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Heterogeneous	
   Photocatalysis	
   can	
   be	
   understood	
   as	
   a	
  
photoinduced	
   redox	
   process	
   on	
   the	
   surface	
   of	
   a	
   light	
   ac7vated	
  
solid	
  catalyst.	
  

The	
  catalyst	
  should	
  be	
  a	
  wide	
  band	
  gap	
  semiconductor	
  to	
  photo-­‐
generate	
  highly	
  reducing	
  electrons	
  and	
  highly	
  oxidizing	
  holes	
  

The	
  catalyst	
  should	
  have	
  a	
  high	
  specific	
  surface	
  area.	
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PHOTOGENERATION:	
  
TiO2	
  +	
  hν	
  →	
  TiO2	
  (	
  e-­‐CB+	
  	
  h+VB	
  )	
  

	
  
	
  

	
  
	
  

MIGRATION:	
  
(TiIV)SURFACE	
  +	
  e-­‐bc	
  	
  →	
  (TiIII)SURFACE	
  

(TiIV-­‐	
  O2-­‐	
  -­‐	
  TiIV)	
  +	
  	
  h+VB	
  →	
  (TiIV-­‐	
  O⋅-­‐	
  -­‐	
  TiIV)	
  
	
  

RECOMBINATION:	
  
TiO2	
  +	
  e-­‐CB	
  +	
  	
  	
  h+VB	
  →	
  TiO2	
  +	
  	
  Q	
  



In	
   order	
   to	
   have	
   a	
   high	
   specific	
   surface	
  
area,	
  normally,	
   	
  a	
  photocatalyst	
   is	
  used	
  as	
  
powdery	
  suspended	
  slurry	
  

high	
  specific	
  surface	
  area?	
  

wide	
  band	
  gap	
  semiconductor?	
  	
  

The	
  CB	
  boEom	
  posi7on	
  must	
  be	
  
more	
  nega7ve	
  than	
  standard	
  
electrode	
  poten7al	
  of	
  an	
  
electron	
  acceptor	
  (oxidant)	
  and	
  
the	
  VB	
  top	
  posi7on	
  must	
  be	
  
more	
  posi7ve	
  than	
  the	
  standard	
  
electrode	
  poten7al	
  of	
  an	
  
electron	
  donor	
  (reductant).	
  

Only	
  a	
  few	
  stable	
  semiconductors	
  have	
  shown	
  adequate	
  characteris7cs.	
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For	
  aqueous	
  applica7ons	
  the	
  predominat	
  redox	
  processes	
  are	
  oxida7on	
  of	
  water	
  by	
  
holes	
  to	
  produce	
  ·∙OH	
  radicals	
  as	
  a	
  vehicle	
  for	
  the	
  oxida7on	
  process	
  and	
  O2	
  reduc7on	
  
for	
  scavenging	
  photogenerated	
  electrons.	
  

Semiconductor	
  par3cle	
  in	
  aqueous	
  media.	
  

Donor	
  

Donor⋅+	
  



OXIDANT	
  POWER	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  F2,	
  ·∙OH	
  ,	
  O3	
  ,H2O2	
  ,	
  MnO4

-­‐	
  ,	
  HClO	
  ,	
  Cl2,..	
  	
  
	
  	
  + - 

⋅OH	
  	
  



Substance	
  
	
   ⋅OH	
  	
  koxida7on	
  (s-­‐1) 

O3	
  	
  koxida7on	
  (s-­‐1)	
  
 

Chlorinated	
  alkenes 109	
  -­‐	
  1011	
   10-­‐1	
  -­‐	
  103	
   

Phenols 109	
  -­‐	
  1010	
   103	
   

Aroma7cs 108	
  -­‐	
  1010	
   1	
  -­‐	
  102	
   

Ketones	
   109	
  -­‐	
  1010	
   1	
   

Alcohols	
   108	
  -­‐	
  109	
   10-­‐2	
  -­‐1	
   

Alkanes	
   106	
  -­‐	
  109	
   10-­‐2	
   

Oxida7on	
  rate	
  constant	
  for	
  different	
  organic	
  substances	
  in	
  
presence	
  of	
  ·∙OH	
  and	
  O3	
  



·∙OH	
  REACTIONS:	
  	
  
	
  
• 	
  THROUGH	
  THE	
  ADITION	
  TO	
  A	
  C=C:	
  
	
  

·∙OH	
  +	
  R1C=CR2	
  →	
  R1(HO)C-­‐CR2·∙	
  
	
  
• 	
  THROUGH	
  	
  H	
  ABSTRACTION:	
  

·∙OH	
  +	
  RH	
  →	
  R·∙	
  +	
  H2O	
  
	
  

C=C	
  	
  ADDITION	
  IS	
  A	
  PROCESS	
  FASTER	
  THAN	
  THE	
  H	
  
ABSTRACTION.	
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  4-­‐CP	
  PHOTOCATALYTIC	
  MINERALIZATION	
  MECHANISM	
  
