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0*/)#(('( 8%', 374+, BDKE F+(%&, L ).%((+M#* .#( $%,7*+%'6 3' 0/+&, 3# F'# 3# .#'* %),+F+,7

)%,%.>,+H'#< K# 0.'(5 )#, /',+. (#*% ',+.+(7 0/'* ,#&,#* 3-#6,*%+*# .#( 0*/0*+7,7( I/&3%$#&,%.#(

3#( $%,7*+%'6 )%,%.>,+H'# ,#..#( H'# .% F%.#'* 3# ('*I%)# (07)+MH'#5 .% *73'),+4+.+,7 /' #&)/*#

.-%)+3/C4%(+)+,7 3#( $%,7*+%'6<

N+&%.#$#&,5 .-',+.+(%,+/& 3# )#,,# ,#)8&+H'# % $+( #& 7F+3#&)# 3#( )/$0/*,#$#&,( )%C

,%.>,+H'#( /()+..%&,( H'# &/'( ,#&,#*/&( 3-#60.+H'#* ;*O)# L .% *7%.+(%,+/& 3-'&# 7,'3# 0%C

*%$7,*+H'#5 %F#) .-%00'+ 3# )/'0.%;#( %&%.>,+H'#( /' #&)/*# %F#) .-',+.+(%,+/& 3-/',+.( $%C

,87$%,+H'#( 0#*$#,,%&, .% 3#()*+0,+/& 3# )#( 087&/$?&#(<
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 !" #$ %$ &'() ()* +$ &$ ,'-.'(/$ 012-3(/ -4 3-/(56/1 -78()69 9-2:-;)*. 47-2 :-//;51*

(67$  !"#$%& !' (!)) *#+,+$-.!$ .$ -/+ *#!0+)) 1$2")-#.+)< !=>?@ ABCDEBFB< CGGG$

!=



 !  !"#!$%&'()!*



 !"#$%!" &'!($"

)*&+!$#",('($-, .'/( 0+1$( '&&2$3/+" 4

2' 5'('267" .+(+!-8%," 9):;<

 !





 !"#$%&' (

)' !"*% +,-$% '. /"%"012' !,%,&345.'

 ! "#$%&'()$*&#

 !"# $% $&'()*" +,(-'(."%/)0%" $(*# 1"# (**!"# 23456 1"# *&/)&*# $" +-!+(-(/)&* -(7

+)$" "/ $" 8!*!-(/)&* $9%* 8-(*$ *&':-" $9!.,(*/)11&*# ;+1%#)"%-# ')11)"-#< #&*/ $"="*%"#

)*.&*/&%-*(:1"# $(*# 1" +-&."##%# $" $!.&%="-/" $" *&%="(%> '!$).('"*/#? @(1,"%-"%7

#"'"*/6 "11" ( #&%A"-/ $"+%)# $"# (**!"# $9%*" -!+%/(/)&* +"% =(1&-)#(*/" "* '"//(*/

"* .(%#" *&/(''"*/ 1( -!(1)#(/)&* $9%*" 0%(*/)/! )'+&-/(*/" $9!.,(*/)11&*# +(- .&':)7

*()#&*# '%1/)+1"# $"# $)A!-"*/# .&'+&#!# .,)')0%"# #(*# -!B">)&* (% +-!(1(:1"? C(*# 1"#

(**!"# 23356 *&%# (=&*# =% 19!'"-8"*." $9&%/)1# '(/,!'(/)0%"# (++1)0%!# D ." /E+" $"

#E#/F'"? G"# *&/)&*# $9(18&-)/,'"# !=&1%/)&**()-"#6 $" '!/,&$"# HIJK6 $" +1(*# $9">7

+!-)"*."# #&*/ $"="*%"# '()*/"*(*/ .&%-(*/"# 1&-#0%" *&%# !=&0%&*# 1( $!'(-.," ,(%/

$!:)/ $(*# 1( $!.&%="-/" $" '!$).('"*/#? L* "A"/6 8-M." D 1( .&**()##(*." .&'+1F/" $"#

+-&+-)!/!# +,E#).&7.,)')0%"# $"# '&1!.%1"# ;*&':-" $9(/&'"#6 /E+" $" 1)()#&*#6 "/.???<6 ."#

'!/,&$"# #&*/ -"1(/)="'"*/ :)"* ($(+/!"#?

G9">+!-)'"*/(/)&* ,(%/ $!:)/ ( "*#%)/" !/! "##(E!" D 1( .(/(1E#" ,&'&8F*" "/ ,!/!-&8F*"

$&*/ 1"# +-"')F-"# '!/,&$"# ,(%/ $!:)/ +&%- 1( $!.&%="-/" $" '(/!-)(%> &*/ !/! $!.-)/"#

"* 233N +(- I.,%1/O  ! "#$ P2Q? R&''" *&%# (11&*# 1" =&)- +(- 1( #%)/"6 1( .&'+1">)/! $"#

#E#/F'"# .(/(1E/)0%"#6 $&*/ 1"# +-&+-)!/!# *" +"%="*/ +(# S/-" $!T*)"# +(- #)'+1"'"*/ %*"

.(-(./!-)#/)0%" +-)*.)+(1"6 $"'(*$" $"# "A&-/# #%++1!'"*/()-"# $(*# 19)$"*/)T.(/)&* $"#

$"#.-)+/"%-#6 1" $!="1&++"'"*/ $9&%/)1# $" .(-(./!-)#(/)&*6 $" +-!+(-(/)&*6 "/.???? U()#&*#

#)'+1"'"*/ 1( .&'+(-()#&* "*/-" %*" '&1!.%1" %/)1)#!" $(*# 1" $&'()*" +,(-'(."%/)0%"6

1" /!*&V&=)- ;/-()/"'"*/ $% WXY< "/ %*" #%-V(." $9&>E$" $" /)/(*" %/)1)#!" "* .(/(1E#"

,!/!-&8F*" ;T8%-" 2?2<6 *&%# =&E&*# .1()-"'"*/ 0%" 1( 0%(*/)/! $9)*V&-'(/)&* +"-'"//(*/

$" $!T*)- %*" #%-V(." .(/(1E/)0%" #"-( *"//"'"*/ +1%# !1"=!" 0%" $(*# 1" .(# $9%*" '&1!.%1"

(=". %* *&':-" $9(/&'"# "/ $" 1)()#&*# :)"* $!T*)#? G( .(/(1E#" ,!/!-&8F*" +(- LYC

*9"#/ $&*. +(# "*.&-" $"="*%" %*" (++-&.," )*.&*/"#/(:1" $(*# 1" $&'()*"6 $" *&':-"%>

.,(11"*8"# #&*/ "*.&-" +-!#"*/#? Z(- 1( #%)/"6 *&%# (11&*# /"*/"- $" $!.-)-" 1"# &%/)1# $![D

">)#/(*/# "/ =&)- 1"# "*["%> $" $"'()* $(*# ." $&'()*"? X1 .&*=)"*$-( /&%/ $9(:&-$ $" $!.-)-"

1"# .(-(./!-)#/)0%"# "##"*/)"11"# $!T*)##(*/ 1" .(/(1E#"%- (=(*/ $9(:&-$"- +1%# +-!.)#!'"*/

2\



 !  ! "#$% &'()% !* +#%#,-.! "'%'/012*!

