecW.  FRU  all  hiV  PRWiYaWiRQ,  kiQdQeVV,  cRlRVVal  kQRZledge  aQd                

eageUQeVV,  Ze  cRXld  QRW  iPagiQe  hRZ  RXU  SURjecW  cRXld  be  VXcceVVfXl  ZiWhRXW  a  kiQdl\  aVViVWaQce                 

fURP   RXU   SURjecW   adYiVRU.     

IQ  addiWiRQ,  beVideV  RXU  adYiVRU,  Ze  ZRXld  like  WR  WhaQk  RXU  cRPPiWWee,  AVViVWaQW  PURfeVVRU                

DU.  PaQQee  Leeladee,  fRU  acWiYaWiQg  aQd  deYRWiQg  heU  WiPe  WR  VXSSRUW  aQd  gXidaQce  XV  ZiWh  a  lRW  Rf                    

iQVighWfXl   cRPPeQWV   aQd   XVefXl   TXeVWiRQV.     

MRUeRYeU,  P\  ViQceUe  WhaQkV  alVR  gReV  WR  MiVV  PadWaUaSRUQ  ChaQhRP,  MU.  ChRQQaYee              

MaQiSXQWee  aQd  all  VWaff  PePbeUV  ZhR  aUe  Whe  VeQiRU  PePbeUV  iQ  RXU  adYiVRU  SURjecW¶V  labRUaWRU\,                 

fRU  giYiQg  XV  ZiWh  fRQd  gUeeWiQgV,  VXSSRUWiQg,  WeachiQg  aQd  eQcRXUagiQg,  all  Whe  WhiQgV  WhaW  Ze  cRXld                  

QRW   fiQd   aQd   WhiV   PRPeQW   ZRXld   hRld   iQ   RXU   PePRU\   fRUeYeU.   

LaVWl\,  Ze  aUe  e[WUePel\  gUaWefXl  WR  RXU  SaUeQWV  ZhR  alZa\V  eQcRXUage  aQd  SURYide  XV  ZiWh                 

eYeU\WhiQg  WhaW  Ze  cRXld  QRW  fiQd  aQ\  ZRUdV  WR  e[SUeVV  WhiV  feeliQg,  bXW  Ze  kQRZ  XQcRQdiWiRQal                  

VXSSRUW   fURP   WheP.   SR,   ZiWhRXW   WheP   Ze   defiQiWel\   cRXld   QRW   fiQiVh   WhiV   SURjecW   fRU   VXUe.     
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1250TS37.5F_EWOH   RU   SaPSle   D           1250   ȝL   Rf   TiWaQia   (TBOT)   -   37.5   ȝL   Rf   Vilica   (TEOS)   -   

                                      0.1   g   Rf   PagQeWiWe/   IURQ   R[ide   iQ   eWhaQRl   VRlYeQW   

1250TS150F_EWOH   RU   SaPSle   E       1250   ȝL   Rf   TiWaQia   (TBOT)   -   150   ȝL   Rf   Vilica   (TEOS)   -   

                                             0.1   g   Rf   PagQeWiWe/   IURQ   R[ide   iQ   eWhaQRl   VRlYeQW   

1250TS600F_EWOH   RU   SaPSle   F       1250   ȝL   Rf   TiWaQia   (TBOT)   -   600   ȝL   Rf   Vilica   (TEOS)   -   

                                             0.1   g   Rf   PagQeWiWe/   IURQ   R[ide   iQ   eWhaQRl   VRlYeQW   

1250TS900F_EWOH   RU   SaPSle   G           1250   ȝL   Rf   TiWaQia   (TBOT)   -   900   ȝL   Rf   Vilica   (TEOS)   -   

                                            0.1   g   Rf   PagQeWiWe/   IURQ   R[ide   iQ   eWhaQRl   VRlYeQW   

1250TiWaQia_EWOH   RU   SaPSle   H             1250   ȝL   Rf   TiWaQia   (TBOT)   iQ   eWhaQRl   VRlYeQW   

NPV     NaQRSaUWicleV   

XRD            X-Ua\   diffUacWiRQ   

TEM                TUaQVPiVViRQ   ElecWURQ   MicURVcRSe/MicURVcRS\   

SEM                ScaQQiQg   ElecWURQ   MicURVcRSe/MicURVcRS\   

EDX                EQeUg\-diVSeUViYe   X-Ua\     

UVA                UlWUaYiRleW   A-Ua\V   

CTAB               CeW\l   TUiPeWh\l   APPRQiXP   BURPide   

RPM               ReYRlXWiRQV   SeU   PiQXWe   

SH               PRWeQWial   Rf   h\dURgeQ   

�L                 MicURliWeU     

℃               CelViXV     

g               GUaP   

  



XI   

Pg               MilligUaP   

PL               MilliliWeU   

PiQ               MiQXWe   

h               HRXU   

kV               KilRYRlW   

PA               MilliaPSeUe   

W               WaWW   

SSP                                                        PaUW   PeU   MilliRQ   

CFU               CRlRQ\-fRUPiQg   XQiWV   

ROS     ReacWiYe   R[\geQ   VSecieV     

CXTCPP-TSI                 CRSSeU   (II)WeWUa   (4-   caUbR[\SheQ\l)SRUSh\UiQ-VeQViWi]ed   

  WiWaQia-Vilica-iURQ   R[ide   QaQRcRPSRViWeV     
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    ChaSWeU   1   
InWUodXcWion   

  
1.1   Introduction   to   the   research   problem   and   significance   

 The  SUeVeQce  Rf  bacWeUial  iQfecWiRQ  fURP   EVcKHULcKLa  cROL  (E.  cROL)  caXVeV  PaQ\  iQfiUPiW\               

V\PSWRPV  iQ  hXPaQV  fRU  iQVWaQce  cUaPSV,  diaUUhea,  QaXVea,  eWc.  [2] .  AccRUdiQg  WR  Whe  WRUld  HealWh                 

OUgaQi]aWiRQ  (WHO),  WheUe  ZeUe  RYeU  1  PilliRQ  Rf  Whe  SRSXlaWiRQ  iQ  Whe  ZRUld  dXUiQg  2010  geWWiQg                  

iQfecWiRQV  fURP  fRRdbRUQe  Shiga  WR[iQ-SURdXciQg  EVcKHULcKLa  cROL   (STEC),  aQd  PRUe  WhaQ  100  Rf               

SeRSle  ZeUe  died  fURP  WhiV   E.  cROL .   E.  cROL  RfWeQ  cRQWaPiQaWeV  Whe  fRRd  aQd  kQRZQ  aV  fRRdbRUQe                   

iQfecWiRQ   [3] ,  aQd  iW  caQ  aSSeaU  iQ  UXPiQaQW  VRXUceV  iQclXdiQg  caWWle,  VheeS,  gRaWV  aQd  deeU.                 

EVSeciall\   beef,   iW   iV   RfWeQ   fRXQd   40%   Rf   STEC   cRQWaPiQaWiRQ   iQ   APeUicaQ   cXiViQe    [4] .   

FXUWheUPRUe,  WheUe  ZeUe  aQRWheU  iPSRUWaQW  iQcideQW  iQ  EXURSe  iQ  2011  ZheUe  a  laUge  QXPbeU                

Rf  GeUPaQ  SRSXlaWiRQV  ZeUe  iQfecWed  fURP  YeURc\WRWR[iQ  Zhich  ZeUe  SURdXced  fURP   E.  cROL  caXViQg                

Whe  diVeaVe  Rf  blRRd\  diaUUhea  aQd  hePRl\Wic  XUePic  V\QdURPe  (HUS).  AlVR,  SRSXlaWiRQV  iQ  RWheU                

cRXQWUieV   iQ   EXURSe   aQd   NRUWh   APeUica   ZeUe   alVR   iQflecWed   aV   Zell    [5] .     

TiWaQia  RU  WiWaQiXP  R[ide  (TiO 2 )  haV  abiliW\  RQ  ShRWRcaWal\Wic  acWiYiWieV  fRU  bacWeUial  effecW,  iW                

caQ  be  XVed  aV  aQWibacWeUial  PaWeUial  fRU  killiQg   E.  cROL .  IQ  WeUPV  Rf  Pedical  aSSlicaWiRQ,  WiWaQia                  

becRPeV  Whe  PRVW  iQWeUeVWed  ShRWRcaWal\VW  WhaW  XWili]eV  XlWUaYiRleW  lighW  WR  acWiYaWe  bacWeUicidal              

acWiYiWieV   [6] .  TiWaQia  QRW  RQl\  haV  aQ  e[celleQW  abiliW\  Rf  ShRWRcaWal\VW,  bXW  iW  alVR  SUeVeQWV  a  lRW  Rf                    

iWV  adYaQced  SURSeUWieV  VXch  aV  lRZ  cRVW,  high  chePical  VWabiliW\,  QRQ-WR[iciW\  aQd  UeViVWaQce  WR                

RWheU   chePicalV    [2] .     

FXUWheUPRUe,  Whe  ShRWRcaWal\ViV  Rf  WiWaQia  haV  beeQ  UeSRUWed  WR  be  a  XVefXl  WRRl  fRU                

ZaVWeZaWeU  WUeaWPeQW  V\VWePV  aV  Zell   [7] .  AccRUdiQg  WR  Whe  VWXdieV,  15  SeUceQW  Rf  Whe  V\QWheWic  d\eV                  

fURP  Whe  iQdXVWUial  acWiYiW\  like  PeWh\leQe  blXe(MB)  aUe  eVcaSed  fURP  Whe  iQdXVWUiali]e  aUeaV  iQWR                

Whe  aTXaWic  eQYiURQPeQW   [8]  aV  WheVe  chePical  VXbVWaQceV  cRQWaPiQaWed  Whe  ZaWeU  VRXUce,  iW  Zill  alVR                 

fXUWheU  flRZ  iQWR  Whe  VXUface  ZaWeU,  gURXQdZaWeU  aQd  PighW  be  able  WR  cRQWaPiQaWe  dUiQkiQg  ZaWeU                 

[8,  9] .  SiQce  WiWaQia  ShRWRcaWal\ViV  iV  aQ  effecWiYe  PeWhRd  fRU  aSSl\iQg  ZaVWeZaWeU  WUeaWPeQW  b\                

SURdXciQg  UeacWiYe  R[\geQ  VSecieV  (ROS)  aV  VWURQg  R[idaQWV  WhaW  caQ  R[idi]e  RUgaQic  cRPSRXQdV               

iQWR   biRdegUadable   fRUPV   ZiWh   laVWl\   fRUPaWiRQ   Rf   a   ViPSleU   SURdXcW.    [10].     

HRZeYeU,  aV  WiWaQia  iV  iQVRlXble  iQ  ZaWeU  Zhich  RbVWUXcW  WR  VeSaUaWe  aQd  UecRYeU  WiWaQia  fURP                 

Whe  aTXeRXV  VRlXWiRQ.  ThXV,  iQ  SUeYiRXV  VWXdieV  b\  RXU  gURXS   [1,  11] ,  PagQeWic  QaQRSaUWicleV  ZeUe                 

aSSlied  WR  faciliWaWe  Whe  VeSaUaWiRQ  SURceVV  b\  beiQg  iQVeUWed  aV  a  cRUe  la\eU  fRU  UeVSRQdiQg  ZiWh  a                   
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PagQeWic  field.  APRQg  PagQeWic  PaWeUialV,  iURQ  R[ide  ZaV  VelecWed  aV  Whe  PRVW  VXiWable  PaWeUial  WR                 

XVe  fRU  WhiV  caVe  becaXVe  iW  iV  gRRd  fRU  biQdiQg  ZiWh  aQWibiRWicV,  e[celleQW  RQ  biRdegUadabiliW\,  aQd                  

eaV\  WR  SUeSaUe   [12] .  MRUeRYeU,  WheUe  ZaV  a  QegaWiYe  effecW  RQ  ShRWRcaWal\Wic  acWiYiWieV  fURP  Whe                 

iQWeUacWiRQ  beWZeeQ  WiWaQia  aQd  PagQeWic  eQcRXUagiQg  Whe  UecRPbiQaWiRQ  Rf  ShRWRgeQeUaWed            

elecWURQ-hRle  SaiUV  aQd  lRZeUiQg  Whe  efficieQc\  WR  ShRWRcaWal\ViV.  IQ  RUdeU  WR  VRlYe  WhiV  SURbleP,                

Vilica  ZaV  iQVeUWed  aV  aQ  iQWeUla\eU  beWZeeQ  iURQ  R[ide  aQd  WiWaQia  dXe  WR  Whe  laUge  baQd  gaS  Rf  Vilica,                     

aQd   eQhaQcePeQW   iQ   Whe   ShRWRcaWal\Wic   acWiYiW\   ZaV   RbVeUYed    [11] .   

IQ  Whe  SUeYiRXV  UeSRUW  fURP  RXU  UeVeaUch  gURXS,  Whe  abiliW\  Rf  ShRWRcaWal\VW  fRU  bacWeUicidal                

acWiYiWieV  Rf  WiWaQia-Vilica-PagQeWiWe  QaQRcRPSRViWeV  ZaV  VhRZQ  ZiWh  SURPiViQg  UeVXlWV,  bXW            

XQfRUWXQaWel\  iW  ZaV  able  WR  SURdXce  iQ  jXVW  a  VPall  (PilligUaP)  Vcale  aQd  ZaV  difficXlW  WR  haQdle   [1,                    

11].  TheUefRUe,  WhiV  SURjecW  ZaV  cRQdXcWed  ZiWh  a  QeZ  V\QWheViV  PeWhRd  fRU  fXlfilliQg  fXWXUe  Ueal                 

aSSlicaWiRQV  Rf  laUge-Vcale  SURdXcWiRQ  bXW  PaiQWaiQ  Whe  VaPe  cRPSRViWiRQ  b\  deVigQiQg  Whe  SURceVV               

WR  Ueach  a  gUaP-Vcale  SURdXcWiRQ.  IQ  WhiV  UeSRUW,  Whe  QaQRcRPSRViWeV  Rf  PagQeWic  cRUe  cRYeUed  b\                 

WiWaQia  Vhell  ZiWh  Vilica  aV  aQ  iQWeUla\eU  (Fe 3 O 4 @SiO 2 @TiO 2 )  ZaV  V\QWheVi]ed  XViQg  cR-SUeciSiWaWiRQ              

aQd  UeYeUVe  PicURePXlViRQ  PeWhRdV.  The  QaQRcRPSRViWeV  ZiWh  YaU\iQg  aPRXQWV  Rf  Vilica  iQWeUla\eU              

ZeUe  iQYeVWigaWed  aV  ShRWRcaWal\VW  ZiWh  a  PagQeWicall\  VeSaUable  SURSeUW\  baVed  RQ  WheiU              

ShRWRcaWal\Wic  efficieQc\  iQ  degUadiQg  Whe  PeWh\leQe  blXe  (MB).  The  beVW  SeUfRUPaQce             

QaQRcRPSRViWeV   ZeUe   fXUWheU   iQYeVWigaWed   fRU   bacWeUicidal   acWiYiWieV   XViQg    E.   cROL    aV   a   PRdel.     