	
  

CnHmOzXy	
  	
  +	
  	
  p	
  O2	
  →	
  	
  n	
  CO2	
  +	
  y	
  HX	
  +	
  	
  w	
  H2O	
  



Pump	
  

Filter	
  

Water	
  solu3on	
  
tank:	
  H2O	
  +	
  

Pollutants	
  +	
  TiO2	
  

Mixer	
  

Solar	
  Photocataly3c	
  Panel	
  

TiO2	
   Addi3ves	
  

Air	
  contactor	
  

Water	
  
imput	
  

Clean	
  
Water	
  
output	
  

Recircula3ng	
  line	
  

The	
  systems	
  are	
  operated	
  in	
  a	
  discon9nuous	
  manner	
  by	
  recircula9ng	
  the	
  
wastewater	
  with	
  an	
  intermediate	
  reservoir	
  tank	
  and	
  centrifugal	
  pump	
  

	
  
At	
  laboratory	
  scale	
  this	
  process	
  has	
  been	
  tested	
  with	
  success	
  using	
  for	
  
many	
  applica7ons:	
  

• 	
  Phenols	
  and	
  phenol	
  deriva7ves	
  
• 	
  Halogen	
  organic	
  compounds	
  
• 	
  Pes7cides	
  
• 	
  Surfactants	
  
• Emerging	
   pollutants	
   (pharmaceu7cal	
   and	
   cosme7c	
   products,	
  
flame	
  retardants,…)	
  
• 	
  Bacteria	
  and	
  viruses	
  
• 	
  …	
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Phenol,	
   hydroquinone	
   and	
   catechol	
  
concentra9on	
   evolu9on	
   during	
   the	
   phenol	
  
photocataly9c	
  mineraliza9on	
  using	
  TiO2	
  (ECT	
  
1023t)	
  

	
  
	
  

*	
  [Phenol]	
  =	
  50	
  ppm	
  ,	
  [TiO2]	
  =	
  1	
  g/L	
  ,	
  pH	
  =	
  5	
  ,	
  	
  T=25°C	
  Pes3cides	
  photocataly9c	
  removal	
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*	
  [Pes3cide]	
  =	
  0,53	
  mM	
  ,	
  [TiO2]	
  =	
  1	
  g/L	
  ,	
  pH	
  =	
  5	
  ,	
  	
  T=25°C	
  



	
  
	
  

Bisphenol	
  A	
  photocataly3c	
  removal	
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*	
  [BPA]	
  =	
  50	
  ppm	
  ,	
  [TiO2]	
  =	
  1	
  g/L	
  ,	
  pH	
  =	
  5	
  ,	
  	
  T=25°C	
  



• 	
  Photocataly3cal	
  inac3va3on	
  of	
  E.	
  coli:	
  effect	
  of	
  (con3nuous–intermijent)	
  light	
  intensity	
  and	
  
of	
  (suspended–fixed)	
  TiO2	
  concentra3on.	
  Rincón,	
  A.G	
  and	
  Pulgarin	
  C.	
  Appl.	
  Catal.	
  B:	
  Environ.	
  44	
  
(2003),	
  263.	
  
	
  

Photocataly3c	
  disinfec3on*	
  



h^p://www.fym.es/ES/Prensa/Galeria+de+Im%C3%A1genes/2009ProductosTXAc9ve.htm	
  

	
  	
  TX	
  Ac3ve®	
  (FyM-­‐	
  Italcemen3	
  Group)	
  



A	
  novel	
   silver	
   doped	
  photocataly9c	
  
pervious	
  composite	
  was	
  synthesized	
  
using	
   	
   uniformly	
   graded	
   sand,	
  
Portland	
   cement,	
   9tanium	
   dioxide	
  
and	
   silver	
   nitrate	
   (Photocataly9c	
  
Composi9on	
   for	
   Water	
   Purifica9on	
  	
  
US	
  20140183141	
  A1)	
  Deepika	
  Kurup	
  	
  
	
  

Prototype	
  for	
  real	
  world	
  applica9on	
  Deepika	
  Kurup,	
  	
  
U.S.	
   winner	
   of	
   2014	
  
Stockholm	
   Junior	
  
Water	
  Prize	
  



Oxatur	
  
Oxatur	
   is	
   a	
   floa9ng	
   or	
   permanent	
   establishment	
   and,	
   for	
   example,	
  
posi9oned	
  at	
  discharge	
  sources	
  or	
  central	
  water	
  systems.	
  	
  
The	
  surface	
  has	
  been	
  treated	
  with	
  a	
  special	
  photocataly9c	
  coa9ng.	
  That	
  
accelerates	
   the	
   decomposi9on	
   (photocataly9c	
   cleaning)	
   of	
   organic	
  
(micro)	
  contaminants,	
  alcohols,	
  algae	
  and	
  bacteria.	
  