(a) (b)

 !"#$%  " # $%& '()*%+, -.(/ +%0%12',() 3 4%', -.562-, -, 070%/, ,0 $4& 8519+(1, %/07)9:

0)5;7)%1, < 1, 09/5*5;7)"

+, =(7 ', +%+>, -,))7?), 1% /5075/ -.,6@9)78,/0%075/ >%(0 -9470"

 !" #$% &'(&')*+*% ,(-./0$-+/1$% .$% 0/+*')/23 4/+/156

+)72$%

A% /5075/ -, +%0%12',() 7/0)5-(70, @%) 1, +>787'0, '(9-57' B,)C,17(' ,'0 -,;,/(, (/,

'+7,/+, 7/+5/05()/%41, -%/' /50), '5+7909 %+0(,11, ,0 /50%88,/0 -%/' 1.7/-('0)7, +>787=(,

$562-%075/D >2-)5E9/%075/D 0)%/'*5)8%075/' -.>2-)5+%)4(),'D ,0+"""&"

A% @)5@)7909 *5/-%8,/0%1, -.(/ +%0%12',() ,'0 '% *%+(109 3 %(E8,/0,) 1% ;70,'', -,

)9%+075/ -%/' (/, )9%+075/ +>787=(, 0>,)85-2/%87=(,8,/0 @5''741," F%/' /50), 90(-,

+7419, '() 1, 0)%70,8,/0 -, 1.%7) @%) 562-%075/ +%0%1207=(,D ',(1, 1% /5075/ -, +%0%12',

>909)5E?/, ',)% %45)-9,"

A5)'=(.5/ @%)1, -, +%0%12', >909)5E?/,D 1,' 850' +19' %''5+79' 3 +, 0,)8, @,(;,/0 G0),

)9'(89' +588, '(70 <

#  !"#$%&'$ (!)*+',)+'-# : H11, +5/'070(, 1.(/, -,' @)5@)7909' ,'',/07,11,' -.(/ +%0%:

12',()" A.9/,)E7, -.%+07;%075/ @%) 1,' 7/0,)%+075/' '()*%+7=(,' -,' '70,' %+07*' -( '517-,

%;,+ 1, )9%+07* ', 0)5(;, +5/'7-9)%41,8,/0 )9-(70 @%) )%@@5)0 3 1% )9%+075/ /5/ +%:

0%12'9," A, '+>98% @)9',/09 -%/' 1% IE(),  "J 711('0), +,00, /5075/ 0)?' 78@5)0%/0,

-%/' 1, +%' -.(/, )9%+075/ -, +55)-7/%075/" K,00, -787/(075/ -, 1.9/,)E7, -.%+07;%:

075/ '.%++58@%E/, -.(/ ,/+>%L/,8,/0 -.90%@,' 9198,/0%7),' '.,M,+0(%/0 %( +5()' -(

0,8@' ,0 =(.71 ,'0 '5(;,/0 0)?' -7N+71, 3 +%)%+09)7',)" K.,'0 @5()=(57D 1,' ),+>,)+>,'

%+0(,11,' ,/ +%0%12', >909)5E?/, *5/0 %@@,1 %( -9;,15@@,8,/0 -, /5(;,%(6 5(071' -,

+%)%+09)7'%075/  ! " #$ 5( %&'()!*% =(.71' '57,/0 '@,+0)5'+5@7=(,'D 5@07=(,'D ,0+""" %I/

-.7-,/07I,) +,' 90%@,' 9198,/0%7),'"



 !"! #$% &'(&')*+*% ,(-./0$-+/1$% .$% 0/+*')/23 4/+/15+)62$%  !

Energie

A + B → A-B
catalyseur K

K

B
K

A

K

BA
A

E
a

∆G

A + B

A-B

Succession d’étapes élémentaires

Réaction de coordination

 !"#$%  "# $ %&&'()*+),-. /0 &+ .-),-. /12.0*3,0 /1+4),5+),-. /+.( &0 4+( /1'.0 *2+4),-. /0

4--*/,.+),-."

$  ! "#$%#" &' &%()*%#" 6 7+ *2+4),-. 48,9,:'0 (0 ;*-/',(+.) ('* '. (,)0 4+)+&<),:'0

+4),= 0.)*+>.0 '. 3*+/,0.) /0 4-.40.)*+),-. 0.)*0 &+ *23,-. ? 4-.40.)*+),-. 2&0520

@/+.( &+ ;8+(0 3+AB 0) &+ A-.0 (,)'20 +' 4-0'* /' (,)0 +4),= @;&'( =+,C&0 4-.40.)*+),-.B"

%& 0() /-.4 ,9;-*)+.) /0 ;*0./*0 0. 4-9;)0 40 )0*90 /+.( &12)'/0 4+)+&<),:'0"

$  ' +,-"#./"' &0!&*#1+$%#" 6 D-'( /,(),.3'-.( 32.2*+&090.) /0'E )<;0( /1+/6

(-*;),-.F &+ ;8<(,(-*;),-. 0) &+ 48,9,(-*;),-." 7+ ;8<(,(-*;),-. =+,) ,.)0*50.,* &0(

=-*40( /0 G+. /0* H++&(F /0 /,(;0*(,-. /0 7-./-. -' &,20( +'E ;-&+*,)2( ;0*9+.0.)0(F

0&&0 (0*+ ;*2(0.)20 ;&'( &+*3090.) /+.( &0 48+;,)*0 4" I0 .-9C*0'E 9-/J&0( )82-*,:'0(

-.) .-)+990.) 2)2 2.-.42( ;-'* ;0*90))*0 /10E)*+,*0 &0( 5+&0'*( /0( 2.0*3,0( 9,(0(

0. K0' ;0./+.) 40 ;*-40(('(" L&&0 (0 /,(),.3'0 /0 &+ 48,9,(-*;),-. :',F :'+.) ? 0&&0F

=+,) ,.)0*50.,* 0((0.),0&&090.) /0( &,+,(-.( /0 )<;0 4-5+&0.)0(F ,-.,:'0( -' 0.4-*0 ;+*

)*+.(=0*) /0 48+*30" 70( 2.0*3,0( 9,(0( 0. K0' (-.) &+*3090.) ;&'( 2&0520( /+.( 40 4+("

$  0!2$%3%$- 2!$!45$%6)' '$ 4! 2#"3'1*%#" 6 L&&0( ;0*90))0.) /0 K'30* /0 &10M4+4,)2

/1'. 4+)+&<(0'* ;-'* '.0 *2+4),-. 48,9,:'0 /-..20 ;+* '.,)2 /0 )09;(F  !"! &+ :'+.),)2

/0 *2+4),= )*+.(=-*920 nfinal − ninitial *+;;-*)20 ? &+ ('*=+40 (;24,N:'0 -' ? &+ 9+((0

/' 4+)+&<(0'*" 70 )0*90 /0 O)'*.-50* =*0:'0.4<O @PQRB -' *-)+),-. (;24,N:'0 ;0')

S)*0 )*J( '),&0 ;-'* ;0*90))0 /0 (0 *0./*0 4-9;)0 /' .-9C*0 /0 4<4&0 4+)+&<),:'0 ;+*

(,)0 +4),= 0) ;+* '.,)2 /0 )09;( /+.( /0( 4+)+&<(0'*(F "!#! /0 )<;0 92)+&&,:'0("

$ 7+ .-),-. /0 *-4'2$%3%$- 0() ;0') S)*0 &1'.0 /0( ;&'( ,9;-*)+.)0( &-*(:'1-. 25-:'0

&+ 4+)+&<(0 82)2*-3J.0" L&&0 5+ =+5-*,(0* '.0 -*,0.)+),-. ;*2=2*0.),0&&0 /0 &+ *2+4),-.

)80*9-/<.+9,:'090.) ;-((,C&0 9+,( 4,.2),:'090.) )*J( &0.)0 0. &1+C(0.40 /' 4+)+6



 !  ! "#$% &'()% !* +#%#,-.! "'%'/012*!

"#$%&' ()*#+,-.)/ 01/,21% ./-1'%$$,/-% +,/$ 3% 3,$45 6)&$ 7)#)/$ 8.%/ "9 ":./-1';- +&

3,-,"#$%&' <%'0%--,/- ":,331"1',-.)/ +% ", '1,3-.)/ &/.=&%0%/- +1$.'1%5

>/ ,&-'% 3,$ -'?$ +10)/$-',-.@ %$- ", +13)0<)$.-.)/ +% ":1-A,/)" B C 9 D!!

◦
EF ." <%&-

$).- $% +1$A#+',-%' (3,-,"#$1% <,' ":,"&0./%4 )& $).- $% +1$A#+')21/%' (3,-,"#$1% <,' "%

3&.7'%4F ,")'$ =&% ", '1,3-.)/ +% +13)0<)$.-.)/ +% ":1-A,/)" %/ ":,8$%/3% +% 3,-,"#$%&'

9 G!!

◦
E 3)/+&.- 9 &/ 01",/2% 3)/-%/,/- +% ":%,&F +% ":,"+1A#+%F +% ":1-A#"?/% )&

8.%/ %/3)'% +% ":A#+')2?/%5

E

 

H

!

IH

"#2$3−−−→ E

 

H

%

+ H

 

I

E

 

H

!