  
1.2   Research   objectiYes   

ThiV  SURjecW  aiPV  WR  V\QWheVi]e  aQd  chaUacWeUi]e  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV,            

aV  Zell  aV,  WR  VWXd\  WheiU  bacWeUicidal  acWiYiWieV  WRZaUd   E.  cROL  baVed  RQ  WheiU  ShRWRcaWal\Wic                 

efficieQc\.   TheUefRUe,   iQ   RUdeU   WR   achieYe   WhiV   SURjecW,   WheUe   aUe   fRllRZiQg   RbjecWiYeV:   

1.   TR   V\QWheVi]e   TiWaQia-Silica-IURQ   R[ide   QaQRcRPSRViWeV   iQ   a   gUaP   -   Vcale   

2.  TR  ideQWif\  Whe  PRVW  VXiWable  WhickQeVV  Rf  Whe  Vilica  Rf  Whe  QaQRcRPSRViWeV  baVed  RQ  WheiU                  

ShRWRcaWal\Wic   acWiYiW\     

3.  TR  iQYeVWigaWe  Whe  iQWeUacWiRQ  Rf  Whe  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV  ZiWh             

bacWeUial   cellV     
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1.3   Literature   search   

  
1.3.1   Magnetic   nanoparticles   

MagQeWic  QaQRSaUWicleV  aUe  QaQRPaWeUialV  WhaW  e[SUeVV  cRPPRQ  chaUacWeUiVWicV  iQ  WeUPV  Rf             

QaQRSaUWicleV  bXW  alVR  PagQeWic  SURSeUWieV  aV  Zell.  NRZada\V,  WheUe  aUe  W\Sicall\  WhUee  fRUPV  Rf                

PagQeWic  QaQRSaUWicle  WhaW  aUe  cRPPRQl\  XVed  iQclXdiQg  PeWal,  PeWal  R[ide,  aQd  PeWal  allR\.  TheVe                

PagQeWic  QaQRSaUWicleV  SURYide  PaQ\  iPSRUWaQW  adYaQWageV  RQ  XQiTXe  Vi]e  aQd  Sh\VicRchePical             

SURSeUW\  deSeQdiQg  RQ  YaUiRXV  aSSlicaWiRQV  iQclXdiQg  biRWechQRlRg\,  biRPedical,  PaWeUial  VcieQce,            

eQgiQeeUiQg,  aQd  eQYiURQPeQWal  aUeaV.  TheUe  aUe  PaQ\  beQefiWV  fURP  Whe  SURSeUWieV  Rf  PagQeWic               

QaQRSaUWicleV  iQclXdiQg  Whe  VXUface  effecW,  e[celleQW  biRcRPSaWibiliW\,  VXSeUSaUaPagQeWiVP,  WXPRXU           

WheUPRWheUaS\,  aQd  abiliW\  Rf  PagQeWic  VeSaUaWiRQ   [12] .  AV  PagQeWic  QaQRSaUWicleV  iQ  ZheWheU  fRUP               

Rf  baUe  aQd  PRdif\iQg  VXUface  aUe  SUeVeQW  iQ  WeUPV  Rf  VXSeUSaUaPagQeWic  Zhich  iV  eVSeciall\                

aSSURSUiaWe  WR  XVe  iQ  Pedical  aSSlicaWiRQV  dXe  WR  WheiU  e[celleQW  biRcRPSaWibiliW\   [12,  13] .               

PaUWicXlaUl\,  VXSeUPagQeWic  iURQ  R[ide  QaQRSaUWicleV  haYe  beeQ  Zidel\  XWili]ed  aPRQg  diagQRViV             

UeVeaUch   Rf   biRPedical   fieldV   VXch   aV   aQWibacWeUial   acWiYiW\   aV   Zell    [12,   14] .   

  

1.3.2   Iron   o[ide   nanoparticles   

IURQ  R[ide  QaQRSaUWicleV  aUe  iQRUgaQic  QaQRSaUWicleV  Zhich  cRQViVW  Rf  PaghePiWe  (Ȗ-Fe 2 O 3 )             

aQd/RU  PagQeWiWe  (Fe 3 O 4 )  SaUWicleV  ZiWh  Whe  diPeQViRQ  UaQgiQg  beWZeeQ  1  WR  100  QP.  IQ                

QaQRSaUWicleV,  Vi]e  aQd  VhaSe  aUe  cUiWicall\  iPSRUWaQW  aV  iW  cRUUelaWeV  ZiWh  PaQXfacWXUeV,  SURceVViQg,               

aQd  aSSlicaWiRQV  Rf  PaWeUialV  RZiQg  WR  Whe  PRUe  VXUface  aUea  caXViQg  higheU  biQdiQg  caSaciW\  aQd                

beWWeU   diVSeUVibiliW\   Rf   QaQRSaUWicleV   iQ   VRlXWiRQV    [15] .     

  

1.3.2.1   Applications     

MRVWl\,  iURQ  R[ide  QaQRSaUWicleV  aUe  cRQVideUed  WR  be  Whe  PRVW  VigQificaQW  XVefXlQeVV  iQ               

biRPedical  aSSlicaWiRQ  iQclXdiQg  cell  VeSaUaWiRQ  aQd  deWecWiRQ,  WaUgeWed  dUXg  deliYeU\,  aQd  PagQeWic              

UeVRQaQce  iPagiQg   [16] .  NRZada\V,  PaQ\  UeVeaUcheUV  VWill  ZRUk  RQ  WheiU  cliQical  iQYeVWigaWiRQ  Rf               

MRI  aV  WheUaSeXWic  QaQRPediciQe  fRU  caQceU  WUeaWPeQW  b\  iPSURYiQg  dUXg  acWiYiW\  iQ  cRPbiQaWiRQ               

WheUaS\   beWZeeQ   iURQ   R[ide   QaQRSaUWicle   aQd   chePRWheUaSeXWic   dUXgV    [17] .     

  

 1.3.2.2   Properties   

The  VSecial  SURSeUW\  Rf  iURQ  R[ide  QaQRSaUWicle  Sla\V  PaQ\  iPSRUWaQW  URleV  iQclXdiQg  lRZ               

cRVW  Rf  SURdXcWiRQ,  QRQ-WR[iciW\  WR  eQYiURQPeQW,  VWabiliW\,  cRPSaWibiliW\,  e[celleQW  biRdegUadabiliW\,            
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lRZ  c\WRWR[iciW\,  haYiQg  caSabiliW\  fRU  PRdif\iQg  ZiWh  PXlWiSle  VXbVWaQceV,  haYiQg  caSabiliW\  fRU              

biQdiQg   ZiWh   PXlWiSle   aQWibRdieV,   aQd   eaVe   fRU   SUeSaUaWiRQ    [12,   17] .     

  

1.3.3   Titania   

TiWaQia  (TiO 2 ,  WiWaQiXP  R[ide  RU  WiWaQiXP  diR[ide)  iV  ZhiWe  iQRUgaQic  cRPSRXQd,  Zhich  iV               

QRUPall\  Pade  Rf  ilPeQiWe,  UXWile,  aQd  aQaWaVe  PiQeUalV   [18] .  TiWaQia  aUe  Whe  PRVW  VWable  cU\VWalliQe                 

fRUPV,  aW  high  WePSeUaWXUe  RYeU  915  ℃  aQaWaVe  caQ  chaQge  WR  WiWaQia  fRUP   [19] .  TiWaQia  iV  YeU\                   

VigQificaQW  fRU  iQdXVWUial  aQd  dail\  life  aSSlicaWiRQV  iQclXdiQg  ShRWRcaWal\Wic  eQYiURQPeQWal            

UePediaWiRQ  SURcedXUeV,  gaV  VeQVRUV,  SigPeQWV  iQ  SaiQW,  bacWeUial  decRQWaPiQaWiRQ,  aQd  cleaQiQg            

ageQW   cRPSRQeQWV    [2,   18] .     

AV  WiWaQia  QaQRSaUWicleV  haYe  gRRd  abiliW\  RQ  WheiU  ShRWRcaWal\Wic  acWiYiWieV  dXe  WR              

iQe[SeQViYe,  high  chePical  VWabiliW\,  QRQ-WR[iciW\,  iQVRlXbiliW\  iQ  ZaWeU,  aQd  UeViVWaQce  WR  RWheU              

chePicalV   [2] .  TiWaQia  ShRWRcaWal\ViV  cRXld  SURdXce  aTXeRXV  UeacWiYe  R[\geQ  VSecieV  fURP             

XlWUaYiRleW  lighW  VXch  aV  h\dURgeQ  SeUR[ide,  SeUR[\l  UadicalV,  VXSeUR[ide  aQd  h\dUR[\l  UadicalV              

(FigXUe   1)    [20] .    

Figure   1.    The   VchePe   VhRZiQg   P echaQiVP   Rf   UeacWiYe   R[\geQ   VSecieV   (ROS)   RQ   Whe   WiWaQia   VXUface   

XQdeU   lighW   iUUadiaWiRQ     

AccRUdiQg  WR  aQWibacWeUial  SURSeUWieV,  ShRWRcaWal\Wic  WiWaQia  SURYideV  a  lRW  Rf  beQefiWV  iQ              

WeUPV  Rf  aQWibacWeUial.  FiUVWl\,  WiWaQia  haV  a  Zide  UaQge  VSecWUXP  fRU  bacWeUicidal  acWiYiW\  Rf                

GUaP-QegaWiYe  aQd  GUaP-SRViWiYe  bacWeUia,  fXQgi,  aQd  PXlWidUXg  UeViVWaQW  VWUaiWV.  SecRQdl\,  WiWaQia            

iV  eQYiURQPeQWal  VafeW\  ViQce  WheUe  iV  QR  WR[ic  effecW  iQWR  Whe  cRPPXQiW\.  LaVWl\,  WiWaQia  QaQRSaUWicle                 

cRaWiQg  ZRUkV  Zell  fRU  WhiV  caVe.  The  bacWeUicidal  acWiYiW\  fURP  WiWaQia  caQ  be  acWiYaWed  ZheQ                 

ShRWRe[ciWaWiRQ  XSRQ  e[SRVXUe  WR  UVA  UadiaWiRQ  iQ  a  UaQge  beWZeeQ  320  -  400  QP,  Zhich  UeVXlWV  iQ                   

Whe  SURdXcWiRQ  Rf  e[WUePe  WR[ic  UeacWiYe  R[\geQ  VSecieV  (ROS),  eVSeciall\  VXSeUR[ide  aQiRQ  aQd               
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h\dUR[\l  UadicalV.  ROS  aUe  aQ  iPSRUWaQW  facWRU  fRU  killiQg  bacWeUia  aV  iW  geQeUaWeV  a  VWURQg  R[idaWiYe                 

cell  daPage,  Zhich  caXVeV  Whe  leakage  aQd  deVWUXcWiRQ  Rf  iQWeUcellXlaU  cRQWiQeQWV  iQ  Whe  cell   [6,  21] .                  

FRU  iQVWaQce,  iQhibiWiRQ  Rf  cellXlaU  UeVSiUaWiRQ  b\  deVWUXcWiRQ  Rf  cReQ]\Pe  A  iQ  cell  PePbUaQe  fURP                 

ROS  effecW,  alVR  aQRWheU  Whe  diVUXSWiRQ  Rf  cellXlaU  PeWabRliVP  b\  Whe  effecW  fURP  SURdXciQg                

h\dURgeQ  SeUR[ide   [6] .  TheUefRUe,  Whe  ShRWRcaWal\Wic  WiWaQia  caQ  be  SURYed  WR  be  aQ  efficieQW  PeWhRd                 

fRU   bacWeUicidal   effecW.   

OQ  Whe  RWheU  haQd,  WiWaQia  alVR  haV  VRPe  diVadYaQWageV  dXe  WR  difficXlW\  WR  VeSaUaWe  aQd                 

UecRYeU  fURP  aTXeRXV  VRlXWiRQ   [11] .  TR  VRlYe  WhiV  SURbleP,  cRaWiQg  WiWaQia  SaUWicleV  RQ  Whe  PagQeWic                 

VXUface  caQ  lead  WR  a  PagQeWic  VeSaUaWiRQ.  HRZeYeU,  deSRViWed  PeWal  R[ideV  RQ  WiWaQia  VXUface  cRXld                 

UedXce  ShRWRcaWal\Wic  SeUfRUPaQce  dXe  WR  aQ  elecWURQ  WUaS  iQdXciQg  elecWURQ-hRle  UecRPbiQaWiRQ.  IQ              

RUdeU  WR  SUeYeQW  elecWURQ-hRle  UecRPbiQaWiRQ,  Zhich  e[WeQdV  elecWURQ  aQd  hRle  iQ  UedR[  UeacWiRQ,               

iQVeUWiQg  VRPe  iQWeUla\eUV  beWZeeQ  Whe  WZR  PaWeUialV  ZeUe  UeSRUWed  WR  helS  eQhaQce  ShRWRcaWal\Wic               

acWiYiW\    [6,   11] .     