	
  

Fully	
  autonomous	
  opera9ng	
  unit	
   The	
  pumped	
  water	
  is	
  brought	
  
back	
  to	
  the	
  water	
  system.	
  The	
  
return	
  water	
  is	
  enriched	
  with	
  
oxygen	
  

Equipped	
  with	
  floatlands	
  
planted	
  with	
  a	
  unique	
  crop	
  
that	
  removes	
  nutrients	
  N	
  
and	
  P	
  from	
  the	
  water	
  and	
  
stores	
  it	
  in	
  the	
  green	
  parts.	
  	
  



“TOKYO,	
   February	
   25,	
   2005-­‐-­‐Ube	
   Industries,Ltd.	
   has	
  
been	
  awarded	
  the	
  Minister	
  of	
  Environment	
  Prize	
  of	
  the	
  
Fourth	
   Annual	
   Green	
   Sustainable	
   Chemistry	
   (GSC)	
  
Awards	
   by	
   the	
   Green	
   Sustainable	
   Chemistry	
   Network	
  
(GSCN),	
   in	
   recogni9on	
   of	
   the	
   company's	
   major	
  
contribu9on	
   to	
   reduc9on	
   of	
   environmental	
   impact	
  
through	
   its	
   development	
   of	
   the	
   world's	
   first	
   high-­‐
strength	
   photocataly9c	
   fiber	
   u9lizing	
   surface	
   gradient	
  
structures,	
  and	
  of	
  a	
  water	
  decontamina9on	
  system	
  that	
  
makes	
  use	
  of	
  this	
  material.”	
  
	
  
	
  
	
  
	
  
	
  

Natural	
  Helth	
  Center.	
  Almería	
  

h^p://www.ube-­‐ind.co.jp/english/products/index.htm	
  
Nature	
  416,	
  64-­‐67	
  (7	
  March	
  2002)	
  |	
  doi:10.1038/416064a.	
  A	
  general	
  process	
  for	
  in	
  situ	
  
forma3on	
  of	
  func3onal	
  surface	
  layers	
  on	
  ceramics.	
  Toshihiro	
  Ishikawa,	
  Hiroyuki	
  Yamaoka,	
  
Yoshikatsu	
  Harada,	
  Teruaki	
  Fujii	
  &	
  Toshio	
  Nagasawa	
  
	
  

Photocatalyst	
  UBE	
  TiO2/SiO2	
  



Indoor	
   pool	
   at	
   the	
  
Paraplegic	
  Hospital	
  of	
  
Toledo,	
  equipped	
  with	
  
a n 	
   	
   U B E	
  
Photocataly7c	
   system	
  
w h i c h 	
   h a s	
  
demonstrated	
   99.9%	
  
efficiency	
   in	
   removing	
  
pathogens*	
  
	
  

*	
  h^p://www.borrmart.es/ar9culo_limpiezas.php?id=224&numero=54	
  

Photocatalyst	
  UBE	
  TiO2/SiO2	
  



AOP.TITANIUM®	
  	
  Brightwater	
  

h^p://www.bwater.eu/aop/9tanium-­‐aop/9tanium-­‐aop-­‐page/#	
  

Titanium	
   AOP	
   is	
   an	
   environmentally	
   friendly	
   ‘gatekeeper’	
   solu9on	
   that	
   prevents	
  
Legionella	
  and	
  other	
  organisms	
  from	
  entering	
  the	
  water	
  system	
  within	
  the	
  building.	
  



AOP.TITANIUM®	
  	
  Brightwater	
  



PhotoCat®	
  Purifics	
  

h^p://www.purifics.com/photo-­‐cat-­‐photocataly9c-­‐membrane-­‐system	
  

PhotoCat	
   is	
   a	
   photocataly9c,	
   ceramic	
  
membrane	
  process	
   that	
  combines	
   the	
  best	
  of	
  
“chemical	
  free”	
  advanced	
  oxida3on	
  (AOP+)	
  	
  
&	
  ceramic	
  ultrafiltra3on.	
  
PhotoCat	
  is	
  a	
  photocataly9c	
  membrane	
  system	
  
that	
  destroys	
  organic	
  pollutants	
  when	
  they	
  are	
  
mixed	
  with	
   the	
   9tanium	
   dioxide	
   (TiO2)	
   slurry,	
  
and	
   ac9vated	
   by	
   full	
   spectrum	
  UV	
   light.	
   	
   The	
  
patented	
   con9nuous	
   TiO2	
   separa9on	
   process	
  
allows	
   the	
   catalyst	
   to	
   be	
   completely	
  
recaptured	
   and	
   reintroduced	
   into	
   the	
   inlet	
  
stream.	
  