IH

&'

−→ EH

(

EHI + H

 

J  ! "#$!%&'(!&')* K L""% 3)/$-.-&% &/% +%$ 3,',3-1'.$-.=&%$ .0<)'-,/-% +,/$ ":1-&+%

+%$ 3,-,"#$%&'$5 E%--% +1$,3-.7,-.)/ <%&- ,<<,',M-'% $)&$ "%$ -#<%$ $&.7,/-$ N <,'

%0<).$)//%0%/- )& <,' 7.%."".$$%0%/-5 E%$ +%&* <A1/)0?/%$ <%&7%/- $% +.O1'%/3.%'

<,' "%&' 13A%""% +% -%0<$F +,/$ "% +%&*.?0% 3,$F "% <')3%$$&$ %$- %/ 21/1'," <"&$ "%/-5

P% 7.%."".$$%0%/- $% 0,/.@%$-% <,' &/% 0)+.Q3,-.)/ $-'&3-&',"% +& 0,-1'.,& <)&7,/-

<')7%/.' +% +.7%'$ <,',0?-'%$ -%"$ =&% ", -%0<1',-&'% +% @)/3-.)//%0%/- %/-',M/,/-

&/% ,&20%/-,-.)/ +% ", -,.""% +%$ <,'-.3&"%$ (+.0./&-.)/ +% ", $&'@,3% $<13.Q=&%45

R% /)08'%&* -',7,&* $% $)/- @)3,".$1$ $&' ":,01".)',-.)/ +% ", -%/&% -A%'0.=&% +%

3%'-,./$ 0,-1'.,&* <,' ,S)&- +% +)<,/-$ N 3:%$- "% 3,$ +% ", 31'./% )T "% U.'3)/.&0

%$- ,S)&-1 BVC )& %/3)'% +,/$ "% 3,$ +% ":)*#+% +% U./3 ,7%3 "% +)<,2% %/ )*#+% +%

0,/2,/?$% %- %/ )*#+% +% 3A')0% BDC5 E)/3%'/,/- 0,./-%/,/- ":%0<).$)//%0%/- +&

3,-,"#$%&' =&. %$- &/ <')3%$$&$ <"&$ ',<.+%F ." %$- 3,&$1 <,' ", @)'0,-.)/ +% +1<W-$ 9 $,

$&'@,3%5 R,/$ "%$ '1,3-.)/$ 3,-,"#-.=&%$ +:A#+')3,'8&'%$F 3% <A1/)0?/% %$- 3)&',/-F ."

,8)&-.- 9 ", @)'0,-.)/ $&<%'Q3.%""% +% 3)X% )& +% 3)0<)$1$ /)/ 7)",-."$5 P%$ +.O1'%/-$

-#<%$ +% '121/1',-.)/ +%$ 3,-,"#$%&'$ 3)/$.$-%/- 9 1".0./%' 3%$ +1<W-$F <,' +.$$)"&-.)/

)& <,' 3)08&$-.)/ $)&$ ,.'5

R% <"&$F ", <'1$%/3% +% 3%'-,./$ 3)0<)$1$ 9 ":1-,- +% -',3%$ +,/$ "% 01",/2% '1,3-.@

<%&- ,7).' &/ %O%- +:%0<).$)//%0%/- ',<.+% +& 3,-,"#$%&'5 E:%$- "% 3,$ +%$ 3)0<)$1$

$&"@&'1$F <A)$<A,-1$ =&. ./+&.$%/- &/ %0<).$)//%0%/- +,/$ "% 3,$ +% ":&-.".$,-.)/ +%

3,-,"#$%&'$ 01-,"".=&%$ -%"$ =&% "% /.3X%"F "% <",-./% )& %/3)'% "% <,"",+.&0 +,/$ "%$

'1,3-.)/$ +% -#<% A#+')21/,-.)/ )& +1$A#+')21/,-.)/5

J  ! +,#+!,!&')* "- %!&!./$0-, K 6)&$ 7)#)/$ 8.%/ <,' "%$ +.O1'%/-%$ <')<'.1-1$

,&*=&%""%$ +).7%/- '1<)/+'% "%$ 3,-,"#$%&'$F ", 3)0<"%*.-1 ".1% 9 ", <'1<,',-.)/ +% 3%$

+%'/.%'$5 >/ +%$ -)&- <'%0.%'$ %*%0<"%$ +% 0.$% ,& <)./- +% 3,-,"#$%&'$ 7.$,/- 9 ",

$#/-A?$% +% ":,00)/.,3 , 3)/+&.- "%$ 3A%'3A%&'$ +% YZ[\ 9 -%$-%' $#$-10,-.=&%0%/-

<"&$ +%  ! !!! 3,-,"#$%&'$ <,' ", 01-A)+% %$$,.K%''%&' =&. "%&' , Q/,"%0%/- <%'0.$

+:,8)&-.' 9 ", +13)&7%'-% +:&/ 3,-,"#$%&' @%'K,"&0./%K<)-,$$%5 E)00% /)&$ ,"")/$

"% 7).' <,' ", $&.-%F ":%*<1'.0%/-,-.)/ A,&- +18.- $%08"% -)&- 9 @,.- ,<<')<'.1% %-

3)/$-.-&% &/% $)"&-.)/ -'?$ ./-1'%$$,/-% +,/$ 3% -#<% +:)8S%3-.@5



 !"! #$ %&'$()*+ *$,- %&./- $001/2,&+ 3 1$ )$-$145+ *&-&(6789+  !

 !" #$ %&'$()*+ *$,- %&./- $001/2,&+ 3 1$ )$-$145+ *&6

-&(789:+

 !"! #$%$&'()*$+

"# $%&'()*)+,% '#-$ ./0,$ # /$/ ./1%*)22/% .#(3 *% 0-$ .4#-+5%($%6 *# 6#2,.,$/ .#(3 *#

./&)-1%6$% .% ()-1%#-7 &#$#*83%-63 2%65%$$#($ #,(3, .4/*#6+,6 *% 32%&$6% .% 2)33,0,*,$/ .%

&)50,(#,3)(39 :)-$ *% 26)&%33-3 .% ./&)-1%6$% .% &#$#*83%-63 %3$ 3),+(%-3%5%($ 26/./;(,

%( 34#22-8#($ ()$#55%($ 3-6 *4-$,*,3#$,)( .4)-$,*3 3$#$,3$,<-%39 :#(.,3 <-4= *4/&'%**% *#0)>

6#$),6%? *4%72/6,5%($#$%-6 (#1,+-%6# 2#3 = 2#3 .#(3 -( %32#&% @)- A()( 26/.,$B %$ $6C3 *#6+%

= 2#6$,6 .4-(% 5/$').% .% 26/2#6#$,)( &*#33,<-%5%($ -$,*,3/% .#(3 *% *#0)6#$),6%? *4,($/6D$

.4-(% #226)&'% '#-$ ./0,$ %( EFG 2%65%$ -( +#,( .% $%523 &)(3,./6#0*% .#(3 *# ./&)->

1%6$% .% &#$#*83%-639 "% 26)&%33-3 &)52*%$ .% ./&)-1%6$% %$ .4)2$,5,3#$,)( %3$ 26/3%($/

.#(3 *# ;+-6% !9H9 I* 2%-$ D$6% .,1,3/ %( $6),3 2#6$,%3 .,3$,(&$%3 2#6$#($ .% *# 6%&'%6&'%

J-3<-4= *# &)55%6&,#*,3#$,)( .- &#$#*83%-6 KLM9

"# 26%5,C6% 2'#3%? ./3,+(/% &)55% N&6,0*#+% 26,5#,6%N? &)(3$,$-% *4/$#2% *# 2*-3 *#6+%

2)-6 3/*%&$,)((%6 )- /&#6$%6 .,O/6%($%3 P#5,**%3 .% 5#$/6,#-7 3-3&%2$,0*%3 .4D$6% #&$,P3 .#(3

*# $6#(3P)65#$,)( &',5,<-% ./3,6/%9 Q4%3$ .-6#($ &%$$% 2'#3% <-% *%3 &#(.,.#$3 26)5%$$%-63?