  

1.3.4   Silica     

 Silica  RU  VilicRQ  diR[ide  (SiO 2 )  iV  a  QaWXUal  cRPSRXQd  Rf  VilicRQ  aQd  R[\geQ  Zhich  haV  WhUee                   

PaiQ  cU\VWalliQe  ShaVeV  iQclXdiQg  TXaUW],  WUid\PiWe  aQd  cUiVWRbaliWe   [22] .  DXe  WR  Whe  WheUPal  VWabiliW\                

aQd  chePical  iQeUWQeVV  Rf  Vilica,  iW  iV  RQe  Rf  Whe  PRVW  cRPPRQl\  XVed  VXSSRUW  PaWeUialV  iQ  caWal\ViV                   

[23] .  AlVR,  Vilica  haV  a  laUge  baQd  gaS,  e[hibiWV  high  WheUPal  aQd  chePical  VWabiliW\  aQd  haV  lRZ                   

WR[iciW\    [24] .     

  

1.3.5   Titania-Silica-Iron   o[ide   nanocomposites   

Fig2ure   2.    BaQd   edge   SRViWiRQV   Rf   PagQeWiWe,   Vilica   aQd   WiWaQia    [1]   
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OZiQg  WR  Whe  laUge  baQd  gaS  Rf  VilicRQ  diR[ide,  iW  caQ  acW  aV  a  gRRd  iQVXlaWiQg  la\eU,  VR                    

iQVeUWiQg  a  Vilica  la\eU  iQ  beWZeeQ  iURQ  R[ide  aQd  WiWaQia  la\eU  UeYealed  a  VeUiRXVl\  higheU  iQ                  

ShRWRcaWal\Wic  acWiYiWieV.  The  higheU  iQ  ShRWRcaWal\Wic  acWiYiWieV  dXe  WR  Whe  facW  WhaW  Whe  la\eU  Rf  Vilica                  

SUeYeQWV  Whe  elecWURQV  WUaQVfeU  beWZeeQ  WiWaQia  aQd  iURQ  R[ide,  aQd  UedXceV  Whe  elecWURQ  aQd  hRle                 

UecRPbiQaWiRQ  caXVed  ZheQ  WZR  RU  PRUe  VePicRQdXcWRUV  aUe  diUecWl\  cRQWacW,  iQ  WhiV  caVe  WiWaQia                

aQd   iURQ   R[ide,   aV   caQ   be   RbVeUYed   iQ   FigXUe   2    [2,   25] .   

  

1.3.6    EVcheUichia   cROi    ( E.   cROi )   

 EVcKHULcKLa  cROL   ( E.  cROL )   iV  a  bacWeUiXP  WhaW  iV  PRVWl\  fRXQd  iQ  Whe  gXW  Rf  hXPaQ  aQd                   

ZaUP-blRRded  aQiPalV,  bXW  iW  iV  QRUPall\  haUPleVV  WR  hXPaQV.  HRZeYeU,  XQdeU  VRPe  cRQdiWiRQV,               

Whe  bacWeUia  caQ  caXVe  VRPe  healWh  SURblePV.  FRU  iQVWaQce,  fRRdbRUQe  diVeaVe  iV  a  diVeaVe  caXVed  b\                  

iQfecWiRQ  Rf  Shiga  WR[iQ  fURP  E.  cRli  O157:H7  (STEC).  IW  caQ  be  WUaQVPiWWed  iQWR  hXPaQV  diUecWl\                  

WhURXgh  fRRd  cRQWaPiQaWiRQ  VXch  aV  UaZ  PeaW  SURdXcWV,  UaZ  Pilk,  XQcleaQ  UaZ  YegeWableV  aQd                

fUXiWV.  STEC  caQ  PaWXUe  iQ  WePSeUaWXUeV  UaQgiQg  fURP  7  �C  WR  50  �C,  bXW  Whe  RSWiPXP  WePSeUaWXUe                   

WhaW   Whe\   faYRU   WR   gURZ   iV   37   �C    [3] .     

  

1.3.6.1   Properties   

 E.  cROL  iV  claVVified  iQWR  Whe  gURXS  Rf   EQWHURbacWHULacHaH  Zhich  iV  diYided  iQWR  Vi[  VSecieV                 

cRPSRVed  Rf   E.   cROL,  E.  aObHUWLL,  E.  bOaWWaH,  E.  IHUJXVRQLL,  E.  KHUPaQQLL ,  aQd   E.  YXOQHULV.   AccRUdiQg                  

WR  WheiU  PRUShRlRg\,   E.  cROL  aUe  W\Sicall\  GUaP  -  QegaWiYe  bacWeUia  WhaW  haYe  VhRUW  URd-VhaSe  ZiWh                  

Whe  Vi]e  aW  0.5  �P     1-3  �P,  Zhich  deSeQd  RQ  WheiU  diffeUeQW  Rf  cRccRid  VhaSe  aQd  lRQg  filaPeQWRXV                     

fRUPV.  The\  caQ  be  aSSeaUed  WR  be  iQ  a  ViQgle,  SaiU,  RU  iQ  a  VhRUW  chaiQ  alRQg  ZiWh  QRQ-VSRUe  fRUP.                      

The\   XVe   SeUiWUichRXV   fRU   helSiQg   WheiU   PRYePeQW    [26] .     

  

1.3.6.2   S\mptoms   

The  V\PSWRPV  Rf  Whe  diVeaVe  WhaW  RccXU  fURP   E.  cROL  iV  caXVed  b\  Whe  iQfecWiRQ  fURP  STEC                   

iQclXdiQg  abdRPiQal  cUaPSV  aQd  diaUUhRea.  BlRRd\  diaUUhRea  (hePRUUhagic  cRliWiV)  Pa\  alVR  be              

aQRWheU  V\PSWRP  if  iQ  caVe  ZheQ  Whe  V\PSWRPV  aUe  iQ  Whe  SURgUeVV.  FeYeU  aQd  YRPiWiQg  alVR  VhRZ                   

V\PSWRPV  iQ  WhiV  diVeaVe  aV  Zell.  HRZeYeU,  Whe  iQflecWiRQ  Rf  STEC  caQ  caXVe  a  life-WhUeaWeQiQg                 

diVeaVe  fRU  iQVWaQce  haePRl\Wic  XUaePic  V\QdURPe  (HUS).  TheUe  aUe  25%  Rf  HUS  SaWieQWV  caQ  geW                 

effecWV  RQ  WheiU  QeXURlRgical  cRPSlicaWiRQ,  aQd  aQRWheU  50%  Rf  HUS  VXUYiYRUV  caQ  gaiQ  Vide  effecWV                 

RQ   WheiU   chURQic   UeQal   VeTXelae    [3] .     
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1.3.6.3   Sources   and   transmission   

MRVWl\,  Whe  PaiQ  UeVeUYRiU  Rf  WhiV  STEC  cRPeV  fURP  aQiPalV,  eVSeciall\  UXPiQaQW  aQiPalV               

VXch  aV  caWWle,  gRaWV,  aQd  VheeS   [27] .  MRUeRYeU,  WheUe  aUe  alVR  fRXQd  iQ  VRPe  RWheU  PaPPalV  aQd                   

biUdV.  TheQ  ZheQ  hXPaQV  cRQVXPe  WheVe  aQiPal  W\SeV  aV  cRQWaPiQaWiRQ  fRRd,  STEC  Zill  be  QRZ                 

WUaQVPiWWed  iQWR  hXPaQV.  IQ  addiWiRQ,  dXUiQg  cXlWiYaWiRQ,  YegeWableV  aQd  fUXiWV  caQ  geW  cRQWaPiQaWiRQ               

fURP  STEC  b\  cRQWacW  ZiWh  aQiPalV'  feceV  aV  Zell.  HRZeYeU,  STEC  caQ  be  alVR  WUaQVPiWWed  b\                  

iQfecWiQg   beWZeeQ   hXPaQ   WR   hXPaQ   Yia   RUal   aQd   faUce   Za\V    [3] .     

  

1.3.6.4   Treatment   

AQWibiRWicV  caQ  be  XWili]ed  WR  WUeaW   E.  cROL   iQfecWiRQ  aV  iW  iV  Whe  effecWiYe  PeWhRd  WR  iQhibiW  Whe                    

gURZWh  Rf   E.  cROL .  MRVWl\,  Whe  cRPPRQ  aQWibiRWic  ageQWV  fRU  WUeaWiQg   E.  cROL  iQfecWiRQ  cRQViVW  Rf                  

ȕ-lacWaPV,  flXRURTXiQRlRQeV,  aPiQRgl\cRVideV  aQd  WUiPeWhRSUiP-VXlfaPeWhR[a]Rle.  EVSeciall\        

ȕ-lacWaPV  aQWibiRWicV  aUe  Whe  PRVW  cUXcial  dUXg  claVV  fRU  aSSl\iQg  iQ  WhiV  caVe   [26] .  HRZeYeU,                 

aQWibiRWicV  caQ  be  XVed  ZheQ  Whe  V\PSWRPV  aUe  QRW  WRR  haUVh.  HRZeYeU,  ZheQ  Whe  V\PSWRP  iV                  

e[SUeVVed  ZiWh  feYeU  aQd  blRRd\  diaUUhea,  aQWibiRWicV  VhRXld  QRW  be  allRZed  WR  be  XVed  becaXVe  Rf                  

iQcUeaViQg   Whe   Shiga   WR[iQ   SURdXcWiRQ    [28] .     
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    ChaSWeU   2   
E[SeUimenWal     

  
2.1   List   of   Equipment   and   Instrument   

2.1.1   X-ra\   Electron   Diffraction   (XRD)   

X-Ua\  elecWURQ  diffUacWiRQ  (XRD)  iV  a  cRPPRQ  WechQiTXe  WhaW  iV  XVed  fRU  chaUacWeUi]aWiRQ  Rf                

cRUe-Vhell  QaQRSaUWicleV,  Zhich  iV  kQRZQ  aV  cU\VWalliQe  VWUXcWXUe  Rf  PaWeUialV   [29] .  The  X-Ua\               

diffUacWiRQ  SaWWeUQ  iV  geQeUaWed  b\  cRQVWUXcWiYe  iQWeUfeUeQce  Rf  a  PRQRchURPaWic  beaP  Rf  X-Ua\V  aV                

iW  ZaV  VcaWWeUed  fURP  Whe  VeW  Rf  laWWice  SlaQeV  Rf  VaPSle  aW  each  VSecific  aQgle.  TheUefRUe,  Whe                   

cRheUeQW  VcaWWeUiQg  Rf  ShRWRQV  fRUPiQg  X-Ua\  beaPV  helSV  WR  iQWeUSUeW  Whe  iQfRUPaWiRQ  RQ  Whe                

cU\VWalliQe  VWUXcWXUe  Rf  Whe  VaPSle  iQclXdiQg  VWUXcWXUeV,  ShaVeV,  We[WXUe,  aQd  RWheU  VWUXcWXUal              

SaUaPeWeUV.  MRUeRYeU,  XRD  alVR  SURYideV  Whe  Seak  iQWeQViWieV  b\  diVWUibXWiRQ  Rf  aWRPV  iQ  Whe                

laWWiceV   [30] .  AccRUdiQg  WR  WhiV  e[SeUiPeQW,  XRD  ZaV  XVed  WR  defiQe  Whe  cU\VWalliQiW\  aQd  Whe                 

VWUXcWXUal  chePical  cRPSRViWiRQV  Rf  Whe  PaWeUial  cRUUelaWe  ZiWh  Whe  UefeUeQce  SeakV  fURP  Whe               

daWabaVe.   

  

2.1.2   Scanning   Electron   Microscop\   (SEM)   

 ScaQQiQg  elecWURQ  PicURVcRS\  (SEM)  iV  a  W\Se  Rf  elecWURQ  PicURVcRSe.  IW  iV  XWili]ed  fRU                

chaUacWeUi]iQg  Whe  PaWeUial  fURP  QaQRPeWeU  WR  PicURPeWeU  Vi]e  Zhich  caQ  be  VcaQQed  aQd  giYeV  RXW                 

aQ  iPage  Rf  a  VaPSle  b\  beaP  Rf  elecWURQV.  WheQ  Whe  elecWURQV  iQWeUacW  ZiWh  aWRPV  iQ  Whe  VXUface                    

UegiRQ  Rf  Whe  VaPSle,  iW  Zill  geQeUaWe  VRPe  VigQal  aV  VecRQdaU\  elecWURQV  iQ  Whe  cRPSRViWe.  The                  

iQWeQViW\  Rf  VecRQdaU\  elecWURQV  Zill  be  XVed  WR  cRPSaUe  ZiWh  Whe  VcaQQed  elecWURQ  beaP  WhaW                 

e[SUeVVeV  Whe  iPage  Rf  Whe  cRPSRViWiRQ  aQd  VXUface  WRSRgUaSh\  Rf  Whe  VaPSle   [31] .  IQ  WhiV                 

e[SeUiPeQW,  SEM  ZaV  aSSlied  WR  e[aPiQe  chePical  cRPSRViWiRQ  aQd  3-diPeQViRQal  VXUface             

PRUShRlRg\   Rf   Whe   PaWeUial.   

  

2.1.3   Transmission   Electron   Microscop\   (TEM)   

 TUaQVPiVViRQ  ElecWURQ  MicURVcRS\  (TEM)  iV  Whe  PRVW  XVefXl  W\Se  Rf  elecWURQ  PicURVcRS\              

fRU  chaUacWeUi]aWiRQ  QaQRPaWeUial  ViQce  iW  iV  eaV\  fRU  VaPSle  SUeSaUaWiRQ  aQd  cRPSUeheQViRQ  Rf               

iPage.  TEM  XVeV  a  high  elecWURQ  beaP  WR  VhRRW  ZiWh  Whe  aWRPV  Rf  a  VaPSle,  aQd  WhiV  iQWeUacWiRQ                    

acWiYaWeV  Whe  VigQal  WR  fRUP  aQ  iPage.  TheUefRUe,  TEM  SURYideV  a  beWWeU  leYel  Rf  aWRPic  diPeQViRQ                  

ZiWh  higheU  UeVRlXWiRQ  iPage  aQd  higheU  aQal\Wical  PeaVXUePeQW  WhaQ  SEM  [7] .  IQ  WhiV  e[SeUiPeQW,                

Whe   TEM   ZaV   XVed   WR   Vee   Whe   iQWeUQal   VWUXcWXUe,   VhaSe   aQd   Vi]e   Rf   Whe   PaWeUial.     
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2.1.4   UV-Visible   Absorption   Spectroscop\     

 UV-YiV  AbVRUSWiRQ  SSecWURVcRS\  iV  a  SUiPaU\  iQVWUXPeQW  fRU  Whe  TXaQWiWaWiYe  aQal\Wical             

WechQiTXe  fRcXViQg  RQ  Whe  abVRUSWiRQ  iQ  XlWUaYiRleW  YiVible  VSecWUal  UegiRQV  b\  Whe  chePical  VSecieV                

iQ  VRlXWiRQ.  The  elecWURPagQeWic  VSecWUXPV  iQ  WheVe  UegiRQV  SURYide  eQeUg\  aQd  Pake  elecWURQic               

WUaQViWiRQV  WR  RccXU,  Zhich  UefeUV  WR  Whe  e[ciWaWiRQ  Rf  elecWURQV  fURP  gURXQd  VWaWe  WR  Whe  higheU                  

eQeUg\  VWaWeV   [32,  33] .  AccRUdiQg  WR  WhiV  e[SeUiPeQW,  Whe  HP  8453  (AgileQW,  USA)  UV-YiV                

VSecWURShRWRPeWeU  ZaV  XVed  WR  eYalXaWe  Whe  ShRWRcaWal\Wic  acWiYiW\  Rf  each  SUeSaUed  VaPSle.  The               

abVRUbaQce  Rf  each  SUeSaUed  VaPSle  ZaV  PeaVXUed  ZiWh  Whe  fi[iQg  ZaYeleQgWh  aW  664  QP  aQd  800                  

QP.   