Portable	
  Drinking	
  Water	
  Purifier	
  
	
  



Shield	
  1000®	
  de	
  Puraly9cs	
  
	
  

h^p://www.roddenberrydrt-­‐handbook.com/uploads/2/6/8/9/26891397/
doc10133_rev_1.3-­‐_manual_shield_1000_owners.pdf	
  



Solar	
  photocataly9c	
  panels	
  in	
  Albaida	
  (La	
  Mojonera,	
  Almería)	
  

	
  
What	
  is	
  the	
  extent	
  of	
  commercializa9on	
  of	
  TiO2	
  supported	
  solar	
  photocatalysis?	
  	
  

Photocataly9c	
  Disinfec9on	
  Plant	
  for	
  
drinking	
  water	
  produc9on	
  in	
  Kenya	
  



	
  
•  The	
  current	
  lack	
  of	
  data	
  for	
  comparison	
  of	
  solar	
  photocatalysis	
  with	
  

other	
   technologies	
   (technoeconomic	
   studies,	
   environmental	
  
impact)is	
  it	
  it	
  a	
  promising	
  technology	
  compared	
  to	
  others?	
  

	
  
	
  
	
  
	
  
	
  
	
  

Obstacles	
  for	
  industrial	
  applica9on	
  

OK?	
  

Robustness	
  

Cost	
  

Predictable-­‐
Extensive	
  

Automa9on-­‐
Safety	
  Processes	
  based	
  on	
  UV	
  	
  

ac9vated	
  TiO2	
  are	
  	
  about	
  four	
  
9mes	
  more	
  expensive	
  as	
  RO	
  
(Al-­‐Bastaki,	
  2004,	
  Chem.	
  Eng.	
  
Proces,	
  43,	
  935)	
  



Wastewater	
  from	
  banana	
  post-­‐harvest	
  

•  Fungicide:	
  imazalil	
  (prevent	
  fruit	
  from	
  rozng)	
  
•  10	
  m3	
  per	
  week	
  
	
   cost	
   Solar	
  Photo-­‐Fenton	
   Solar	
  Photocatalysis	
  

Investment/€	
   123282.37	
   126370.84	
  

Invesment/€/m3	
   23.71	
   24.30	
  
opera3on/€/m3	
   2.25	
   2.58	
  



  Combined	
   use	
   of	
   TiO2-­‐based	
  
t e c h n o l o g i e s	
   w i t h	
   o t h e r	
  
technologies	
   (e.g.,	
   biological,	
  
u l trafitra9on)	
   Integrated	
  
techniques	
   can	
   ameliorate	
   the	
  
d r aw b a c k s	
   o f	
   i n d i v i d u a l	
  
processes.	
   Case:	
   Membrane	
  
photoreactor	
   as	
   secondary	
  
treatment	
  	
  

  Addi9onal	
  values:	
  hydrogen	
  	
  
	
  

Technology	
  Readiness	
  Levels	
  for	
  photocataly9c	
  
applica9ons	
  for	
  water	
  treatment	
  



	
  

 Catalyst	
  low	
  efficiency	
  	
  

	
  

 Difficul7es	
   for	
   catalyst	
   recovery	
   and	
   reuse	
   (long	
   sedimenta7on/
filtra7on	
  periods	
  and	
  reac7va7on	
  treatments	
  required).	
  

	
  

Despite	
  all	
  these	
  applica9ons,	
  there	
  are	
  some	
  limita9ons	
  that	
  
prevent	
   greater	
   degree	
   of	
   implementa9on	
   of	
   the	
  
heterogenerous	
  photocataly9c	
  technology.	
  	
  



Visible	
  
light	
  range	
  

shi{	
  

Recombina9on	
  
reduc9on	
  

Surface	
  
area	
  

increase	
  

 Catalyst	
  low	
  efficiency	
  	
  



SURFACE	
  AREA	
  INCREASE	
  
Many	
   researches	
   have	
   tried	
   in	
   recent	
   years	
   to	
   develop	
   and	
   op7mize	
  
thermal,	
  chemical	
  or	
  combined	
  treatments	
  to	
  obtain	
  photocatalysts	
  with	
  
a	
  larger	
  surface	
  area.	
  
This	
  purpose	
  has	
  been	
  tried	
  via	
  obtaining	
  materials	
  composed	
  of	
  smaller	
  
par7cles	
  or	
  by	
  the	
  synthesis	
  of	
  porous	
  par7cles.	
  