26)1%(#($ .% ()-1%**%3 &*#33%3 .% 5#$/6,#-7 J#5#,3 %72*)6/%3 #-2#6#1#($ 2%-1%($ 1),6 *%

J)-69 R( %O%$? *# 2)33,0,*,$/ .% 6/#*,3%6 &%$$% /$#2% = *4/&'%**% *#0)6#$),6% &*#33,<-% (4%3$

2#3 %(1,3#+%#0*%9 "4%72/6,5%($#$%-6 34#22-,% 3-6 .%3 )-$,*3 #(#*8$,<-%3 $6C3 2%6P)65#($3

.)((#($ -( 5#7,5-5 .4,(P)65#$,)( 3-6 *# (#$-6% )- %(&)6% *# 3$6-&$-6% .- 5#$/6,#-? %$

2%65%$ .4%72*,<-%6 *4#&$,1,$/ &#$#*8$,<-% 5%3-6/%9 Q%2%(.#($? &%$$% ./5#6&'% *)(+-% %$

&)S$%-3% (% 2%-$ 2#3 D$6% -$,*,3/% *)63<-% *# <-#($,$/ .4/&'#($,**)(3 ./2#33% *# &%($#,(%9

T)-3 3)55%3 ./J= .#(3 *# .%-7,C5% 1),6% *# $6),3,C5% /$#2% .- 26)&%33-3 '#-$ ./0,$9

Q4%3$ 2)-6<-), .#(3 *% &6,0*#+% 26,5#,6%? ()-3 &'%6&')(3 = 6/&-2/6%6 *%3 $%(.#(&%3 <-,

348 ./+#+%($ #;( .4/*,5,(%6 *%3 P#5,**%3 .% 5#$/6,#-7 26)1%(#($ .% .,O/6%($%3 *,06#,6,%3 %$

.4,.%($,;%6 *%3 &#(.,.#$3 26)5%$$%-63 <-, .%1,%(.6)($ .%3 N5%(%-63N 2)-6 *# 3-,$% .- 26)>

&%33-3 '#-$ ./0,$9 G#(3 &%$$% /$#2%? ,* P#-$ #-33, D$6% &)(3&,%($ .% *# 2)33,0,*,$/ .4/*,5,(%6

.%3 0)(3 &#(.,.#$3? <-%*<-%3 5/$').%3 )($ /$/ ./1%*)22/%3 #;( .% 5,(,5,3%6 &% 6,3<-% KUM9

Q)(&%6(#($ 5#,($%(#($ *# .%-7,C5% /$#2% #22%*/% N&6,0*#+% 3%&)(.#,6%N? %**% J)-% .%-7

6V*%3 .#(3 *% 26)&%33-39 :)-$ .4#0)6.? %**% 2%65%$ .% 1#*,.%6 )- 6%J%$%6 *%3 &#(.,.#$3 26)1%>

(#($ .% *4/$#2% 26/&/.%($%9 W(% &#6#&$/6,3#$,)( 2*-3 #226)P)(.,% .- 5#$/6,#- %3$ %O%&$-/%

= &%$$% /$#2% <-,? &)($6#,6%5%($ #- &6,0*#+% 26,5#,6%? 3% 6#226)&'% .%3 &)(.,$,)(3 6/%**%3

.4#22*,&#$,)(9 X)( 3%&)(. 6V*% %3$ .4)2$,5,3%6 *%3 5%,**%-63 &#(.,.#$3 %( ,($/+6#($ .%3 26)>

&/./3 .% 26/2#6#$,)( 6,+)-6%-79 Y,(3,? %( J)-#($ 3-6 *%3 */+C6%3 5).,;&#$,)(3 .% <-%*<-%3

2#6#5C$6%3 &*/3? <-, 3% $6#.-,6)($ 2#6 .%3 2%$,$%3 #5/*,)6#$,)(3? ,* 3%6# 2)33,0*% .% ./+#+%6

.%3 &#(.,.#$3 )2$,5#-79 Z#6 &)($6%? ,* %3$ ,52)6$#($ .#(3 &%$$% /$#2% <-% *# <-#*,$/ .%

*4,(P)65#$,)( %$ *# 26/&,3,)( 3),%($ %( #&&)6. #1%& &%**%3 )0$%(-%3 .#(3 .%3 6/#&$%-63 .%

*#0)6#$),6%3 &*#33,<-%39 Q4%3$ 2)-6<-),? *4-$,*,3#$,)( .% 5,(, 6/#&$%-63 2#6#**C*%3 %$ %($,C6%>

5%($ #-$)5#$,3/3 2%-$ D$6% $6C3 #226)26,/%9
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Nombre

d’échantillons

Précision de 

l’informationCRIBLAGE PRIMAIRE
Découverte de

nouveaux catalyseurs

CRIBLAGE

 SECONDAIRE

Optimisation des

catalyseurs

Tests 

classiques

Catalyseurs testés

 à l’échelle industrielle 

Eloigné des 

conditions industrielles 

 !"#$% !"# $ %&'()**+* ,-+. /012. /-3* 4- /0('+5)&.) ). 46'7.282*-.2'3 /) (-.-49*)+&*"

:3;3< 4)* (-3/2/-.* '7.282*0* /+&-3. 4- /)+=2>8) 0.-7) 7)+5)3. ? 7&0*)3. )3.&)& /-3*

4- .&'2*2>8) 7,-*) @+2 ('3*2*.) -+ /05)4'77)8)3. ('35)3.2'33)4 /+ 8-.0&2-+ ). -+ .&-3*A)&.

*+& +*23) 724'.)"

B- ;C+&) !"D 7&0*)3.) 4) 7&'()**+* +.242*0 4'&* /) 4- /08-&(,) ,-+. /012. 4'&* /)* /)+=

7&)82>&)* 0.-7)*" E'+. /6-1'&/< 4) (,'2= /) 4- *.&-.0C2) /) (&214-C) /'2. F.&) *'2C3)+*)G

8)3. /0(2/0 )3 +.242*-3. 4)* '+.24* *.-.2*.2@+)* 4)* 74+* -77&'7&20* H74-3* /6)=70&2)3()*<

-4C'&2.,8) 05'4+.2A< 80.,'/) /) E-C+(,2< ).("""I 7'+& -..)23/&) 4)* '1J)(.2A* /) 460.+/)"

:3*+2.)< 4)* )=70&2)3()* 74-32;0)* *'3. &0-42*0)* *+& /)* '+.24* -+.'8-.2*0* H74-.)A'&8)*

&'1'.2@+)*I 7&'7'*-3. +3) 1'33) &)7&'/+(.21242.0 ). +3) C030&-.2'3 /6+3 C&-3/ 3'81&)

/) (-3/2/-.* 7'.)3.2)4*" K)* *.&-.0C2)* '3. 3'.-88)3. 0.0 /05)4'770)* 7'+& 7)&8)..&) 4-

C030&-.2'3 /6+3) 421&-2&2) ('874>.) ('87'&.-3. .'+.)* 4)* ('8123-2*'3* 7'**214)*" L4 *6-C2.

/) 4- *.&-.0C2) ('33+) *'+* 4) 3'8 M*742. N 7''4M" :44) 7)&8). 4- C030&-.2'3 /6+3) 8+4G

.2.+/) /) ('8123-2*'3* 7'**214)* )3 /252*-3. 7+2* &)('8123-3. 4)* /2O0&)3.* 0(,-3.244'3*"

B623('35032)3. 8-J)+& /) ()..) *.&-.0C2) )*. 4- /2P(+4.0 ? &)('33-Q.&) 4)* 8'40(+4)* 7&0G

*)3.)* /-3* +3 804-3C)" %4+*2)+&* C&'+7)* /) .&-5-24 *) *'3. /'3( )O'&(0* ? .&'+5)& /)*

*'4+.2'3* @+-3. -+= *+252* /)* 8'40(+4)* RS< T< UV" K) 3'81&)+= C&'+7)* /) &)(,)&(,) )3

(-.-49*) ,0.0&'C>3) *'42/)WC-X +.242*)3. /)* 7)&4)* /6)352&'3 ! 88 /) /2-8>.&) /) γGY42Z3

'[ /2O0&)3.* *)4* 80.-442@+)* *'3. -/*'&10* )3 74+*2)+&* 0.-7)*" B- \-83-&-9-3-3  ! "#$ RUV

/08'3.&) 4623.0&F. /623/252/+-42*)& (,-@+) 7)&4) ). /) 4- ('/)& C&]() ? *- 7'*2.2'3 /-3* 4-

74-@+) 8+4.2G7+2.*< 24* 8'3.&)3. 3'.-88)3. @+) 46'&/&) /6-/*'&7.2'3 /)* *)4* 80.-442@+)*

)*. +3 7-&-8>.&) (40 7'+& 46'1.)3.2'3 /6+3) 1'33) -(.252.0 (-.-49.2@+)"

^'+* 7'+5'3* -+**2 (2.)& 4- *.&-.0C2) 7-& C&-/2)3. '[ 4)* /2O0&)3.)* ('8123-2*'3* 7'*G

*214)* )3.&) 4)* *)4* 80.-442@+)* -/*'&10* *+& +3 *+1*.&-. *'3. )O)(.+0)* )3 +.242*-3. +3)

-+C8)3.-.2'3 7&'C&)**25) /) 4- .)3)+& /6+3 ('87'*-3. /-3* 4) 804-3C) .'.-4" B2+  ! "#$ R!_V



 !"! #$ %&'$()*+ *$,- %&./- $001/2,&+ 3 1$ )$-$145+ *&-&(6789+  !