  

2.1.5   Laborator\   Instruments   

 AccRUdiQg  WR  WhiV  VWaWePeQW,  Whe  labRUaWRU\  iQVWUXPeQWV  ZeUe  XVed  fRU  SUeSaUiQg  all  Whe               

VaPSle  iQ  VWeS  Rf  V\QWheViV  Rf  TiWaQia-Silica-  IURQ  R[ide  QaQRcRPSRViWeV,  chaUacWeUi]aWiRQ,             

ShRWRcaWal\Wic   degUadaWiRQ   PeaVXUePeQW,   aQd   bacWeUicidal   acWiYiW\   Zhich   aUe   liVWed   belRZ   (Table   1):   
  
  

  

  Instrument   S\nthesi]e   
the   material  

Characteri]ation  Photocatal\tic   
degradation   

Bactericidal   
activit\   

1.   Glass   Beaker            ✓     ✓   
  

  ✓   
  

  ✓   
  

2.   Erlenme\er   Flask     ✓       ✓   
  

  ✓   

3.   Petri   dish       ✓   
  

    ✓   
  

4.   S\ringe    ✓   
  

      

5.   Micropipettes     ✓   
  

  ✓   
  

  ✓   
  

  ✓   
  

6.   Round   bottom   flask     ✓   
    

      ✓   

7.   Crucibles     ✓   
  

      

8.   Mortar   and   pestle     ✓   
  

  ✓   
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 Table   1.    The   liVW   Rf   LabRUaWRU\   IQVWUXPeQWV     

  
2.2   List   of   chemicals   and   materials   

 The  TiWaQia-Silica-IURQ  O[ide  NaQRcRPSRViWeV  ZaV  V\QWheVi]ed  fRU  aQWibacWeUial  ageQW  b\            

XViQg  Whe  fRllRZiQg  chePicalV:  IURQ  (III)  chlRUide  he[ah\dUaWe  ( FeCl 3 .6H 2 O),   IURQ  (III)  VXlfaWe              

he[ah\dUaWe  ( FeSO 4 .7H 2 O  ),  TeWUabXW\l  RUWhRWiWaQaWe  (TBOT),  TeWUaeWh\l  RUWhRVilicaWe  (TEOS),           

1-He[aQRl,  MeWh\leQe  BlXe  h\dUaWe,  He[adec\lWUiPeWh\laPPRQiXP  bURPide  (C 1� H 42 BUN,  CTAB),          

TiWaQiXP(IV)  bXWR[ide  SXUchaVed  fURP  SigPa-AldUich  chePical,  USA.  SRdiXP  h\dUR[ide  (NaOH)            

aQd  APPRQia  VRlXWiRQ  25%  ZeUe  SXUchaVed  fURP  MERCK,  GeUPaQ\.  EWhaQRl  (C 2 H 5 OH)  ZaV              

SXUchaVed   fURP   RCL   LabVcaQ   LiPiWed,   ThailaQd   aQd   Milli-Q   ZaWeU.  

  

9.   Measuring   c\linders   ✓     ✓     

10.   Dropper   ✓         

11.   Glass   stirring   rod   ✓         

12.   Sonicator   ✓   ✓   ✓     ✓   

13.   Rotar\   evaporator   ✓         

14.   Cuvette       ✓     

15.   Separator\   funnel   ✓         

16.   Glass   vial   ✓   ✓   ✓     

17.   Reflu[   apparatus   ✓         

18.   Magnetic   retriever   ✓         

19.   Magnetic   stirrer   ✓     ✓     

20.   Magnetic   stir   bar   ✓     ✓       

21.Magnetic   
decantation   

✓         

22.   Bacterial   culturing   
test   tubes  

         ✓   

23.   Centrifuge   tube            ✓   

24.   Incubator            ✓   

25.   Shaker            ✓   
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2.3   E[perimental   procedure   

2.3.1   S\nthesis   of   material     

     Figure   3.    SchePe   fRU   Whe   V\QWheViV   Rf   Fe 3 O 4 @SiO 2 @TiO 2    PagQeWic   QaQRcRPSRViWeV   

  

2.3.1.1   S\nthesis   of   magnetic   ferrite   nanoparticle   (Fe 3 O 4 )   

The  PagQeWic  feUUiWe  QaQRSaUWicleV  ZeUe  V\QWheVi]ed  b\  cR-SUeciSiWaWiRQ  PeWhRd.  FiUVWl\,            

0.51g  Rf  FeCl 3 .6H 2 O  aQd  0.54g  Rf  FeSO 4 .7H 2 O  ZeUe  SUeSaUed  iQ  150  PL  Rf  Milli-Q  ZaWeU  aV                  

SUecXUVRUV.  AfWeU  WhaW,  Whe  Pi[WXUe  Rf  SUecXUVRUV  ZaV  VeW  WR  UeflX[  aW  70  ℃  aQd  keSW  VWiUUed  aW  650                     

RPM.  While  Whe  Pi[WXUe  ZaV  XQdeUgRiQg  Whe  UeflX[iQg,  NaOH  ZaV  VlRZl\  added  dURSZiVe  XViQg  a                 

V\UiQge  XQWil  Whe  VRlXWiRQ  had  a  YalXe  Rf  SH  UaQgeV  beWZeeQ  10  WR  11.  DXUiQg  Whe  addiWiRQ  Rf  NaOH,                     

Whe  UeacWiRQ  RccXUV  aQd  caXVeV  Whe  fRUPaWiRQ  Rf  bURZQ  SUeciSiWaWiRQ.  AfWeU  NaOH  ZaV  added,  Whe                 

VRlXWiRQ  WheQ  PaiQWaiQed  UeflX[iQg  fRU  2.5  h.  The  SURdXcW  ZaV  WheQ  VeSaUaWed  b\  PagQeW  decaQWaWiRQ                 

aQd  ZaVhed  WhUee  WiPeV  ZiWh  Pilli-Q  ZaWeU  aQd  aQRWheU  WhUee  WiPeV  ZiWh  eWhaQRl.  FiQall\,  Whe                 

SURdXcW   ZaV   beiQg   diVSeUVed   iQ   eWhaQRl   fRU   fXUWheU   XVe.     

  

2.3.1.2   S\nthesis   of   Fe 3 O 4 @SiO 2    Microspheres  

The  V\QWheViV  Rf  Vilica-cRaWed  iURQ  R[ide  QaQRSaUWicleV  ZaV  SUeSaUed  XViQg  Whe  UeYeUVe              

PicURePXlViRQ  PeWhRd.  FiUVW  Rf  all,  0.1  g  Rf  Whe  SUeSaUed  Fe 3 O 4  ZaV  added  iQWR  a  Pi[WXUe  VRlXWiRQ                   

  



12   

cRPSRVed  Rf  80  PL  Rf  eWhaQRl  aQd  20  PL  Rf  Pilli-Q  ZaWeU.  TheQ,  WeWUaeWh\l  RUWhRVilicaWe  (TEOS)                  

aQd  APPRQiXP  h\dUR[ide  VRlXWiRQ  (NH 3 .H 2 O)  ZaV  added  (Whe  PRlaU  UaWiR  Rf  TEOS:  NH 3 ⋅ H 2 O  =                

3:4)  Zhile  Whe  UeVXlWiQg  VRlXWiRQ  ZaV  YigRURXVl\  VWiUUed  aW  URRP  WePSeUaWXUe  fRU  24  h.  AfWeU  24  h,  Whe                    

Vilica-cRaWed  iURQ  R[ide  QaQRSaUWicleV  ZeUe  cRllecWed  aQd  VeSaUaWed  b\  PagQeWic  decaQWaWiRQ,             

ZaVhed  UeSeaWedl\  ZiWh  WhUee  WiPeV  Rf  Pilli-Q  ZaWeU  aQd  WhUee  WiPeV  Rf  eWhaQRl.  FiQall\,  Whe  SURdXcW                  

ZaV   diVSeUVed   iQ   eWhaQRl.     

AccRUdiQg  WR  Whe  SUeSaUaWiRQ  Rf  Vilica-cRaWed  iURQ  R[ide  QaQRSaUWicleV,  Whe  aPRXQW  Rf  TEOS               

WhaW  ZaV  added  aV  VilicRQ  VRXUce  ZaV  YaUied  WR  RbVeUYe  b\  Whe  WhickQeVV  effecW  Rf  Vilica  cRaWed  RQ                    

iURQ  R[ide  QaQRSaUWicle  VXUface.  TheUe  ZeUe  YaUiRXV  aPRXQWV  Rf  TEOS  Zhich  ZeUe  added  WR  Whe                 

abRYe   Pi[WXUe   VRlXWiRQ   iQclXdiQg   37.5,   150,   600,   aQd   900   �L   SeU   0.1   g   Rf   Fe 3 O 4 .     

  

2.3.1.3   S\nthesis   of   Fe 3 O 4 @SiO 2 @TiO 2    Microspheres   

IQ  WhiV  SURjecW,  WiWaQia  ZaV  cRaWed  RQWR  Whe  Fe 3 O 4 @SiO 2  MicURVSheUeV  b\  XViQg  WZR  PeWhRdV                

iQclXdiQg  UeYeUVe  PicURePXlViRQ  PeWhRd  aQd  cR-SUeciSiWaWiRQ  PeWhRd.  Each  PeWhRd  ZaV  diffeUeQW             

b\  Whe  VRlYeQW  WhaW  ZaV  XVed,  Zhich  aUe  he[aQRl  aQd  eWhaQRl.  HeQce,  Whe  effecW  Rf  diVWiQcW  VRlYeQW                   

ZRXld   be   fXUWheU   iQYeVWigaWed.     

FRllRZiQg  Whe  UeYeUVe  PicURePXlViRQ  PeWhRd  ZaV  XVed  he[aQRl  aV  a  VRlYeQW  fRU  Whe               

V\QWheViV  Rf  WiWaQia  cRaWiQg  RQ  Vilica  iURQ  R[ide  VXUface.  SSecificall\,  0.1  g  Rf  Vilica-cRaWed  iURQ                 

R[ide  QaQRSaUWicleV  ZaV  diVSeUVed  iQWR  a  VRlYeQW  Rf  7.3  PL  Rf  1-he[aQRl.  TheQ,  3g  Rf                 

ceW\lWUiPeWh\laPPRQiXP  bURPide  (CTAB)  aQd  1  PL  Rf  Pilli-Q  ZaWeU  ZeUe  added  WR  VRlXWiRQ  Rf                

Vilica-cRaWed  iURQ  R[ide  cRQWaiQiQg  1-he[aQRl  VRlYeQW,  Whe  Pi[WXUe  ZaV  VWiUUed  XQWil  CTAB  ZaV  Zell               

Pi[ed  aQd  diVVRlYed.  SXbVeTXeQWl\,  Whe  Pi[WXUe  VRlXWiRQ  ZaV  cRQWiQXall\  added  ZiWh  1250  �L  Rf                

WeWUabXW\l  RUWhRWiWaQaWe  (TBOT),  YigRURXVl\  VWiUUed  aQd  UeflX[ed  aW  80℃  fRU  24  h.  The  SURdXcW  ZaV                 

WheQ  cRllecWed  aQd  ZaVhed  XViQg  PagQeW  decaQWaWiRQ  RU  ceQWUifXge  ZiWh  WZR  WiPeV  Rf  1:1  YRlXPe                 

UaWiR  Rf  eWhaQRl:  Pilli-Q  ZaWeU  aQd  aQRWheU  WiPe  ZiWh  eWhaQRl.  FiQall\,  Whe  fiQal  SURdXcW  Rf                 

WiWaQia-Vilica-iURQ   R[ide   QaQRcRPSRViWeV   ZaV   Ue-diVSeUVed   iQ   eWhaQRl.     

OQ  Whe  RWheU  haQd,  iQ  Whe  cR-SUeciSiWaWiRQ  PeWhRd,  eWhaQRl  ZaV  XVed  aV  a  VRlYeQW  WR  cRaW                  

WiWaQia  RQ  Whe  Vilica  iURQ  R[ide  VXUface.  BUiefl\,  0.1  g  Rf  Vilica-cRaWed  iURQ  R[ide  QaQRSaUWicleV  ZaV                  

SUeSaUed  iQ  VRlXWiRQ  Rf  41.483  PL  Rf  eWhaQRl  aQd  0.891  PL  Rf  Pilli-Q  ZaWeU.  TheQ,  Whe  dilXWed                   

TBOT  ZaV  VeSaUaWel\  SUeSaUed  b\  diVVRlYiQg  1250  �L  Rf  WeWUabXW\l  RUWhRWiWaQaWe  (TBOT)  iQ  2.965                

PL  Rf  eWhaQRl.  The  dilXWed  TBOT  ZaV  WheQ  geQWl\  added  iQWR  Whe  VRlXWiRQ  Zhile  VWiUUiQg  aQd  VeW  Whe                    

UeflX[  aW  90  �C  fRU  2  hRXUV.  The  SURdXcW  ZaV  WheQ  VeSaUaWed  aQd  ZaVhed  b\  PagQeW  decaQWaWiRQ  RU                    

ceQWUifXge  ZiWh  WZR  WiPeV  Rf  1:1  (eWhaQRl:  Milli-Q  ZaWeU)  aQd  RQce  ZiWh  eWhaQRl.  CRQVeTXeQWl\,  Whe                 
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fiQal  SUeciSiWaWiRQ  Rf  WiWaQia  Vilica  iURQ  R[ide  QaQRcRPSRViWeV  ZaV  dUied  iQ  aQ  RYeQ  aW  100  ℃  fRU                   

12h,  aQd  WheQ  fiQall\  calciQed  iQ  Whe  bR[  fXUQace  aW  heaW  500  ℃  fRU  2h.  IQ  WhiV  e[SeUiPeQW,  Whe                     

diffeUeQW  cRQdiWiRQV  Rf  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV  ZeUe  SUeSaUed  b\  Whe  fRllRZiQg             

Table   2.     