 

S



SURFACE	
  AREA	
  INCREASE	
  (I)	
  
One	
   interes7ng	
  way	
   to	
   address	
   this	
   objec7ve	
   is	
   synthesizing	
   of	
   TiO2	
   in	
  
presence	
   of	
   molecular	
   templates.	
   These	
   are	
   chemically	
   or	
   physically	
  
removed	
   once	
   the	
   prepara7on	
   step	
   is	
   completed	
   leaving	
   a	
   void	
   on	
   the	
  
surface.	
   co2	
  

Annealing	
  

co2	
  

Annealing	
  

S



SURFACE	
  AREA	
  INCREASE	
  (II)	
  

Hydrothermal	
   treatment:	
   The	
   precipitate	
   obtained	
   by	
   sol	
   gel	
   is	
   placed	
   in	
   an	
  
autoclave	
  at	
  150	
  °C	
  for	
  24	
  hours	
  just	
  before	
  calcina9ons	
  treatment*.	
  
	
  

120°C	
  

2	
  atm.	
  

24	
  hours	
  

673	
  –	
  1073	
  K	
  

Catalyst	
  
Anatase(A)	
  

/Ru3le	
  (R)	
  

Crystallite	
  size	
  

(nm)	
  (A)	
  

Crystallite	
  size	
  

(nm)	
  (R)	
  

BET	
  surface	
  

area	
  

(m2/g)	
  

nHT-­‐773	
   100%	
  A	
   21.7	
   -­‐-­‐-­‐-­‐	
   38.4	
  

nHT-­‐873	
   100%	
  A	
   36.9	
   -­‐-­‐-­‐-­‐	
   27.9	
  

HT	
   100%	
  A	
   6.5	
   -­‐-­‐-­‐-­‐	
   182.3	
  

HT-­‐773	
   100%	
  A	
   11.9	
   -­‐-­‐-­‐-­‐	
   88.3	
  

HT-­‐873	
   100%	
  A	
   26.2	
   -­‐-­‐-­‐-­‐	
   37.7	
  

TiO2	
  	
  Sol-­‐Gel	
  
Synthesis	
  

1	
   3	
  

1	
   3	
  2	
  

1	
   3	
  2	
  

Another	
   interes7ng	
  way	
   to	
  address	
   this	
  objec7ve	
   is	
   the	
  synthesis	
  via	
   sol-­‐gel	
  of	
  
TiO2	
  and	
  subsequent	
  hydrothermal	
  treatment	
  . 
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RECOMBINATION	
  PROCESSES	
  MINIMIZATION	
  

h+	
  
h+	
  

h+	
  h+	
  
h+	
  

e-­‐	
  
e-­‐	
   e-­‐	
   e-­‐	
  

e-­‐	
  

RECOMBINATION	
  HEAT	
  

In	
   order	
   to	
   increase	
   the	
   l i fe7me	
   of	
  	
  

photogenerated	
   electrons	
   and	
   holes	
   some	
  

strategies	
  can	
  be	
  adopted	
  ,	
  for	
  example:	
  	
  

	
  

 	
  Reducing	
  the	
  recombina7on	
  centers	
  (defects)	
  

densityè	
  high	
  crystallinity.	
  

	
  

 Using	
  fast	
  electron	
  scavengers	
  (Fe3+,	
  S2O8
2-­‐…).	
  

	
  

 Using	
  effec7ve	
  electron	
  traps.	
  

R



e-­‐	
  

h+	
  

semiconductor	
  	
  	
  	
  	
  	
  	
  	
  metal	
  

e-­‐	
  

EF	
  

EF	
  

h+	
  

e-­‐	
  
hν	
  

RECOMBINATION	
  PROCESSES	
  MINIMIZATION	
  

One	
  of	
  the	
  most	
  common	
  used	
  ways	
  has	
  been	
  the	
  photodeposi7on	
  of	
  noble	
  metals	
  
with	
   Fermi	
   levels	
   comprised	
   between	
   the	
   valence	
   and	
   conduc7on	
   bands	
   of	
   the	
  
semiconductor	
  	
  

R



RECOMBINATION	
  PROCESSES	
  MINIMIZATION	
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P25	
  Absorp9on	
  
Edge	
  

Visible	
  light	
  range	
  shi{	
  

P25	
   can	
   only	
   use	
   around	
   5	
   –	
   8	
   %	
   of	
   solar	
   photons.	
   Simply	
  
reducing	
   the	
   band	
   gap	
   around	
   0.2	
   eV	
   (30	
   nm	
   shij	
   to	
   visible	
  
range)	
  the	
  useful	
  photons	
  increase	
  is	
  around	
  30	
  %.	
  

	
  

V



V
non-­‐metal-­‐doping-­‐TiO2	
  (e.g.	
  N-­‐	
  TiO2)	
  can	
  be	
  an	
   interes?ng	
  way	
  to	
  
reduce	
  the	
  band	
  gap	
  and	
  consequently	
  shiFing	
  the	
  absorp?on	
  edge	
  
to	
   visible	
   light	
   by	
   the	
   introduc?on	
   of	
   localized	
   levels	
   in	
   the	
   band	
  
gap	
  or	
  by	
  broadening	
  the	
  valence	
  band*.	
  	