"#$%&'(" %)&*+,-.+ /)(+&%&0"- 1"++" 2$$-314" /2*0 %" 120 /" %)3$+&5&02+&3* /)(* 060+75" +"-8

*2&-" 9&02*+ : 13*9"-+&- %),+42*" /" ;2<3* 0,%"1+&9"=

>3*1"-*2*+ %),+2$" /" 12-21+,-&02+&3* /" %2 -,21+&9&+, /"0 12+2%60"(-0? *3(0 $-,0"*+"-3*0

(%+,-&"(-"5"*+ %"0 /&@,-"*+0 3(+&%0 /,9"%3$$,0 $"-5"++2*+ /)3A+"*&- (*" -,$3*0" -2$&/" "+

"B121" '(2*+ : %)21+&9&+, 12+2%6+&'(" /"0 52+,-&2(#=

Choix de la

stratégie de criblage

Synthèse

Haut débit
Caractérisation

Haut débit

Test catalytique

Haut débit

Traitement

des données

Planification

Expérimentation

 !"#$% C=D E F14,52 /( $-31"00(0 /" -"14"-14" 3( /)3$+&5&02+&3* 42(+ /,A&+ /" 52+,-&2(#

12+2%6+&'("0=

 !"!# $%& '()*+,%& -./+01)*'123%& -44.123(%& 5 .6789

>3*+-2&-"5"*+ : %2 14&5&" 135A&*2+3&-" '(& 1355" 03* *35 %)&*/&'(" -"$30" "00"*+&"%8

%"5"*+ 0(- %2 135A&*2&03* 2%,2+3&-" /" /&@,-"*+0 $2-257+-"0? %2 /,52-14" 42(+ /,A&+ ;2&+

&*+"-9"*&- (*" ,+2$" /" -,G"#&3* 3( /" $%2*&H12+&3* $-,2%2A%" (+&%&02*+ /"0 5,+43/"0 0+2+&08

+&'("0? &+,-2+&9"0 3( "*13-" 9&-+("%%"0= >"0 /&@,-"*+"0 5,+43/"0 03*+ /,1-&+"0 +-70 %2-I"5"*+

$2- J2--(00"*I KCCL= M*" I-2*/" $2-+&" 0"-2 13*021-," : %2 *3+&3* /" $%2* /)"#$,-&"*1"0 '(&

13*0+&+(" "* "@"+ %)3(+&% $-&*1&$2%"5"*+ (+&%&0, /2*0 *3+-" ,+(/"? *3(0 *3(0 "@3-1"-3*0 $2-

2&%%"(-0 /" $-,0"*+"- %"0 /&@,-"*+"0 $300&A&%&+,0 '()3@-"*+ 1"++" 2$$-314" 0+2+&0+&'("=

 !"!#! $%& '()*& +,%-'./0%*1%&

N)(+&%&02+&3* /"0 $%2*0 /)"#$,-&"*1"0 "0+ 02*0 /3(+" (*" /"0 5,+43/"0 %"0 $%(0 $3$(%2&-"0?

"%%" $"-5"+ /)3$+&5&0"- %"0 "002&0 : -,2%&0"- 3( %"(- 5&0" "* 3"(9-" $-2+&'(" O$-3+313%"

"#$,-&5"*+2%P=

N"0 292*+2I"0 /2*0 %)(+&%&02+&3* /"0 $%2*0 /)"#$,-&"*1"0 $"(9"*+ .+-" -,0(5,0 /" %2 ;2<3*

0(&92*+"? &%0 $"-5"++"*+ Q

E /" 5&*&5&0"- %" *35A-" /)"002&0 "* 52#&5&02*+ %" *&9"2( /)&*;3-52+&3*=

E /" ;2&-" 92-&"- 0&5(%+2*,5"*+ +3(0 %"0 ;21+"(-0 13*+-R%,0 /" %)"#$,-&"*1"=

E /" -"$-,0"*+"- 1%2&-"5"*+ %"0 "@"+0 /" 1"0 ;21+"(-0 0(- %2 O%"0P -,$3*0"O0P "+ /" %"(-0

&*+"-21+&3*0=

E /),9&+"- %2 13*;(0&3* "*+-" 12(02%&+, "+ 13--,%2+&3* O3-+43I3*2%&+, /"0 ;21+"(-0P=

E /" 1-&A%"- %"0 ;21+"(-0 &*G("*+0=



 !  ! "#$% &'()% !* +#%#,-.! "'%'/012*!

" #$%&'()(*+, -+* &,%./#/*0 -+* 1%,)2-3'(%4*0 +'.5555

" 24+ 343-6*+ *'3'(*'(72+ &-2* &+,1%,)34'+ +' &-2* 13.(-+5

" #+ &,+4#,+ +4 .%)&'+ -+ 8,2(' +9&/,()+4'3-5

 !"!#!# $%&'()*+ ,-./ 01'/ ,-+20%(3+/)+4

:3 ;<2,+ =5> )%4',+ -3 #/)3,.?+ .?,%4%-%<(72+ #34* -3 ,/3-(*3'(%4 #$24 &-34 #$+9&/@

,(+4.+*5 A--+ *+ #(B(*+ +4 723',+ <,34#+* /'3&+* C

:3 &,+)(D,+ &?3*+ .%4*(*'+ E #/;4(, -+* %8F+.'(1* +' -+ .3#,+ </4/,3-0 -+* .%4',3(4'+*

G/.%4%)(72+*0 '+.?4(72+*0 '+)&%,+--+*H '%2' +4 (4'/<,34' -+* .%443(**34.+* 34'/,(+2,+*5

A4*2('+0 (- 132' .?%(*(, -3G-+*H ,/&%4*+G*H E /'2#(+, G,/&%4*+ 723-('3'(B+ %2 7234'('3'(B+0

(4.+,'('2#+ #+ -3 )+*2,+0 ,/&%4*+ E )39()(*+, %2 )(4()(*+,H5 I%4.+,434' -+* 13.'+2,*0 (-*

#%(B+4' J',+ */-+.'(%44/* +4 &,+434' +4 .%)&'+ -+2, 43'2,+ G723-('3'(10 7234'('3'(1H0 -+2,

.-3**+ G*28(0 .%4',K-/ %2 .%4*'34'H0 -+2, #%)3(4+ +9&/,()+4'3- G+4',+ 24 4(B+32 ?32' +'

24 4(B+32 83*H +' -+2,* .%4',3(4'+* 3B+. -+* 32',+* 13.'+2,*0  !"!