  

            Table   2.    The   QaPe   liVWV   Rf   diffeUeQW   PaWeUial   Rf   TiWaQia-Silica-IURQ   R[ide   QaQRcRPSRViWeV   

  

2.3.2   Characteri]ation   methods   

2.3.2.1   X-ra\   Electron   Diffraction   (XRD)   

 TR  deWeUPiQe  Whe  VWUXcWXUe  aQd  cU\VWalliQe  SURSeUWieV  Rf  TiWaQia-Silica-IURQ  O[ide            

QaQRcRPSRViWeV,  XRD  ZaV  SeUfRUPed  b\  XViQg  D/MAX  2200  X-Ua\  diffUacWRPeWeU  (RigakX,  JaSaQ)              

WhURXgh  CX-KĮ  UadiaWiRQ  ZiWh  acceleUaWiQg  YRlWage  aQd  aQ  aSSlied  cXUUeQW  Rf  40  kV  aQd  30  PA.  The                   

iQWeQViW\   ZaV   VeWWled   aW   2ș   iQ   a   UaQge   Rf   20�±   90�.   

  

2.3.2.2   Scanning   Electron   Microscop\   (SEM)   

 The  PRUShRlRg\  aQd  chePical  aQal\ViV  Rf  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV  ZeUe            

chaUacWeUi]ed   XViQg   JEOL   (JSM-IT   100).     
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2.3.2.3   Transmission   Electron   microscop\   (TEM)   

 The   TEM  iPage  ZaV  UecRUded  XViQg  PhiliSV  TECNAI  20  WUaQVPiVViRQ  elecWURQ  PicURVcRSe              

aW  Whe  acceleUaWiQg  YRlWage  Rf  120  kV.  The  VaPSle  ZaV  SUeSaUed  b\  diVSeUViQg  a  liWWle  aPRXQW  Rf  Whe                    

VaPSle  SRZdeU  iQ  eWhaQRl  aQd  leWWiQg  Whe  diVSeUViRQ  Zell  Pi[ed  b\  aSSl\iQg  aQ  XlWUaVRQic  WUeaWPeQW                 

fRU  10  PiQV.  The  diVSeUViRQ  ZaV  WheQ  dURSSed  RQ  a  FRUPYaU-cRaWed  cRSSeU  gUid  aQd  dUied  aW  URRP                   

WePSeUaWXUe   WR   be   Uead\   fRU   TEM   PeaVXUePeQW.   

    

2.3.3   Photocatal\tic   degradation   measurement   

 The  ShRWRcaWal\ViV  Rf  Whe  V\QWheVi]ed  PagQeWic  QaQRcRPSRViWeV  ZeUe  PeaVXUed  XViQg  Whe             

HP  8453  (AgileQW,  USA)  UV-YiV  VSecWURShRWRPeWeU.  The  VaPSleV  WhaW  ZeUe  WeVWed  fRU  Whe               

ShRWRcaWal\Wic  acWiYiW\  aUe  Fe 3 O 4 ,  1250TiWaQia_EWOH  (SaPSle  H),  1250TS150F_He[OH  (SaPSle           

A),  1250TS37.5F_EWOH  (SaPSle  D),  1250TS150F_EWOH  (SaPSle  E),  1250TS600F_EWOH          

(SaPSle  F),  aQd  1250TS900F_EWOH  (SaPSle  G).  ThiV  e[SeUiPeQW  ZaV  cRQdXcWed  XQdeU  URRP              

WePSeUaWXUe  b\  iUUadiaWiQg  20  W  Rf  WSFSWL  blXe  UV  blacklighW  RQWR  each  Rf  Whe  SUeSaUed                 

VaPSleV  iQ  a  beakeU  WhaW  ZeUe  diVSeUVed  iQ  Whe  30  PL  Rf  10  SSP  PeWh\leQe  blXe.  IQ  each  Rf  Whe                      

beakeUV,  ǩ  RU  0.125  baWcheV  (0.0250  g  Rf  Fe 3 O 4 ,  0.3833  g  Rf  1250TiWaQia_EWOH,  1.3  PL  Rf                  

1250TS150F_He[OH,  0.0508  g  Rf  1250TS37.5F_EWOH,  0.4221  g  Rf  1250TS150F_EWOH,  0.0462  g             

Rf  1250TS600F_EWOH  aQd  0.0439  g  Rf  1250TS900F_EWOH)  Rf  V\QWheVi]ed  QaQRcRPSRViWeV  ZeUe             

XVed  aW  a  WiPe.  Each  Rf  Whe  VaPSleV  ZeUe  cRllecWed  fURP  0  WR  5  h  aW  0,  0.5,  1,  1.5,  2,  3,  4  aQd  5  h                            

ZheUe  Whe  fiUVW  VWaWe  Rf  cRllecWiQg  ZaV  VWaUWed  aW  1  h  afWeU  VWiUUiQg  Whe  VRlXWiRQ  Rf  VaPSleV.  The                    

blacklighW  ZaV  iUUadiaWed  afWeU  Whe  fiUVW  WiPe  Rf  VaPSle  cRllecWiRQ.  DXUiQg  Whe  iUUadiaWiRQ  Rf                

blacklighW,   Whe   beakeUV   ZeUe   keSW   aZa\   fURP   RWheU   lighW   VRXUceV   aQd   beiQg   VWiUUed   cRQWiQXRXVl\.     

  

2.3.4   Bactericidal   activit\   

 BacWeUial  cellV  Rf   E.  cROL   ZeUe  SUeSaUed  b\  aeURbic  PaWXUiQg  iQWR  5  PL  Rf  LXUia-BeUWaQi  (LB)                  

bURWh  aQd  cXlWXUed  RYeUQighW  aW  37℃  ZiWh  VhakiQg  aW  150  RPM  fRU  2.5  h  iQ  a  VhakiQg  iQcXbaWRU.  The                     

cXlWXUe  Rf   E.  cROL   ZaV  iVRlaWed  iQWR  a  fUeVh  LB  bURWh  aQd  gURZQ  XQWil  UeachiQg  600  QP  aW  0.5  Rf                      

RSWical  deQViW\.  The  e[SRQeQWial  ShaVe  cellV  ZeUe  ceQWUifXged  fRU  10  PiQ  fRU  Uead\  cRllecWiQg  aW  25                  

PL  Rf  each  aQd  UeVXVSeQdiQg  iQ  VWeUi]ed  QRUPal  ValiQe  Rf  0.9%  VRdiXP  chlRUide.  The  VXVSeQViRQ  Rf                  

bacWeUial  cellV  ZaV  WUeaWed  iQ  diffeUeQW  cRQceQWUaWiRQV  Rf  0,  32  aQd  50  Pg  TiWaQia-Silica-IURQ  R[ide                 

QaQRcRPSRViWeV  b\  lighWiQg  XS  aW  37℃  fRU  3h  ZiWh  100W  iQcaQdeVceQW  laPS.  The  VXUYiYal  cellV                 

cRXld  be  caUUied  RXW  fURP  Whe  cRlRQ\  b\  cRXQWiQg  afWeU  iUUadiaWiRQ  WhURXgh  a  Yiable  cell  cRXQW                  

PeWhRd.  MRUeRYeU,  bacWeUial  cellV  ZRXld  be  iQcXbaWed  aW  37℃  fRU  3h,  WheQ  cRlRQ\-fRUPiQg  XQiWV                
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(CFU)  ZeUe  cRXQWed.  HRZeYeU,  Whe  cRQWURl  e[SeUiPeQW  iQ  WhiV  caVe  ZaV  cRQdXcWed  b\  cRQWURlliQg                

Whe   bacWeUial   cellV,   Zhich   ZeUe   WUeaWed   aQd   ZiWhRXW   WUeaWed   ZiWh   acWiYaWed   UV   lighW.     
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      ChaSWeU   3   
ReVXlW   &   DiVcXVVion   

  
IQ  WhiV  e[SeUiPeQW,  Whe  fiQal  SURdXcW  Rf  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV  ZaV             

eYeQWXall\  V\QWheVi]ed  iQ  Whe  fRUP  Rf  bURZQ  SUeciSiWaWiRQ,  allRZiQg  UaSid  caSWXUe  aQd  UePRYal  b\                

aWWUacWiRQ  fURP  PagQeWic  fieldV.  HRZeYeU,  XViQg  Whe  aVViVWaQce  Rf  PagQeWic  aWWUacWiRQ  WR  VeSaUaWe  RXW                

Whe  SURdXcW  Pa\  ZaVh  VRPe  Rf  WheP  aZa\,  VR  Whe  SURdXcW  ZaV  QRW  cRPSleWel\  cRllecWed.  ThiV  bURZQ                   

SUeciSiWaWiRQ  ZaV  fRUPed  iQ  delicaWe  SRZdeU  fRU  fXUWheU  XVed.  The  Za\  fRU  V\QWheViV  Rf  WheVe                 

TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV  iQ  laUge  gUaP  -  Vcale  ZaV  UeSeaWedl\  SURdXced  fRU  fRXU               

WiPeV  ZiWh  Whe  fiQal  SURdXcW  \ieldV  aSSUR[iPaWel\  aW  0.4816  �  0.1309  g/  baWch,  iQ  Zhich  each  baWch                   

ZaV  cRQWaiQiQg  0.1000  g  Rf  PagQeWiWe.  IQ  cRPSaUiVRQ,  Whe  SUeYiRXV  ZRUk  [1]   ZaV  geQeUaWed  aURXQd                 

0.1005  �  0.01140  g/  baWch  ZiWh  UeSeaWiQg  WZR  WiPeV  fRU  V\QWheViV  Rf  Whe  SURdXcW,  Zhich  iV  leVV  WhaQ                    

Whe   SURdXcW   geQeUaWed   fURP   WhiV   e[SeUiPeQW.     

  

3.1   Characteri]ation   of   nanocomposites   

3.1.1   XRD   patterns   

FURP  Whe  XRD  SaWWeUQV  Rf  Whe  cU\VWal  VWUXcWXUe  Rf  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV              

ZiWh  YaU\iQg  aPRXQWV  Rf  Vilica  added  fURP  cR-SUeciSiWaWiRQ  PeWhRd,  aQaWaVe  WiWaQia  aQd  PagQeWiWe               

ShaVe  ZeUe  ideQWified  aV  VhRZQ  iQ  FigXUe  4.  The  UefeUeQce  SeakV  fRU  PagQeWiWe  ShaVe  aQd  aQaWaVe                  

WiWaQia  aUe  PaUked  ZiWh  ³M´  aQd  ³T´,  UeVSecWiYel\.  AV  VhRZQ  iQ  FigXUe  4,  WheUe  aUe  5  SaWWeUQV  Rf                    

diffeUeQW  aPRXQWV  Rf  TEOS  XVed,  Zhich  iQclXde  37.5,  150,  600  aQd  900  ȝL.  AccRUdiQg  WR  Whe  XRD                   

SaWWeUQ  Rf  iURQ  R[ide  QaQRcRPSRViWeV  VhRZQ  iQ  FigXUe  4b,  iW  VhRZV  Whe  VhaUS  SeakV  aW  2ș  UaQgeV                   

beWZeeQ  20�-80�  PaWched  Whe  UefeUeQce  SaWWeUQ  Rf  PagQeWiWe  ShaVe.  AlVR,  aQaWaVe  WiWaQia¶V  SaWWeUQ  iQ                

FigXUe  4a  VhRZV  Whe  VWURQg  SeakV  cRUUeVSRQdiQg  WR  iWV  UefeUeQce  SaWWeUQ.  AV  VhRZQ  iQ  FigXUe  4c-g,                  

all  fiYe  Whe  diffUacWiRQ  SaWWeUQV  Rf  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV  ZiWh  YaU\iQg  aPRXQW  Rf               

added  TEOS  UeYealV  Whe  cRPbiQaWiRQ  chaUacWeUiVWic  diffUacWiRQ  Seak  Rf  bRWh  PagQeWiWe  ShaVe  aQd               

aQaWaVe  WiWaQia  aV  cRPSaUed  ZiWh  WheiU  UefeUeQce  diffUacWiRQ  SeakV.  IQ  cRQclXViRQ,  Whe  XRD  aQal\ViV                

giYeV  Whe  iQfRUPaWiRQ  WR  cRQfiUP  WhaW  Whe  V\QWheVi]ed  WiWaQia-Vilica-iURQ  R[ide  QaQRSaUWicleV  Rf              

diffeUeQW   aPRXQWV   Rf   TEOS   added   cRQWaiQed   PagQeWiWe   aQd   aQaWaVe   aV   Qeeded.   