  	
  

C.B.	
  

V.B.	
  

TiO2	
   N-­‐TiO2	
   N-­‐TiO2	
  

0 
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Wavelenght,	
  nm	
  

TiO2	
  (P25)	
  
N-­‐TiO2	
  	
  

Energy	
  

Drawbacks:	
  	
  
-­‐  Generate	
   oxygen	
   vacancies	
   in	
   the	
   bulk.	
   These	
   defects	
   can	
   act	
   as	
   massive	
  

recombina9on	
  centers	
  of	
  photo-­‐induced	
  electron	
  e	
  hole	
  pairs	
  
-­‐  Unstable:	
  Deac9va9on	
  has	
  been	
  observed	
  
-­‐  Unfavorable	
   in	
   energy:	
   The	
   doping	
   process	
   of	
   the	
   non	
   metal	
   elements	
   always	
  

involves	
  thermal	
  treatment	
  at	
  high	
  temperatures	
  or	
  a	
  long	
  9me	
  of	
  hydrothermal	
  
treatment	
  



TiO2	
  

e-­‐	
  

h+	
  

e-­‐	
  

hν	
  

HOMO	
  

VB	
  

CB	
  

LUMO	
  

Eg	
  =	
  3.2	
  eV	
  

DYE	
  

Acceptor	
  

Acceptor-­‐	
  

Donor	
  

Donor+	
  

Combina9on	
  with	
  photosensi9zer	
  
Examples:	
  erythrosin	
  B,	
  thionine,	
  bipyridine,	
  phthalocyanine	
  	
  

If	
  the	
  redox	
  poten9al	
  is	
  lower	
  than	
  the	
  conduc9on	
  band	
  (CB)	
  
of	
  TiO2,	
  an	
  electron	
  may	
  be	
  injected	
  from	
  the	
  excited	
  state	
  
into	
  the	
  CB	
  	
  

Drawbacks:	
  	
  
-­‐	
   The	
   electron	
   transfer	
   from	
   excited	
   dye	
   to	
   TiO2	
   usually	
   depends	
   strongly	
   on	
   the	
  
adsorp9on	
  efficiency	
  of	
   the	
  dye	
  molecule.	
   In	
   this	
   case	
   the	
  dye	
  molecules	
   are	
   only	
  
absorbed	
   onto	
   the	
   TiO2	
   surface	
   by	
   physical/chemical	
   adsorp9on.	
   So	
   the	
   dye	
  
molecules	
  as	
  sensi9zers	
  tend	
  to	
  par9ally	
  desorb.	
  
-­‐	
  Dyes	
  are	
  toxic	
  and	
  unstable.	
  
	
  

V



CdS	
  	
  	
  	
  	
  	
  	
  	
  	
  TiO2	
  

e-­‐	
  

h+	
  

e-­‐	
  

hν	
  

h+	
  e-­‐	
  

e-­‐	
  

VB	
  

VB	
  

CB	
  
CB	
  

Eg	
  =	
  3.2	
  eV	
  

Eg	
  =	
  2.5	
  eV	
  

Semiconductors	
  combina9on	
  V



Interfacial	
  charge	
  transfer	
  process	
  (IFCT)	
  

DOI:	
  10.1039/C4TA02211D	
  

V

The	
  surface	
  modifica9on	
  of	
  TiO2	
  with	
  Cu(II)	
  or	
  Fe(III)	
  
nanoclusters	
   increases	
   the	
   visible-­‐light-­‐sensi9vity	
   of	
  
the	
  resulted	
  material	
  without	
  inducing	
  impurity	
  levels	
  
in	
  the	
  band	
  gap.	
  	
  
	
  
Electrons	
  in	
  the	
  valence	
  band	
  (VB)	
  of	
  TiO2	
  are	
  excited	
  
to	
   the	
   Cu(II)	
   nanoclusters	
   under	
   visible-­‐light	
  
irradia9on	
   through	
   an	
   interfacial	
   charge	
   transfer	
  
(IFCT)	
  process.	
   The	
   introduc9on	
  of	
  excited	
  electrons	
  
into	
  the	
  Cu(II)	
  nanoclusters	
  leads	
  to	
  the	
  forma9on	
  of	
  
Cu(I)	
   species,	
   which	
   efficiently	
   reduce	
   oxygen	
  
molecules.	
  	
  
	
  
During	
   the	
   IFCT	
  process,	
   holes	
  with	
   strong	
  oxida9ve	
  
power	
   for	
   the	
  decomposi9on	
  of	
  organic	
   compounds	
  
are	
  generated	
  in	
  the	
  deep	
  VB	
  of	
  TiO2.	
  	