∑
xi = 15 :+ )%#D-+

+9&-(7234' 32 )(+29 -+* B3,(3'(%4* +9&/,()+4'3-+* #%(' 32**( J',+ ,/L/.?( +4 ,+&,+434'

-+* %8F+.'(1* #+ -$+9&/,(+4.+ G.,(8-3<+0 %&'()(*3'(%40 +'.555H0 -+* )%6+4* ;434.(+,* G4%)8,+

#$+**3(*H0 -+ 4%)8,+ #+ 13.'+2,* G3B+. (4'+,3.'(%4 %2 4%4H0 -+ '6&+ #+ 13.'+2, G723-('3'(1

%2 7234'('3'(1H +' 24+ .%443(**34.+ #2 &?/4%)D4+ E 343-6*+, G(4'+,3.'(%4* *2&&%*/+*H5

:3 #+,4(D,+ /'3&+ #+ .+''+ &,+)(D,+ &?3*+ .%4*(*'+ E *$3**2,+, #+ -3 13(*38(-('/ #+* +**3(*

GB/,(;.3'(%4 #+* 8%,4+* #+* 13.'+2,* E /'2#(+,0 +'.555H5

:3 #+29(D)+ &?3*+ +*' .+--+ #+ -$+9&/,()+4'3'(%40 (- +*' ()&%,'34' #+ ,+*&+.'+, -+ &,%@

'%.%-+ +9&/,()+4'3- .?%(*( +' #+ 4%'+, '%2' /.3,' &3, ,3&&%,' 32 &,%'%.%-+ (4('(3- GB3-+2,*

#+* 4(B+329 #+* #(M/,+4'* 13.'+2,* /B3-2/*H5

Définition 

du problème1

2

3

4

Expérimentation

Interprétations

statistiques

Conclusions

-Défnition du problème

-Choix des réponses

-Choix des facteurs

-Choix du modèle

-Choix du plan

-Mise en oeuvre

-Repecter les niveaux

des facteurs

-Noter les dérives

éventuelles

-Calcul des coefficients

-Validation statistiques

 !"#$% =5> " N/)3,.?+ #$24 &-34 #$+9&/,(+4.+*5



 !"! #$ %&'$()*+ *$,- %&./- $001/2,&+ 3 1$ )$-$145+ *&-&(6789+  !

"#$%$&'() (*$*+(*+,-) .)( /0(-&*$*( 12%(*+*-) &$ */2+(+34) 56$() .) &$ /0$&+($*+2% .- 5&$%

.#)750/+)%1)(8 &)( 12)91+)%*( $:-(*$;&)( .- 42.3&) (2%* 1$&1-&0( *2-* )% 0*-.+$%* &)-/ (+<

=%+>1$*+?+*0 @ &#$+.) .) *)(*( .) 5/2;$;+&+*0 A*)(* .) B*-.)%* 5$/ )7)45&)CD "$ (+=%+>1$*+?+*0

.- 42.3&) ()/$ $-((+ 0*-.+0) )% $%$&'($%* &$ ?$/+$%1) )75&+,-0) )* &)( /0(+.-(D

 !"!#!" $%&%'(%')*+ ,+ -&(+

E2-* .#$;2/.8 -% 560%243%) @ 0*-.+)/ 5)-* *2-:2-/( F*/) 4+( (2-( &$ G2/4) 4$*604$<

*+,-) (-+?$%*) H

y = f(x1, x2, ..., xn) AIDIC

2J y )(* &$ =/$%.)-/ @ &$,-)&&) (#+%*0/)(() &#)750/+4)%*$*)-/8 1)**) =/$%.)-/ ()/$ $55)&0)

&$ ./012(+ 2- &$ 3.&2,+*. ,4'2%/.5%D

xi /)5/0()%*) &)( ?$/+$;&)( (-/ &)(,-)&&)( &#)750/+4)%*$*)-/ 5)-* $=+/8 )&&)( 5)-?)%* F*/)

12%*+%-)( 2- .+(1/3*)(8 1)( ?$/+$;&)( 12%(*+*-)%* &)( 6&7%+*.(D

f )(* &$ G2%1*+2% 4$*604$*+,-) ,-+ )75&+,-)/$ &) 4+)-7 &)( ?$/+$*+2%( .) &$ /052%()

()&2% &)( .+K0/)%*)( ?$&)-/( .2%%0)( $-7 xiD

L% G$1*)-/ xi ()/$ *2-:2-/( 1245/+( )%*/) .)-7 ;2/%)( /)*)%-)( 5$/ &#)750/+4)%*$*)-/ H

-%) ;2/%) +%G0/+)-/) 12//)(52%.$%* $- %+?)$- ;$( )* -%) ;2/%) (-50/+)-/) 12//)(52%.$%*

$- %+?)$- 6$-*D

M)( ?$/+$;&)( ?2%* .)?2+/ F*/) )75/+40)( )% 122/.2%%0)( 1)%*/0)( /0.-+*)( $>% .) 52-<

?2+/ =$/.)/ -%) 6242=0%0+*0 $- %+?)$- .)( G$1*)-/(D N% )K)1*-) .2%1 -% 16$%=)4)%* .)

?$/+$;&)( H

X̃ =
2

X
 !"

− X
 #$

∗ (X − X̄) $?)1 X̄ =
X
 !"

+ X
 #$

2
AID C

")( G$1*)-/( ()/2%* .2%1 1245/+( )%*/) <I )* ID "$ >=-/) IDO 5/0()%*) &) .24$+%) .#0*-.)

52-/ .)-7 G$1*)-/( )% 122/.2%%0)( 1)%*/0)( /0.-+*)(D

 !"!#!8 9+( ,':/.+2%( 0;&2( ,4+<0/.'+27+(

P 9+( 0;&2( 6&7%1.'+;( 71=0;+%( > # 2'?+&*< #

p
< M) (2%* &)( 5&$%( 2J *2-*)( &)(

124;+%$+(2%( 52((+;&)( )%*/) &)( %+?)$-7 .)( G$1*)-/( A()-&)4)%* .)-7 %+?)$-7 5$/

G$1*)-/C (2%* )K)1*-0)(D ") %24;/) .#)(($+( ?$/+)/$ .2%1 )%  

p
$?)1 p &) %24;/) .)

G$1*)-/( 0*-.+0(D "$ /0(2&-*+2% R .- 5&$% )(* 25*+4$&) 4$+( %01)((+*) &$ /0$&+($*+2%

.#-%) =/$%.) ,-$%*+*0 .#)750/+)%1)(D

P 9+( 0;&2( ,+ 7.'-;&3+ < Q&( 5)-?)%* () .012452()/ )% .)-7 5$/*+)( H &)( 5&$%(

G$1*2/+)&( G/$1*+2%%$+/)( @ .)-7 %+?)$-7 )* &)( 5&$%( .) R&$1S)**<T-/4$%D

")( 5&$%( (2%* .+*( G$1*2/+)&( G/$1*+2%%$+/)( &2/(,-) ()-&)4)%* -%) 5$/*+) .) *2-*)( &)(

124;+%$+(2%( 52((+;&)( )%*/) &)( G$1*)-/( )(* /0$&+(0)D ") %24;/) .#)(($+( .)?+)%* .2%1

 

p−k
$?)1 p − k &) %24;/) .) G$1*)-/( /0.-+*( .) kD U+%(+8 G/$1*+2%%)/ .) 42+*+0 &)

5&$% 1245&)* 12%.-+/$ @ /0$&+()/  

p−1
)(($+(D R/)%2%( &#)7)45&) .#-%) )750/+)%1) $?)1

V ?$/+$;&)( $'$%* 16$1-%)  %+?)$-7 )* G/$1*+2%%0) .) 42+*+0 (2+*  

3−1
D ") 42.3&) .)
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Facteur 1

Facteur 2

y
-

y
+

y
0

A B

C D

y
3 y

4

y
1

y
2

0

0

1

-1

-1 1
x

1

x
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 !"#$% "#! $ %&'( )'*+,-./& 0,1- 2/13 )'*+/1-4 +-'(40,454 /( *,,-2,((54 /( *,,-2,((5/4

-521.+/4#

-56-/44.,( 475*-.-' 8

y = β0+β1X1+β2X2+β3X3+β12X1X2+β13X1X3+β23X2X3+β123X1X2X3+e 9"#:;

'</* β0 &' *,(4+'(+/ 21 =,2>&/? βi &/ *,/@*./(+ '44,*.5 A *B'C1/ )'*+/1- i? βij &/

*,/@*./(+ '44,*.5 A &7.(+/-'*+.,( /(+-/ &/ )'*+/1- i /+ &/ )'*+/1- j /+ e &/4 -54.214 21