AlWeUQaWiYel\,  Whe  XRD  SaWWeUQV  iQ  FigXUe  5  VhRZ  Whe  cRPSaUiVRQ  beWZeeQ  WZR  diffUacWiRQ               

SaWWeUQV  Rf  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV  ZiWh  Whe  VaPe  aPRXQW  Rf  added  Vilica,  bXW               

diffeUeQW  iQ  Whe  V\QWheViV  PeWhRdV,  cR-SUeciSiWaWiRQ  PeWhRd  aQd  UeYeUVe  PicURePXlViRQ  PeWhRd.  AV              

  



17   

VhRZQ  iQ  FigXUe  5,  Whe  diffUacWiRQ  SaWWeUQ  Rf  Whe  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV  XViQg               

cR-SUeciSiWaWiRQ  PeWhRd  (FigXUe  5b)  e[hibiWV  VhaUSeU  SeakV  WhaW  aUe  cleaUl\  VeeQ  ZheQ  cRPSaUed               

ZiWh  Whe  RQe  XViQg  UeYeUVe  PicURePXlViRQ  (FigXUe  4a).  TheUefRUe,  iW  caQ  be  iPSlied  WhaW  XViQg  a                  

cR-SUeciSiWaWiRQ  PeWhRd  caQ  SURdXce  Whe  cRPSRViWeV  ZiWh  PRUe  iQWeQVe  PagQeWiWe  aQd,  eVSeciall\,              

aQaWaVe  WiWaQia  Seak  aV  Zell  aV  iWV  higheU  cU\VWalliQiW\  Zhich  caQ  lRZeU  Whe  baQd  gaS  eQeUg\  Rf                   

aQaWaVe  WiWaQia  UeVXlWiQg  iQ  eaVieU  WR  geQeUaWe  Whe  UadicalV.  AV  V\QWheVi]ed  XViQg  Whe  UeYeUVe                

PicURePXlViRQ  PeWhRd  UeTXiUed  VXUfacWaQW  WR  be  XVed,  Whe  Vi]e  aQd  VhaSe  Rf  Whe  SaUWicle  haV  beeQ                  

cRQWURlled  dXe  WR  iWV  VPalleU  cU\VWalliWe  Vi]e  aQd  leVV  iQWeQVe  diffUacWiRQ  SeakV   [34] .  OQ  RWheU  haQd,  iQ                   

WhiV  e[SeUiPeQW  V\QWheVi]iQg  XViQg  cR-SUeciSiWaWiRQ  PeWhRd  UeTXiUe  WR  WUeaW  Whe  QaQRcRPSRViWeV  ZiWh              

heaW  aW  500℃  iQ  RUdeU  WR  chaQge  WiWaQia  fURP  aPRUShRXV  WR  aQaWaVe  ShaVe  Zhich  cUeaWed  laUgeU                  

cU\VWalliWe  Vi]e  RZiQg  WR  PRUe  iQWeQVe  iQ  diffUacWiRQ  Seak  cRPSaUed  ZiWh  UeYeUVe  PicURePXlViRQ               

PeWhRd    [35] .     

Figure   4.    X-Ua\   diffUacWiRQ   SaWWeUQV   Rf   a).   TiWaQia,   b).   MagQeWiWe,   c).   1250TS37.5F_EWOH,   

d).1250TS150F_EWOH,   e).   1250TS600F_EWOH,   f).   1250TS900F_EWOH   
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Figure   5.    X-Ua\   diffUacWiRQ   SaWWeUQV   cRPSaUiQg   beWZeeQ   a).   1250TS150F   fURP   UeYeUVe   

PicURePXlViRQ   PeWhRd   aQd   b).   1250TS150F   fURP   cR-SUeciSiWaWiRQ   PeWhRd   

  

3.1.2   SEM   

 The  PRUShRlRg\  aQd  VWUXcWXUe  Rf  QaQRcRPSRViWeV  ZiWh  diffeUeQW  WhickQeVV  Rf  Vilica  la\eUV              

aQd   VRlYeQWV   ZeUe   VWXdied   XViQg   SEM.   

The  SEM  ShRWRgUaShV  Rf  1250TS150F_EWOH  (SaPSle  E)  aV  VhRZQ  iQ  FigXUe  6a-b              

e[SUeVVed  Whe  VWUXcWXUe  Rf  SaUWicleV  ZiWh  VSheUical  VhaSe  aQd  elliSVRidal  PRUShRlRg\  ZiWh              

agglRPeUaWeV  beWZeeQ  Whe  SaUWicleV,  Whe  diaPeWeU  UaQge  ZaV  aSSUR[iPaWel\  0.214  WR  0.521�P  aV              

diVSla\ed  iQ  FigXUe  6c.  AccRUdiQg  WR  FigXUe  7,  Whe  EDX  elePeQWal  PaSV  Rf  WheVe  QaQRcRPSRViWeV                 

cRQViVWed  Rf  R[\geQ,  Vilica,  WiWaQiXP,  aQd  iURQ  R[ide,  Zhich  VhRZed  cRPSleWel\  fRUPaWiRQ  Rf  all                

SaUWicleV  WhaW  had  cRaWed  RQWR  Whe  PaWeUial  fRU  each  la\eU.  DXe  WR  Whe  SUeVeQce  Rf  R[\geQ,  Whe  R[\geQ                    

Seak   cUeaWed   b\   UeVSRQdiQg   Rf   SiO 2 .     

 AV  VhRZQ  iQ  FigXUe  8,  1250TS600F_EWOH  (SaPSle  F)  (FigXUe  8a-b)  alVR  diVSla\ed  Whe                

VWUXcWXUe  ZiWh  Whe  Vi]eV  Rf  VSheUical  VhaSe  aQd  VRPe  ZiWh  VePi-VSheUical  VhaSe  UaQgiQg  fURP  0.149                 

WR  0.456  �P  aQd  Whe  Vi]e  aYeUage  Rf  0.307  �P  (FigXUe  8c).  AV  cRPSaUed  WR  VaPSle  E,  Whe  aPRXQW  Rf                     

Vilica  added  fRU  VaPSle  F  (FigXUe  8a-b)  ZaV  higheU  WhaQ  VaPSle  E  aW  450  �L,  bXW  bRWh  SaUWicle  Vi]eV                     

VeePed  ViPilaU  WR  each  RWheU.  DXe  WR  QRQ-cRQWURlled  iQiWial  SaUWicle  Vi]e  Rf  iURQ  R[ide,  Whe  SaUWicle                  

Vi]e  PighW  caXVe  bRaUd  diVWUibXWiRQ  Rf  Vi]eV  befRUe  cRaWiQg  Vilica  la\eUV.  BeVideV,  fRllRZiQg  Whe  EDX                 

WeVW  Rf  Whe  VaPSle  F  SUeVeQWed  all  Whe  elePeQWV  fRU  SUeSaUiQg  Whe  QaQRcRPSRViWe  iQclXdiQg  R[\geQ,                 
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Vilica,  WiWaQiXP  aQd  iURQ  R[ide  aV  iQdicaWed  RQ  FigXUe  8d,  9.  HeQce,  BecaXVe  Rf  Whe  iQcUeaViQg                  

aPRXQW  Rf  Vilica  added  iQ  VaPSle  F,  Whe  PaVV  SeUceQWage  Rf  Vilica  la\eU  iQ  WhiV  PaWeUial  ZaV  alVR                    

higheU  WhaQ  VaPSle  E  b\  aSSUR[iPaWel\  1.64%  (Table.  3),  Zhich  cRXld  SURYe  WhaW  Whe  Vilica  ZaV                  

Ueall\  cRaWed  RQ  Whe  PaWeUial  VXUface  alWhRXgh  Whe  SaUWicle  Vi]e  beWZeeQ  VaPSle  E  aQd  VaPSle  F                  

ViPilaU   b\   Whe   Vi]e   aQal\ViV   fURP   SEM   iPageV.     

FigXUe  10  UeSUeVeQWed  Whe  SEM  PicURgUaShV  Rf  1250TS150_He[OH  (VaPSle  A)  (FigXUe             

10a-b),  ZhRVe  VhaSe  ZaVQ¶W  cleaU  eQRXgh  WR  e[SlaiQ  iQ  WhiV  caVe  aV  Whe  SaUWicleV  ZeUe  SRl\diVSeUVe                  

fURP  each  RWheU.  The  Vi]e  UaQge  Rf  VaPSle  A  ZaV  0.148  WR  0.597  �P  ZiWh  Whe  aYeUage  Rf  0.257  �P                      

iQ  diaPeWeU  (FigXUe  10c).  ThiV  UeaVRQ  PighW  be  e[SlaiQed  dXe  WR  Whe  e[SeUiPeQWal  SURcedXUe  iQ  WhiV                  

QaQRcRPSRViWe  ZiWh  he[aQRl  VRlYeQW,  Zhich  did  QRW  UeTXiUe  Whe  SUecedeQce  calciQaWiRQ  VWeS  aV  iQ  Whe                 

RQeV  WhaW  XVed  eWhaQRl  aV  a  VRlYeQW.  SiQce  SaPSle  C  aQd  SaPSle  F  ZeUe  VSeciall\  UeTXiUed                  

calciQaWiRQ  aW  500℃,  Whe  high  WePSeUaWXUe  fURP  calciQaWiRQ  cRXld  caXVe  Whe  SaUWicle  WR  chaQge  fURP                 

aPRUShRXV  WR  aQaWaVe  aQd  alVR  iQcUeaVed  Whe  Vi]e  Rf  SaUWicleV   [36] .  FXUWheUPRUe,  calciQaWiRQ  alVR                

Pade  WiWaQia  WR  be  a  higheU  cU\VWalli]aWiRQ  aV  a  UeVXlW  iPSRUWaQW  facWRU  fRU  iPSURYiQg  Whe  abiliW\  Rf                   

Whe  ShRWRcaWal\Wic  acWiYiW\  aV  Zell   [37] .  OQ  Whe  RWheU  haQd,  fRU  he[aQe  ZaV  alUead\  VWaWed  iQ  aQaWaVe                   

ShaVe,  iW  did  QRW  UeTXiUe  WR  ZRUk  RQ  Whe  calciQaWiRQ  SURceVV,  aQd  Whe  SaUWicleV  ZeUe  RUigiQall\  alUead\                   

fRUPed  iQ  a  VPalleU  Vi]e  WhaQ  eWhaQRl  RQeV   [38] .  IQ  addiWiRQ,  ViQce  Whe  PeWhRd  Rf  XViQg  eWhaQRl                   

VRlYeQW  ZaV  cRVWleVV  iQ  WeUPV  Rf  VXUfacWaQW  XVed  WhaQ  Whe  RQeV  XViQg  he[aQRl  VRlYeQW  dXe  WR                  

QRQ-addiWiRQal  UeTXiUePeQW  fRU  XViQg  CTAB.  ThXV,  WhiV  UeaVRQ  alVR  cRXld  be  deVcUibed  Zh\  he[aQRl               

ZaV  QRW  efficieQW  WR  XVe  iQ  WhiV  e[SeUiPeQW.  FRllRZiQg  EDX  aQal\ViV  (FigXUe  10d,  11),  R[\geQ,                 

Vilica,   WiWaQiXP   aQd   iURQ   R[ide   aSSeaUed   iQ   Whe   fRUPaWiRQ   Rf   Whe   QaQRcRPSRViWe   Rf   SaPSle   A   aV   Zell.  
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Figure   6.    a-b).   The   SEM     iPageV   Rf   VaPSle   E,   c).   PaUWicleV   Vi]e   diVWUibXWiRQ   hiVWRgUaP   Rf   VaPSle   E,      

   aQd   d).   EDX   aQal\ViV   Rf   VaPSle   E    (1250TS150F_EtOH)   

  

  

     Figure   7.    EDX   elePeQWal   PaSV   Rf   Ti,   Si,   Fe,   aQd   O   fRU   SaPSle   E   
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Figure   8.    a-b).   The   SEM     iPageV   Rf   VaPSle   F,   c).   PaUWicleV   Vi]e   diVWUibXWiRQ   hiVWRgUaP   Rf   VaPSle   F,      

aQd   d).   EDX   aQal\ViV   Rf   VaPSle   F    (1250TS600F_EtOH)   

Figure   9.    EDX   elePeQWal   PaSV   Rf   Ti,   Si,   Fe,   aQd   O   fRU   SaPSle   F   
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Figure   10.    a-b).   The   SEM   iPageV   Rf   VaPSle   A,   c).   PaUWicleV   Vi]e   diVWUibXWiRQ   hiVWRgUaP   Rf   VaPSle   A,   

aQd   d).   EDX   aQal\ViV   Rf   VaPSle   A    (1250TS150F_He[OH)   

  

Figure   11.    EDX   elePeQWal   PaSV   Rf   Ti,   Si,   Fe,   aQd   O   fRU   SaPSle   A   
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  Table   3 .   MaVV   SeUceQWage   Rf   Ti,   Si,   Fe,   O   fRU   EDX   aQal\ViV   Rf   SaPSle   E,   SaPSle   F,   aQd   SaPSle   A   

  

3.1.3   TEM  

The  PRUShRlRg\  aQd  Vi]eV  Rf  Whe  WhUee  aV-SUeSaUed  VaPSleV  iQclXdiQg  iURQ  R[ide              

QaQRSaUWicleV,  iURQ  R[ide  QaQRSaUWicleV  cRaWed  ZiWh  Vilica  XViQg  600  �L  TEOS  aQd  WiWaQia-Vilica-iURQ               

R[ide  QaQRcRPSRViWeV  ZiWh  600  �L  TEOS  (SaPSle  F)  ZeUe  RbVeUYed  XViQg  WUaQVPiVViRQ  elecWURQ               

PicURVcRSe  RU  TEM.  AV  VhRZQ  iQ  FigXUe  12,  Whe  Vi]eV  Rf  Whe  SUeSaUed  VaPSle  aQd  Whe  la\eU  Rf  Whe                     

SaUWicleV  caQ  be  defiQed  fURP  WheVe  TEM  iPageV.  AccRUdiQg  WR  FigXUe  12a,  fURP  Whe  RbVeUYaWiRQ,                 

Whe  iURQ  R[ide  QaQRSaUWicleV  caQ  be  VeeQ  iQ  VSheUical  VhaSe,  eYeQ  WhRXgh  Whe  SaUWicleV  aUe  QRW  TXiWe                   

Zell-diVSeUVed.  The  SaUWicle  diaPeWeUV  aUe  UaQgiQg  fURP  aURXQd  8.336  WR  30.204  QP  ZiWh  Whe                

aYeUage  Vi]eV  Rf  13.848  �  4.153  QP,  accRUdiQg  WR  FigXUe  12b,  Zhich  Whe  diaPeWeU  Vi]e  VeePV  WR  be                    

biggeU  aQd  haV  a  ZideU  Vi]e  diVWUibXWiRQ  ZheQ  cRPSaUed  WR  Whe  iURQ  R[ide  QaQRSaUWicleV  SUeSaUed  b\                  