  

	
  	
  



 Catalyst	
  recovery	
  	
  

Sedimentability	
  
9me	
  reduc9on	
  

Supported	
  
Catalysts	
  



SUPPORTED	
  CATALYSTS	
  

  ELECTION	
  OF	
  SUPPORT	
  AND	
  METHOD	
  OF	
  FIXING	
  THE	
  CATALYST	
  TAKING	
  
INTO	
  ACCOUNT:	
  

	
  
  Maximum	
  possible	
  surface	
  in	
  contact	
  with	
  the	
  reac7ve	
  medium.	
  
  Maximum	
  possible	
  surface	
  area	
  exposed	
  to	
  radia7on.	
  
  Thermal	
  and	
  Chemical	
  inert.	
  
  Cheap	
  and	
  durable	
  (adherence)	
  
  Have	
  a	
  low	
  pressure	
  drop	
  

“studies	
  performed	
  to	
  date	
  have	
  not	
  yet	
  iden7fied	
  a	
  fixed-­‐catalyst	
  system	
  that	
  
performs	
  as	
  efficiently	
  as	
  slurry	
  systems,	
  at	
  least	
  for	
  the	
  solar	
  treatment	
  of	
  water”.	
  	
  
Book	
  Photocatalysis	
  and	
  Water	
  Purifica?on.	
  From	
  Fundamentals	
  to	
  Recent	
  Applica?ons.	
  Chapter	
  15.	
  
	
  
	
  

S	
  



S	
  

  COMMON	
  SUPPORTS:	
  
  Packed	
  beds:	
  	
  

  Glass	
  beads	
  (hollow	
  or	
  bulk),	
  glass	
  tubes,	
  glass	
  Raschig	
  rings	
  
  Polymeric	
  materials	
  
  Porous	
   lava,	
   natural	
   porous	
   silica	
   pumice,	
   exfoliated	
   vermiculite,	
  

zeolites	
  
  Laqce	
  monolithic	
  solids:	
  foams	
  

  Reactor	
  walls	
  
  Glass	
  tubes	
  
  Paper	
  (e.g.	
  paper	
  provided	
  by	
  Ahlstrom	
  Company)	
  
  Metal	
  fibers,	
  steel	
  mesh,	
  aluminum	
  plates	
  
  Op7cal	
  fibers	
  as	
  light	
  distribu7ng	
  guide	
  
  …	
  

SUPPORTED	
  CATALYSTS	
  



Immobiliza9on	
  techniques	
  (I)	
  

Binders:	
   The	
   binder	
   directly	
   fixes	
   the	
   photocatalyst	
   onto	
   the	
   substrate	
   or	
   support	
  
physically	
  isola9ng	
  it	
  from	
  the	
  ac9ve	
  TiO2.	
  Fully	
  inorganic	
  binders	
  are	
  preferred	
   	
  (e.g.	
  
SiO2),	
  polymers	
  and	
  organosilane	
  polymers	
  containing	
  organic	
  func9onal	
  groups	
  can	
  
also	
  be	
  used.	
  
	
  
Thermal	
   treatment:	
  The	
  simplest	
   immobilizing	
  method.	
  The	
  photocatalyst	
   is	
  mainly	
  
deposited	
   first	
   on	
   the	
   support	
   surface	
   by	
   impregna9on	
   of	
   the	
   photocatalyst	
  
suspension	
  at	
  an	
  op9mized	
  concentra9on.	
  
	
  
Sol–gel	
  methods	
  are	
  among	
   the	
  most	
  widely	
  used	
   immobiliza9on	
  methods,	
  due	
   to	
  
the	
  rela9vely	
  low	
  processing	
  costs	
  as	
  well	
  as	
  the	
  flexible	
  and	
  tunable	
  implementa9on	
  
onto	
   a	
  wide	
   range	
  of	
   substrates	
   in	
   terms	
  of	
   shape,	
   size,	
   and	
   chemical	
   nature.	
  Dip-­‐
coa9ng	
   and	
   spreadcoa9ng	
   are	
   the	
   two	
   main	
   processing	
   methods	
   for	
   immobilizing	
  
sol–gel	
  TiO2	
  onto	
  substrates.	
  
	
  
	
  

S	
  



Immobiliza9on	
  techniques	
  (II)	
  

CVD	
   method:	
   Substrates	
   are	
   subjected	
   to	
   a	
   gaseous	
   flow	
   of	
   a	
   single	
   or	
  
mul9component	
  vola9le	
  precursor	
  in	
  an	
  inert	
  atmosphere	
  at	
  controlled	
  pressure	
  and	
  
controlled	
  temperature,	
  and	
  decomposi9on	
  of	
  the	
  vola9le	
  precursors	
  takes	
  place	
  at	
  
the	
  substrate	
  surface,	
  resul9ng	
  in	
  the	
  forma9on	
  of	
  thin	
  films.	
  