=,2>&/ 0-52.*+.)# D' ='+-.*/ 21 =,2>&/ /4+ 2,(* 8




I X1 X2 X1X2 X3 X1X3 X2X3 X1X2X3

+1 +1 +1 +1 +1 +1 +1 +1
+1 −1 +1 −1 −1 +1 −1 +1
+1 +1 −1 −1 −1 −1 +1 +1
+1 −1 −1 +1 +1 −1 −1 +1




E& /4+ 0,44.F&/ 2/ <,.- C1/ X2 = X1X3? X1 = X2X3 /+ I = X1X2X3? &/4 )'*+/1-4 4,(+

2.+ G'&.'454G '</* &/4 .(+/-'*+.,(4# D' =.(.=.4'+.,( 21 (,=F-/ 27/305-./(*/4 4/ )'.+

2,(* '1 25+-.=/(+ 271(/ 0/-+/ 27.(),-='+.,(#

H'(4 &/ *'4 2/4 0&'(4 2/ %&'*I/++JK1-='(? 2/ ),-+4 '&.'4'6/4 /+ (,+'==/(+ /(+-/ &/4

.(+/-'*+.,(4 F.('.-/4 /+ &/4 /L/+4 0-.(*.0'13 4,(+ 0-54/(+4# M/*. 0/1+ 2,(* *,(</(.-
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I.(+%01, 2'&'1-)#+1-;0%, AX!W X=B [.1.&&6&%

L(%2+1',2'(-% @^K[N AX W X B L#;0%*+-%&&%

_&0'1%,2%*2% AXQW  =B [.1.&&6&%

I.(+%01, "% 4.E AXXW XPW XYW XZB L#;0%*+-%&&%

^>%+ (3'+'J.2'0,+-;0% AX\W P]B L#;0%*+-%&&%

L(%2+1')#+1-% F +%)(, "% $'&`231').+'41.(3-% 4.E A !B L#;0%*+-%&&%

&C%9%)(&% "% &C0+-&-,.+-'* "% &. 2.+.&0)-*%,2%*2% ".*, &% /0+ "% 21-/&%1 1.(-"%)%*+ &%,

2.+.&5,%01,G?401% !7\/M7 ^* %>%+W &%, *.*').+#1-.09 +%&, ;0% V-S2W a2S3W b&2S3W L1IS3W

c1S2W c*SW K4SW _%2S3 #)%++%*+ "% &. &0)-61% (1'$%*.*+ "%, %,(62%, %92-+#%, (.1 &.

2')/0,+-'* 2.+.&5+-;0%7 I%++% +%23*-;0% . #+# .".(+#% .$%2 ,0226, ".*, &% 21-/&.4% 1.(-"%

"% ).+#1-.09 F /.,% "% (.1+-20&%, "C'1 ,0(('1+#%, ,01 "->#1%*+, '95"%, )#+.&&-;0%, ('01

&C'95".+-'* "0 )'*'95"% "% 2.1/'*%7 ^&&% . ('01 .$.*+.4% "% "'**%1 0*% 1#('*,% /-J

"-)%*,-'**%&&% +16, 1.(-"% %* #$.&0.*+ &C-*+%*,-+# "% &. 2.+.&0)-*%,2%*2% ).-, *% (%0+

2%(%*".*+ (., D+1% 0+-&-,# ".*, "% &C#+0"% "% ,5,+6)%, 2.+.&5+-;0%, ,#&%2+-:,7

R'0, ('0$'*, .0,,- 2-+%1 &%, +1.$.09 "% L%*d.* AP!BW -& 0+-&-,% &. +%23*-;0% @^K[N

G@%,'*.*2%J^*3.*2%" K0&+-[3'+'* N'*-E.+-'*M /.,#% ,01 &. 4#*#1.+-'* "% )'&#20&%, M F

&C#+.+ #&%2+1'*-;0% %92-+# M∗ ;0- F &%01 +'01 4#*61%*+ "%, (3'+'*, 2.+-'*-;0%, M+ %+ "%,

(3'+'J#&%2+1'*, e−7 I%, "%1*-%1, ,'*+ 2'&&%2+#, F &C.-"% "% )-21'J#&%2+1'"%, %+ 2'*,+-+0%*+ &%,

1#('*,%, .*.&5+-;0%,7 I%++% +%23*-;0% F &C.$.*+.4% "% "#+%2+%1 ;0%&;0%, ((/ "% )'&#20&%,

).-, .++%-*+ .0,,- 2%, &-)-+%, &'1, "%, #+0"%, "% ,5,+6)%, 2.+.&5+-;0%, ,#&%2+-:,7



 !  ! "#$% &'()% !* +#%#,-.! "'%'/012*!

Au/TiO
2

Au/ZnO

Au/MgO

Au/ZrO
2

Au/SiO
2

a

b

c

d

1/ Cu
10

Cs
20

Co
70

 

2/ Ag
10

Cs
20

Co
70

3/ Na
10

Cs
20

Co
70

4/ Cu
3
Cs

20
Co

77

5/ Bi
10

Cs
20

Co
70

6/ Ag
3
Cs

20
Co

77

100%

95%

82%

73%

63%

6%

351.5

351

350.5

350

349.5

T/°C

8 x 50 mL 

4 x 50 mL 

2 x 50 mL 

Pas d’injection

CO (a) (b)

 !"#$%  !" # $%&'()& *& +,-,+./-01,.023 4,5.6*/70. 5.0)01,3. 8,9 ), .4&-'2:-,(40& 03;-,6

-25:& <=>? &. 879 ), +,.,)5'03&1+&3+& <="?!

$3@3A +0.231 ), .&+430B5& 7,1/& 15- ), .4&-'2:-,(40& 03;-,-25:& B50 &1. ),-:&'&3.

5.0)01/& *,31 ), +-07),:& (-/)0'03,0-& *& ',./-0,5% +,.,)C.0B5&1! D, @:5-&  !" 8E :,5+4&9

(-/1&3.& )& .C(& *F0',:& .4&-'0B5& 27.&35 (,- /'0110G0./ +2--0:/& )2-1 *& +-07),:& *&1

+,.,)C1&5-1 G01,3. E ), +2'751.023 *&1 150&1! H5% G5&1 *&1 .-,G,5% (-/+/*&''&3. &I&+.5/1

B5,3. E ), 1/)&+.023 *& +,.,)C1&5-1 (25- ), *&1.-5+.023 *&1 JKL1 <=M?A 0) 3251 , (,-5 .25.

E ;,0. ,((-2(-0/ *F5.0)01&- +&..& .&+430B5& *,31 32.-& (-2N&.!

O&(501 B5&)B5&1 ,33/&1A 3251 ,1101.231 E 53& 1&+23*& /G2)5.023 *,31 ), +,-,+./-01,.023

4,5. */70. B50 3& G&5. ()51 1& -&1.-&03*-& E ), 10'()& */.&-'03,.023 *& )F,+.0G0./ *5 +,.,)C6

1&5- 8+23G&-1023A 1/)&+.0G0./9 ',01 /),-:0- ), B5,3.0./ *F03;2-',.023 (25G,3. P.-& -&+5&0))0&

B5& +& 120. 15- )&1 ,1(&+.1 +03/.0B5&1 *&1 +,.,)C1&5-1 25 ), +,-,+./-01,.023 *&1 (-2(-0/./1

(4C10+26+40'0B5&1!

Q5&)B5&1 /G2)5.0231 *,31 )&1 *01(210.0;1 *& +,-,+./-01,.023 4,5. */70. +2''&3+&3. E

,((,-,0.-& (25- (&-'&..-& +& .C(& *& +,-,+./-01,.023! H0310A *&1 *233/&1 +03/.0B5&1 &3

4,5. */70. 8*/.&-'03,.023 *&1 /3&-:0&1 *F,+.0G,.0239 23. ,0310 (5 P.-& 27.&35&1A 32.,'6

'&3. *,31 )& +,1 *5 -/;2-',:& +,.,)C.0B5& *5 '/.4,32) &3 (-/1&3+& *& G,(&5- *F&,5 <RS?!