P  ChaQhRP  eW  al.   [1] .  HRZeYeU,  Whe  UeaVRQ  Zh\  Whe  SaUWicle  Vi]e  iV  laUgeU  PighW  be  Whe  diffeUeQce  iQ                     

V\QWheViV  PeWhRd  aV  P  ChaQhRP  eW  al.   [1]  ZaV  XViQg  WheUPal  decRPSRViWiRQ  PeWhRd  diffeU  fURP  WhiV                  

e[SeUiPeQW  Zhich  ZaV  XViQg  cR-SUeciSiWaWiRQ  PeWhRd  ViQce  iW  iV  eaVieU  WR  cRQdXcW,  leVV  haUPfXl  aQd                 

beWWeU  VXiWed  fRU  laUge  Vcale  SURdXcWiRQ   [39] .  AfWeU  Whe  Vilica  ZaV  cRaWed  RQ  Whe  iURQ  R[ide                  

QaQRSaUWicleV,  Whe  SaUWicleV  ZeUe  aggUegaWed  WRgeWheU  aV  VhRZQ  iQ  FigXUe  12c-d,  WheiU  Vi]e  UaQgeV                

fURP  11.951  WR  40.038  QP  aQd  haYe  aQ  aYeUage  Vi]e  Rf  18.966  �  4.984  QP.  FXUWheUPRUe,  Whe  Vilica                    

VhellV  Rf  Whe  SaUWicleV  ZeUe  RbVeUYed  aV  a  lighW  gUe\  la\eU  VXUURXQdiQg  Whe  iURQ  R[ide  (Fe 3 O 4 )  cRUe                   

(daUk  gUe\),  Zhich  caQ  UeYeal  Whe  e[iVWeQce  Rf  Fe 3 O 4 @SiO 2  cRUe/Vhell  VWUXcWXUe.  The  TEM  iPage  Rf                 

WiWaQia-Vilica-iURQ  R[ide  QaQRcRPSRViWeV  (600  �L  TEOS)  iQ  FigXUe  12f  VhRZV  VRPe  Rf  Whe               

agglRPeUaWiRQ  beWZeeQ  SaUWicleV  iQ  Zhich  Whe  aYeUage  SaUWicle  Vi]e  iV  159.9  �  29.578  QP.  HRZeYeU,                 

Whe  la\eUV  Rf  WiWaQia  aUe  QRW  cleaUl\  VeeQ  aV  iW  caQ  be  SURSRVed  WhaW  Whe  WiWaQia  la\eU  ZaV  WRR  deQVe  WR                       
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be  cleaUl\  VhRZQ  iQ  TEM  cRUUeVSRQdiQg  WR  Whe  ZeighW  SeUceQWage  Rf  WiWaQiXP  fURP  Whe  SEM  (Table.                  

3)  WhaW  VhRZV  a  high  aPRXQW.  HRZeYeU,  Whe  e[iVWeQce  Rf  WiWaQia  caQ  be  cRQfiUPed  fURP  EDX                  

elePeQWal  aQal\ViV  (FigXUe  8)  aQd  Whe  SaUWicle  Vi]e  becaPe  biggeU  afWeU  cRaWed  ZiWh  WiWaQia.                

AddiWiRQall\,  iQ  accRUdaQce  ZiWh  FigXUe  12e,  Whe  WhickQeVV  Rf  Whe  Vilica  la\eU  Rf  Whe  QaQRcRPSRViWeV                 

ZeUe   PeaVXUed,   aQd   Whe   UeVXlW   caPe   RXW   WhaW   Whe   aYeUage   WhickQeVV   iV   aURXQd   3.764   �   0.856   QP.   

Figure   12.    The   TEM   iPageV   aQd   SaUWicleV   Vi]e   diVWUibXWiRQ   hiVWRgUaP   fURP   each   la\eU   Rf   

1250TS600F   (SaPSle   F)   iQclXdiQg   a-b).   PagQeWiWe   QaQRSaUWicleV,   c-d).   Fe 3 O 4 @SiO 2   

QaQRcRPSRViWeV,   e).   Vilica   la\eUV,   f-g).   Fe 3 O 4 @SiO 2 @TiO 2    QaQRcRPSRViWeV   

  

3.2   Photocata\tic   actiYit\   

TR  cRPSaUe  Whe  efficieQW  ShRWRcaWal\Wic  acWiYiW\,  PeWh\leQe  blXe  ZaV  XWili]ed  WR  VWXd\              

ShRWRcaWal\VW   XQdeU   UV   iUUadiaWiRQ.   

IQ  WhiV  e[SeUiPeQW,  fiUVWl\,  Whe  degUadaWiRQ  Rf  QaQRcRPSRViWeV  ZiWh  cRaWiQg  Rf  150  �L  Rf                

Vilica  la\eU  iQ  Whe  WZR  VRlYeQW  V\VWePV,  he[aQRl  aQd  eWhaQRl,  ZaV  iQYeVWigaWed.  The  QaQRcRPSRViWeV                

  



25   

iQ  Whe  he[aQRl  VRlYeQW  aQd  eWhaQRl  VRlYeQW  ZeUe  SUeSaUed  b\  UeYeUVe  PicURePXlViRQ  aQd               

cR-SUeciSiWaWiRQ  PeWhRdV.  FRllRZiQg  FigXUe  13,  Whe  QaQRcRPSRViWe  ZiWh  eWhaQRl  VRlYeQWV  had             

diVSla\ed  a  gUeaWeU  ShRWRcaWal\Wic  acWiYiW\  abiliW\  WhaQ  Whe  RQe  WhaW  XVed  he[aQRl  aV  a  VRlYeQW.                

FRllRZiQg  Whe  XRD  UeVXlW,  aV  Whe  RQe  XViQg  cR-SUeciSiWaWiRQ  PeWhRd  ZaV  VhRZQ  WR  haV  a  PRUe                  

iQWeQVe  diffUacWiRQ  Seak  Rf  aQaWaVe  WiWaQia  Zhich  cRXld  SURYe  WhaW  iW  haV  a  higheU  cU\VWalliQiW\  WhaQ                  

Whe  RQe  XViQg  UeYeUVe  PicURePXlViRQ  PeWhRd,  WhiV  cRXld  be  e[SlaiQed  b\  Whe  lRZeUiQg  Rf  baQd  gaS                  

eQeUg\  Zhich  UeTXiUe  leVV  eQeUg\  WR  geQeUaWe  UadicalV  WR  acWiYaWe  ShRWRcaWal\Wic  acWiYiW\  RccXUUed.               

The  V\QWheViV  Rf  WiWaQia  Vhell  iQ  WhiV  caVe  did  QRW  affecW  ShRWRdegUadaWiRQ  acWiYiW\  baVed  RQ  Whe                  

SeUceQWage  Rf  ShRWRcaWal\Wic  acWiYiW\.  HRZeYeU,  Whe  cR-SUeciSiWaWiRQ  PeWhRd  iV  VelecWed  WR  be  Whe               

PRVW  cRPfRUWable  WR  SUeSaUe  aQd  lRZ  cRVW,  ViQce  CTAB  didQ¶W  UeTXiUe  iW  WR  be  XVed  iQ  WhiV  PeWhRd.                    

ThXV,  eWhaQRl  iV  Whe  beVW  VRlYeQW  fRU  aSSl\iQg  ShRWRdegUadaWiRQ  iQ  WhiV  e[SeUiPeQW,  VR  WhaW  iV  Zh\                  

eWhaQRl   Zill   be   decided   aQd   held   fRU   Whe   eQWiUe   Rf   WhiV   SURjecW.     

 Ne[W,  WheUe  ZeUe  WhUee  PaWeUialV  Zhich  ZeUe  diffeUeQW  b\  Whe  aPRXQW  Rf  WiWaQia  Vhell  added  aV                  

VhRZQ  iQ  FigXUe  14  ZiWh  Whe  cRPSaUiVRQ  WR  Whe  QaQRcRPSRViWeV  UeSRUWed  iQ  P  ChaQhRP  eW  al   [1] .  AW                    

fiUVW  Whe  TBOT  ZeUe  added  aW  125  �L,  bXW  Whe  ShRWRcaWal\Wic  UeVXlW  ZaV  VhRZQ  WR  be  aW  11.27  %  �                      

19.53,  Zhich  iV  VWill  WRR  lRZ  WR  ZRUk  aV  a  caWal\VW.  TheQ  Ze  cRQWiQXed  WR  add  XS  Whe  WiWaQia  la\eU                      

ZiWh  375  �L  TBOT,  bXW  Whe  UeVXlW  VWill  did  QRW  diffeU  fURP  Whe  fiUVW  RQe  aW  abRXW  4.45%.  Ne[W  1250                      

�L  TBOT  ZeUe  fiQall\  decided  WR  VelecW  aV  Whe  beVW  aPRXQW  Rf  WiWaQia  added  ViQce  Whe  degUadaWiRQ  iV                    

dUaPaWicall\  iQcUeaVed  higheU  WhaQ  Whe  laVW  WZR  WhiQQeU  VhellV  (a75.36  %).  ThiV  iQdicaWed  WhaW  ZheQ                 

PRUe  aQd  PRUe  Rf  WiWaQia  added,  WheUe  Zill  be  PRUe  ShRWRcaWal\Wic  acWiYiW\.  FRU  WhiV  UeaVRQ,  1250  �L                   

Rf   TBOT   ZeUe   XVed   aW   Whe   e[acW   aPRXQW   iQ   QaQRcRPSRViWeV   fRU   Whe   eQWiUe   Rf   WhiV   e[SeUiPeQW.     

TheQ,  ShRWRcaWal\Wic  acWiYiW\  ZaV  XVed  WR  iQYeVWigaWe  Whe  effecW  Rf  Whe  TXaQWiW\  Rf  Vilica  la\eUV                 

RQ  Whe  PaWeUial  VXUface.  AccRUdiQg  WR  FigXUe  15,  ShRWRcaWal\Wic  acWiYiW\  ZaV  cRPSaUed  ZiWh  YaUiRXV                

aPRXQWV  Rf  Vilica  la\eU  iQclXdiQg  37.5,  150,  600,  aQd  900  �L.  IQ  WheVe  fRXU  caWal\VWV,  SaPSle  F                   

SURYideV  Whe  higheVW  efficieQc\  RQ  WheiU  ShRWRcaWal\Wic  acWiYiW\  aV  Whe  SeUceQW  degUadaWiRQ  Rf               

PeWh\leQe  blXe  ZaV  97.65  �  0.96  %  iQ  5  h  XQdeU  iUUadiaWiRQ,  Zhile  Whe  RWheUV  VhRZ  ShRWRcaWal\Wic                   

acWiYiW\  XQdeU  Whe  VaPe  cRQdiWiRQ  iQ  fRllRZiQg  RUdeU,  SaPSle  G  >  SaPSle  E  >  SaPSle  D.  HRZeYeU,                   

ViQce  Whe  SeUceQW  degUadaWiRQ  Rf  VaPSle  F  ZaV  diffeUeQW  fURP  VaPSle  G  jXVW  abRXW  3.97  %  �  2.79,                    

Zhich  did  QRW  VeeP  WRR  diffeUeQW  ZiWhiQ  Whe  eUURU  baU  beWZeeQ  WheVe  WZR.  FXUWheUPRUe,  iQVeUWiQg                 

Vilica  aV  aQ  iQWeUla\eU  beWZeeQ  PagQeWic  aQd  WiWaQia  ZRXld  helS  WR  UedXce  elecWURQ-hRle               

UecRPbiQaWiRQ  RccXUUed  dXUiQg  geQeUaWiQg  abVRUbed  VSecieV  iQ  ShRWRcaWal\Wic  acWiYiW\  aV  Vilica  had  a               

laUgeU  baQd  gaS  WhaQ  WiWaQia  aQd  PagQeWic.  FXUWheUPRUe,  iQVeUWiQg  Vilica  aV  aQ  iQWeUla\eU  beWZeeQ                

PagQeWic  aQd  WiWaQia  ZRXld  helS  WR  UedXce  elecWURQ-hRle  UecRPbiQaWiRQ  RccXUUed  dXUiQg  geQeUaWiQg              

abVRUbed  VSecieV  iQ  ShRWRcaWal\Wic  acWiYiW\  aV  Vilica  had  a  laUgeU  baQd  gaS  WhaQ  WiWaQia  aQd  PagQeWic.                  
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TheUefRUe,  WheVe  UeVXlWV  VhRZed  WhaW  Whe  PRUe  WhickQeVV  Rf  Whe  Vilica  la\eU  VigQificaQWl\  iPSURYed                

Whe   ShRWRdegUadaWiRQ   efficieQc\   Rf   TiWaQia-Silica-IURQ   R[ide   QaQRcRPSRViWeV.     

MRUeRYeU,  aV  iQ  FigXUe  16,  Whe  YaUiRXV  W\SeV  Rf  PaWeUialV  WhaW  cRPSRVed  iQ  Whe                

QaQRcRPSRViWeV  ZeUe  XVed  WR  VWXd\  Whe  ShRWRcaWal\Wic  acWiYiW\  efficieQc\  Zhich  cRQViVWV  Rf  WiWaQia,               

QaQRcRPSRViWe,  aQd  PagQeWiWe.  The  ShRWRcaWal\Wic  acWiYiW\  Rf  SaPSle  F  (1250TS600F_EWOH)  ZaV             

RbVeUYed  WR  be  Whe  PRVW  efficieQW  PaWeUialV  VhRZiQg  97.65  %  �  0.96  Rf  degUadaWiRQ,  Zhile  WiWaQia                  

aQd  PagQeWiWe  had  Whe  SeUceQW  degUadaWiRQ  Rf  83.35  %  �  1.03  aQd  �  0.74  %  �  1.19,  UeVSecWiYel\.                   

AccRUdiQg  WR  Whe  SUeYiRXV  UeVeaUch,  if  WheUe  iV  QR  Vilica  la\eU  iQVeUW  beWZeeQ  WiWaQia  aQd  PagQeWiWe,  iW                   

Zill  caXVe  elecWURQ  hRle  UecRPbiQaWiRQ  aV  WiWaQia  SURdXceV  VRPe  Uadical  dXUiQg  Whe  acWiYaWed  fURP                

UV  lighW  iUUadiaWiRQ,  VR  WhiV  Zill  affecW  WR  WiWaQia¶V  abiliW\  WR  degUade  iQ  PeWh\leQe  blXe   [40] .  IW  cRXld                    

be  cRQclXded  WhaW  Whe  abiliW\  Rf  WiWaQia  RU  PagQeWiWe  ZheQ  ZRUkiQg  alRQe  aV  a  ShRWRcaWal\VW  ZaV  QRW                   

aV   efficieQW   aV   Whe   QaQRcRPSRViWeV.   