	
  
Electrophore7c	
   deposi7on:	
  Applica9on	
   of	
   a	
   poten9al	
   between	
   two	
   electrodes	
   (the	
  
substrate	
   to	
   be	
   coated	
   ac9ng	
   as	
   cathode,	
   whereas	
   anode	
   being	
   usually	
   pla9num).	
  
This	
  method	
  is	
  restricted	
  to	
  metallic	
  substrates,	
  or	
  at	
  least	
  conduc9ve	
  ones.	
  

S	
  



SEDIMENTATION	
  TIME	
  REDUCTION:	
  

  Adjus7ng	
  pH	
  
	
  

In	
  the	
  case	
  of	
  TiO2	
  (Degussa	
  P25),	
  at	
  concentra9ons	
  of	
  200mg/l,	
  the	
  PZC	
  is	
  obtained	
  at	
  
about	
  pH	
  7	
  and	
  only	
  5	
  h	
  of	
  storage	
  is	
  needed	
  to	
  recover	
  90–95%.	
  

	
  
  Increasing	
   the	
   size	
   of	
   the	
   catalysts	
   aggregates	
   in	
  

suspension	
  or	
  par7cles	
  density	
  increase	
  

Catalyst	
  recovered	
  can	
  be	
  reused	
  but	
  not	
  indefinitely	
  
Slurry	
  life9me	
  has	
  been	
  tested	
  with	
  sa9sfactory	
  results	
  under	
  laboratory	
  condi9ons	
  but	
  
with	
  real	
  water	
  treatments	
  catalyst	
  life9me	
  would	
  be	
  diminished	
  due	
  to	
  poisoning	
  by	
  
contaminants.	
  

S	
  



D	
  

≈	
  3	
  µm	
  	
  

LASER	
   SCATTERING	
   STUDIES	
   OF	
   TiO2	
   SUSPENSIONS	
   ALONE,	
  
INDICATED	
   THAT	
   THEY	
   ARE	
   FORMED	
   BY	
   HOMOGENEOUS	
  
AGGREGATES	
  WITH	
  AN	
  AVERAGE	
  SIZE	
  OF	
  ABOUT	
  	
  3	
  µm.	
  

CASE:	
  TiO2	
  COMBINED	
  WITH	
  AC:	
  

SIMILAR	
   STUDIES	
   FOR	
   A	
   7	
   %AC	
   CONTAINING	
   CATALYST	
  	
  
INDICATED	
   THAT	
   IT	
   IS	
   FORMED	
   BY	
   HOMOGENEOUS	
  
AGGREGATES	
  WITH	
  AN	
  AVERAGE	
  SIZE	
  OF	
  approx.	
  6	
  µm.	
  

BIGGER	
   AND	
   MORE	
   DENSE	
   AGGREGATES,	
   THAT	
   PRODUCE	
   A	
  
HIGHER	
  SEDIMENTABILITY	
  OF	
  THESE	
  SAMPLES.	
  

≈	
  6	
  µm	
  	
  



D	
   CASE:	
  TiO2	
  COMBINED	
  WITH	
  AC:	
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TURBIDIMETRIC	
   SEDIMENTABILITY	
   STUDIES	
   SHOWED	
   THAT	
   THE	
   LOWER	
   AC	
  
CONTAINING	
   CATALYSTS	
   PRESENT	
   A	
   CONSIDERABLY	
   HIGHER	
   SEDIMENTABILITY	
  
THAN	
  TiO2	
  ALONE	
  	
  

	
  	
  	
  	
  



•  Ultrafiltra7on?	
  
P25	
  powder	
  elementary	
  par9cles	
  are	
  about	
  30	
  nm,	
  or	
  
even	
  smaller	
  in	
  other	
  TiO2	
  

•  Microfiltra7on?	
  
In	
  water,	
  the	
  par9cles	
  always	
  agglomerate	
  into	
  larger	
  
ones.	
  
	
  
•  Microfiltra7on	
  combined	
  with	
  sedimenta7on?	
  
	
  About	
  90%	
  of	
  the	
  catalyst	
  can	
  easily	
  be	
  recovered	
  by	
  
sedimenta9on	
  and	
  the	
  rest	
  by	
  microfiltra9on.	
  

	
  	
  S	
   CATALYST	
  SEPARATION.	
  OTHER	
  OPTIONS	
  



D	
  

Composite	
  nanopar9cles	
  with	
  magne9c	
  core	
  and	
  photoac9ve	
  shell.	
  
Separa9on	
   is	
   obtained	
   from	
   slurry	
   photoreactors	
   when	
   an	
   external	
  
field	
  is	
  applied.	
  
Materials	
  used	
  as	
  the	
  magne9c	
  core:	
  Fe3O4,	
  Fe2O3,	
  NiFe2O4,	
  CoFe2O4,	
  
FeCo,	
  and	
  Co3O4.	
  	
  

CATALYST	
  SEPARATION.	
  OTHER	
  OPTIONS	
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