Figure   13 :   CRPSaUiVRQ   Rf   ShRWRcaWal\Wic   degUadaWiRQ   Rf   WZR   VaPSleV   ZiWh   diffeUeQW   VRlYeQWV   XVed:   

1250TS150F_EWOH   (SaPSle   E),   1250TS150F_He[OH   (SaPSle   A)   
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Figure   14.    CRPSaUiVRQ   Rf   ShRWRcaWal\Wic   degUadaWiRQ   Rf   fRXU   VaPSleV   ZiWh   diffeUeQW   aPRXQWV   Rf   

WiWaQia   added:   125TS150F_EWOH   (SaPSle   B),   375TS150F_EWOH   (SaPSle   C),   1250TS150F_EWOH   

(SaPSle   E)   

  

Figure   15.    CRPSaUiVRQ   Rf   ShRWRcaWal\Wic   degUadaWiRQ   Rf   fRXU   VaPSleV   ZiWh   diffeUeQW   WhickQeVV   Rf   

Vilica   added:   1250TS37.5F_EWOH   (SaPSle   D),   1250TS150F_EWOH   (SaPSle   E),   

1250TS600F_EWOH   (SaPSle   F),   1250TS900F_EWOH   (SaPSle   G)   
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Figure   16.    CRPSaUiVRQ   Rf   ShRWRcaWal\Wic   degUadaWiRQ   Rf   WhUee   VaPSleV   ZiWh   diffeUeQW   PaWeUialV   

cRPSRViQg   iQ   QaQRcRPSRViWeV:   1250TiWaQia_EWOH   (SaPSle   H),   1250TS600F_EWOH   (SaPSle   F),   

MagQeWiWe   
 

3.3   Bactericidal   actiYit\   

 IQ  WhiV  e[SeUiPeQW,  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV  Rf  600  �L  TEOS  ZeUe  XVed  aV               

a  VaPSle  WR  VWXd\  Whe  bacWeUicidal  acWiYiW\.  AccRUdiQg  WR  FigXUe  17,  Whe  VXbcXlWXUe  Rf  bacWeUial  cellV                  

ZeUe  WUeaWed  ZiWh  WhUee  diffeUeQW  cRQceQWUaWiRQV  Rf  Whe  QaQRcRPSRViWeV  ZiWh  cRQdiWiRQal  e[SRVXUe  WR               

UV  lighW  aQd  QRQ-UV.  The  WhUee  diffeUeQW  cRQceQWUaWiRQV  Rf  QaQRcRPSRViWeV  iQclXded  0,  32,  aQd  50                 

Pg  SeU  25  PL  VXbcXlWXUe,  UeVSecWiYel\.  The  cRQWURl  gURXS  ZaV  QRW  WUeaWed  ZiWh  QaQRcRPSRViWeV                

iQVWead  iW  ZaV  VXbdiYided  iQWR  WZR  VXbgURXSV,  Zhich  ZeUe  Whe  RQeV  ZiWh  UV  lighW  e[SRVXUe  aQd                  

ZiWhRXW  UV  lighW  e[SRVXUe.  The  QXPbeU  Rf  VXUYiYal  cellV  ZeUe  SlRWWed  RQ  Whe  baU  chaUW  aV  VhRZQ  iQ                    

Whe  fRllRZiQg  FigXUe  19  afWeU   E.cROL  ZeUe  WUeaWed  ZiWh  Whe  QaQRcRPSRViWeV  XQdeU  UV  iUUadiaWiRQ.  IQ                 

cRPSaUiVRQ,  fRU  Whe  RQe  XViQg  32  Pg/  25  PL,  WheUe  ZeUe  6.09  [  10 -8  CFU/  PL  UecRUded  fURP  Whe                     

UV-e[SRVed  cRQdiWiRQ,  Zhile  Whe  RQe  ZiWhRXW  UV  iUUadiaWiRQ  ZaV  aURXQd  4.69  [  10 -8  CFU/  PL.                 

MRUeRYeU,  WheUe  ZeUe  5.39  [  10 -8  CFU/  PL  Rf  Whe  VXUYiYal  bacWeUia  cellV  RbVeUYed  afWeU  WUeaWiQg  ZiWh                   

50  Pg/  25PL  Rf  QaQRcRPSRViWeV.  TheUefRUe,  Whe  UeVXlWV  iQdicaWed  WhaW  TiWaQia-Silica-IURQ  R[ide              

QaQRcRPSRViWeV  Rf  600  �L  TEOS  ZeUe  QRW  effecWiYe  iQ  bacWeUicidal  acWiYiW\  WRZaUdV   E.CROL,  aQd                

heQce   WheUe   ZeUe   QR   VigQificaQW   bacWeUicidal   effecWV   fURP   Whe   QaQRcRPSRViWeV.     

IQ  cRQWUaVW,  P  ChaQhRP  eW  al.   [1,11]  had  beeQ  UeSRUWed  WhaW  TiWaQia-Silica-IURQ  R[ide  ZaV                

Ueall\  able  WR  e[hibiW  bacWeUicidal  acWiYiW\  WRZaUd   E.  cROL.  USRQ  Whe  VXbcXlWXUe  Rf  bacWeUial  cellV                 
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WUeaWed  ZiWh  YaUiRXV  cRQceQWUaWiRQV  Rf  QaQRcRPSRViWeV  XQdeU  UV  lighW  acWiYaWed,  iW  e[SUeVVed  WhaW               

99%  Rf  VXUYiYal  cellV  ZeUe  dUaPaWicall\  UedXced  ZheQ  Whe  cRQceQWUaWiRQ  Rf  QaQRcRPSRViWeV  ZaV               

keSW  addiQg  XQWil  UeachiQg  20.0  Pg/L.  AcWXall\,  Whe  VXUYiYal  cellV  ZeUe  gUadXall\  decUeaVed  b\  jXVW                 

iQiWiall\  addiQg  17.5Pg/L  Rf  QaQRcRPSRViWeV  (FigXUe  18).  AlWhRXgh,  WheVe  QaQRcRPSRViWeV            

cRPSaUed  WR  SRVW-UeSRUW   [1]   ZeUe  cRQVWUXcWed  ZiWh  Whe  ViPilaU  VWUXcWXUal  cRPSRViWiRQV  Rf  WiWaQia               

Vhell,  Vilica  iQWeUla\eU  aQd  iURQ  R[ide  cRUe,  bXW  Whe  efficieQc\  iQ  bacWeUicidal  acWiYiWieV  ZeUe                

VeePiQgl\  diYeUVe.  AccRUdiQg  WR  Whe  SUeYiRXV  UeVeaUch,  bacWeUicidal  acWiYiW\  fURP  WiWaQia  cRXld             

SURdXce  VRPe  VXSeUR[ide  aQiRQ  aQd  h\dUR[\l  Uadical  XQdeU  acWiYaWiRQ  Rf  XlWUaYiRleW  lighW  Zhich               

ZeUe  RUigiQaWed  fURP  e[WUePe  WR[ic  UeacWiYe  R[\geQ  VSecieV  (ROS),  aV  SURdXciQg  Rf  ROS  ZaV                

VigQificaQWl\  SURdXced  R[idaWiYe  Rf  bacWeUial  cellV  PePbUaQe  caXViQg  leakage  aQd  deVWUXcWiRQ  Rf              

bacWeUial  iQWUacellXlaU  cRPSRQeQWV  VXch  aV  cellXlaU  UeVSiUaWiRQ  aQd  cellXlaU  PeWabRliVP,  WheQ  Whe  cell               

ZeUe  died   [6].  ThXV,  if  Whe  Vi]e  Rf  SaUWicleV  ZeUe  WRR  laUge  WR  eQWeU  iQWR  Whe  bacWeUial  iQWUacellXlaU,                    

WhiV  PighW  Pake  ROS  jXVW  UeacW  RXWVide  Rf  Whe  cell  PePbUaQe,  Zhich  ZRXld  be  PRUe  difficXlW  fRU                   

ROS  WR  iQWegUaWe  Whe  chePical  PechaQiVP  iQVide  Rf  Whe  bacWeUial  cell.  ThiV  cRXld  be  deWeUPiQed  WhaW                  

Whe  V\QWheVi]ed  QaQRcRPSRViWeV  cRXld  QRW  kill  bacWeUia  ViQce  WheiU  SaUWicle  Vi]e  iV  WRR  laUge  WR  eQWeU                  

iQWR  a  bacWeUia  cell   [41] .  AccRUdiQg  WR  Whe  TEM  iPage,  RXU  QaQRcRPSRViWe  Vi]e  iV  aURXQd  159.90  �                   

29.578  QP  Zhich  iV  TXiWe  laUge  ZheQ  cRPSaUed  WR  Whe  SUeYiRXV  ZRUk   [11]  aV  WheiU  QaQRcRPSRViWe                  

Vi]e  iV  aURXQd  108.5  �  28.86  QP,  WhiV  UeaVRQ  cRXld  be  aQ  aUgXPeQW  Zh\  TiWaQia-Vilica-iURQ  R[ide                  

QaQRcRPSRViWeV   iQ   WhiV   e[SeUiPeQW   ZeUe   QRW   aV   efficieQW   aV   iQ   P.   ChaQhRP    HW   aO.    SaSeU    [1,11] .     

  

Figure   17.    The   bacWeUicidal   acWiYiW\   Rf   YaUiRXV   cRQceQWUaWiRQ   Rf   1250TS600F   WRZaUd    E.   cROL    fRU   

bRWh     ZiWhRXW   (lefW)   aQd   ZiWh   (UighW)   UV   lighW   e[SRVXUe     
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Figure   18.    The   bacWeUicidal   acWiYiW\   Rf   CXTCPP-TSI   (cRSSeU(II)WeWUa(4-   caUbR[\SheQ\l)SRUSh\UiQ   

-VeQViWi]ed   WiWaQia-Vilica-iURQ   R[ide   QaQRcRPSRViWeV)   agaiQVW    E.   CROL    [1]   

  

  

  

  

Figure   19.    The   baU   chaUW   VhRZV   QXPbeU   Rf   VXUYiYiQg   bacWeUia   iQ   CFU/PL   fURP   diffeUeQW   cRQdiWiRQV   
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        ChaSWeU   4   
ConclXVion   
  

TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV  ZeUe  cRPSleWel\  V\QWheVi]ed  ZiWh  diffeUeQW          

aPRXQWV  Rf  Vilica  added  (37.5,  150,  300,  600  aQd  900  ȝL  TEOS).  The  QaQRcRPSRViWeV  ZeUe  alVR                  

iQYeVWigaWed  Whe  efficieQc\  Rf  ShRWRcaWal\Wic  acWiYiW\  b\  degUadaWiRQ  Rf  PeWh\leQe  blXe  XQdeU              

iUUadiaWiRQ  Rf  UV  lighW,  Whe  UeVXlW  VhRZ  WhaW  Whe  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWeV  ZiWh               

600ȝL  TEOS  caQ  be  Whe  PRVW  effecWiYe  iQ  Whe  degUadaWiRQ  Rf  MeWh\leQe  BlXe  d\e  ZiWh  Whe  higheVW                   

SeUceQWage  Rf  97.65  aV  XViQg  600  ȝL  Rf  TEOS  fRU  Whe  V\QWheViV  Rf  Vilica  iQWeUla\eU  iV  Whe  PRVW                    

VXiWable  WhickQeVV  WR  SUeYeQW  Whe  WiWaQia  aQd  PagQeWiWe  fURP  Whe  elecWURQ  aQd  hRle  UecRPbiQaWiRQ.                

HRZeYeU,  ZheQ  cRPSaUiQg  Whe  diaPeWeU  Rf  Whe  aV-SUeSaUed  V\QWheVi]ed  QaQRcRPSRViWeV  fURP  Whe              

SEM  aQd  TEM  iPageV  WR  Whe  QaQRcRPSRViWeV  fURP  Whe  SUeYiRXV  ZRUkV   [1,  11] ,  Whe  Vi]eV  Rf  Whe                   

QaQRcRPSRViWeV  fURP  WhiV  e[SeUiPeQW  ZeUe  biggeU  dXe  WR  Whe  diffeUeQce  iQ  V\QWheViV  PeWhRd.               

TheUefRUe,  Whe  QaQRcRPSRViWeV  ZeUe  QRW  able  WR  kill  Whe  bacWeUia,   E.cROL.   BeVideV,  Whe  SEM  UeVXlW                 

VhRZed  WhaW  all  WhUee  cRPSRQeQWV  ZeUe  VXcceVVfXll\  V\QWheVi]ed  aV  WiWaQia,  Vilica,  aQd  iURQ  R[ide                

ZaV  UecRYeUed  RQ  Whe  PaWeUial.  AlVR,  Whe  WechQiTXe  fRU  V\QWheViV  Rf  Whe  QaQRcRPSRViWeV  ZeUe                

SURVSeURXVl\  able  WR  SURdXce  iQ  laUge  gUaP  -  Vcale  b\  cRPSaUiQg  WR  P  ChaQhRP  eW  al.  Zhich  ZaV                    

VhRZQ  Whe  SURdXcW  aW   0.1005  g/baWch,  Zhile  iQ  WhiV  e[SeUiPeQW  ZaV  VhRZQ  aW  0.4816  g/baWch .  ThXV,                  

WhiV  TiWaQia-Silica-IURQ  R[ide  QaQRcRPSRViWe  cRXld  alVR  be  SURYed  WR  aSSl\  iQ  ZaVWeZaWeU  WUeaWPeQW               

V\VWePV  ZiWh  UePRYable  aQd  UeXVable  PagQeWV.  OQ  Whe  RWheU  haQd,  Whe  bacWeUicidal  acWiYiW\  iQ  WhiV                

caVe   ZaV   QRW   efficieQW   WR   XVe   fRU   killiQg   bacWeUia   aV   cRPSaUed   WR   SUeYiRXV   UeSRUWV    [1,   11].      
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