O&5% .&+430B5&1 *& '&15-& *F,*12-(.023 *& '2)/+5)&1 7,10B5&1 8,''230,+A (C-0*03&9 ,@3

*& 123*&- )&1 10.&1 ,+0*&1 23. /./ */G&)2((/&1 T ), (-&'0U-& .&+430B5& 4,5. */70. 5.0)01&

), 1(&+.-2'/.-0& *& ',11& (25- */.&+.&- )F/G2)5.023 *& ), B5,3.0./ *F,''230,+ */12-7/&

,5 +25-1 *F53& '23./& &3 .&'(/-,.5-&! O&1 +,(0)),0-&1 123. 031/-/1 *,31 +4,B5& -/,+.&5-

(25- (&-'&..-& )F,3,)C1& 10'5).,3/& *5 :,V *,31 +4,B5& (50.1 8 W ,5 .2.,)9 <R=?! D, 1&6

+23*& .&+430B5& -&(21& 15- )F5.0)01,.023 *& ), 1(&+.-21+2(0& 03;-,-25:& (25- (&-'&..-& ),

*0I/-&3+0,.023 *&1 10.&1 *& X-Y31.&* &. *& D&Z01 (,- ,*12-(.023 *& ), (C-0*03& 8(210.0231

*0I/-&3.&1 *&1 7,3*&1 [\9 <R>?! [) &%01.& +&(&3*,3. B5&)B5&1 )0'0.,.0231 *& +&..& .&+430B5&

-&)0/&1 32.,''&3. ,5% (-27)U'&1 *& *0I51023 *5 ;,01+&,5 03+0*&3. )2-1B5F0) &1. ,5 +23.,+.

*& )F/+4,3.0))23! $3 &I&.A )F4/./-2:/3/0./ *,31 )&1 .,0))&1 *& (,-.0+5)&1 *&1 *0I/-&3.1 /+4,36

.0))231 ,0310 B5& ), (-/1&3+& (21107)& *& ;2-'&1 ,3012.-2(0B5&1 8',./-0,5% 1& (-/1&3.,3.

1251 ;2-'&1 *F,0:50))&1 (,- &%&'()&9 3& (&-'&. (,1 53& +23G&-:&3+& 2(.0',)& *5 ;,01+&,5

*0I51/ +23*501,3. E 53& (&-.& *-,',.0B5& *5 10:3,) 1(&+.-21+2(0B5&!

DF27N&+.0; *,31 32.-& /.5*& &1. +),0-&'&3. */@30& &. 1&-, (-03+0(,)&'&3. 2-0&3./& *,31

)& */G&)2((&'&3. *F53 25.0) ]'5).0;23+.023] (&-'&..,3. ,5110 70&3 ), +,-,+./-01,.023 *&



 !"! #$ %$&$%'(&)*$')+, -$.' /(0)'   

!"#$%&'&%( $#%#!)%&*+, -#&. #+..& !,. /01/0&(%(. /2).&$13$2&-&*+,. 4,. -#%(0&#+56 71+0 $,!#8

!# %2,0-190#/2&, &:;0#01+9, # (%( $21&.&,8 $,%%, %,$2:&*+, :1: &:%0+.&', :1+. .,-<!, =%0,

<&,: #4#/%(, > !# $#0#$%(0&.#%&1: 4,. .).%?-,. 9#@A.1!&4, /1+0 !,. 0#&.1:. *+, :1+. 4($0&01:.

/#0 !# .+&%,6 B'#:% $,!#8 &! :1+. .,-<!, &-/10%#:% 4, 4(C:&0 ,% $1::#D%0, !,. /#0#-?%0,.

&:E+,:%. 4#:. !,. -,.+0,. /#0 %2,0-190#/2&, &:;0#01+9,6

 !"!# $% &'()*+,)%-'.( ./0)%)+1,( %--2.314( %15 676&8*(6 ,%9:6+2.;(6

F"&:;0#01+9, 4($1+',0% /#0 G&0 H&!!&#- I,0.$2,! ,: JKLL8 # $1::+ .1: ,..10 +: .&?$!,

/!+. %#048 4+0#:% !# /0,-&?0, 9+,00, -1:4&#!, /#0 !"+%&!&.#%&1: 4, .).%?-,. ,-<#0*+(. /,03

-,%%#:% 4, '1&0 !&%%(0#!,-,:% 4#:. !, :1&0 > !"#&4, 4"&-#9,. %2,0-&*+,.6 F# %2,0-190#/2&,

&:;0#01+9, +%&!&., !# <#:4, ./,$%0#!, &:;0#01+9, .&%+(, ,:%0, M µm ,% J µm6 N! ,.% &-/10%#:%

4, $1-/0,:40, !# :1%&1: 4, $10/. :1&0 4#:. $,. (%+4,. %2,0-190#/2&*+,.8 ,!!, 4(.&9:, +:

1<O,% *+& #<.10<, !, 0#)1::,-,:% *+"&! 0,P1&%8 *+,!!, *+, .1&% !# !1:9+,+0 4"1:4, ,% !"#:9!,

4"&:$&4,:$,6 Q",.% R+.%#' S1<,0% T&0$221U *+& &:%014+&% $,%%, :1%&1: .,!1: !#*+,!!, +:

$10/. $#/#<!, 4"#<.10<,0 !, 0#)1::,-,:% > :"&-/10%, *+,!!, !1:9+,+0 4"1:4, ,.% (9#!,-,:%

$#/#<!, 4"(-,%%0, +: 0#)1::,-,:% 4, !# -=-, ;#P1:6 V#5 7!#:$W #8 *+#:% > !+&8 4(%,0-&:(

!# 4&.%0&<+%&1: ./,$%0#!, 4+ 0#)1::,-,:% 4"+: $10/. :1&0 > !"#&4, 4, !# ;10-+!, .+&'#:%, X

Wλb =
2πhc3

λ5(ehc/λkT − 1)
× 10−6 [Watt/m2µm] YJ6Z[

1\ Wλb $100,./1:4 > !",5&%#:$, (:,09(%&*+, ./,$%0#!, 4+ $10/. :1&0 > !# !1:9+,+0 4"1:4,

λ8 c $100,./1:4 > !# '&%,.., 4, !# !+-&?0,8 h 4(.&9:, !# $1:.%#:%, 4, 7!#:$W Y]8] × JL

−34

^6.[8 W !# $1:.%#:%, 4, _1!%@-#:: YJ8` × JL

−23
^6T

−1
[8 T !# %,-/(0#%+0, #<.1!+, YT[ 4"+:

$10/. :1&0 ,% λ !# !1:9+,+0 4"1:4, Yµ-[6

a: &:%(90#:% $,%%, ;10-+!, 4, λ b L > λ b ∞8 :1+. 1<%,:1:. !",5&%#:$, (:,09(%&*+, %1%#!,

YWb[ 4"+: $10/. :1&0 X

Wb = σT 4 [Watt/m2] YJ6][

Q",.% !# 0,!#%&1: 4, G%,;#: _1!%@-#:: *+& &:4&*+, *+, !, /1+'1&0 (-&..&; %1%#! 4"+: $10/.

:1&0 ,.% /01/10%&1::,! > .# %,-/(0#%+0, #<.1!+, > !# /+&..#:$, *+#%0,6 V#&. 4#:. !# /!+/#0%

4,. $#.8 !,. 1<O,%. 0(,!. :, .1:% /#. $1-/#%&<!,. #',$ $,. $1:$,/%. 4#:. +:, 0(9&1: 4,

!1:9+,+0 4"1:4,. (%,:4+,6 a: ,U,%8 %01&. /01$,..+. /,+',:% ,-/=$2,0 +: 1<O,% 0(,! 4"#9&0

$1--, +: $10/. :1&0 X

J6 c:, ;0#$%&1: 4+ 0#)1::,-,:% &:$&4,:% α /,+% =%0, #<.10<(,8 +: ;#$%,+0 ./,$%0#! 4"#<3

.10/%&1: αλ ,.% &:%014+&% 4(.&9:#:% !, 0#//10% 4, !# /+&..#:$, (:,09(%&*+, ./,$%0#!,

#<.10<(, /#0 +: 1<O,% /#0 0#//10% > .1: &:$&4,:%6

M6 c:, ;0#$%&1: ρ /,+% =%0, 0(E($2&,8 4, !# -=-, ;#P1:8 1: &:%014+&% !, ;#$%,+0 ./,$%0#!

4, 0(E,5&1: ρλ6

 6 c:, ;0#$%&1: τ /,+% =%0, %0#:.-&.,8 #&:.& #//#0#&% +: ;#$%,+0 ./,$%0#! 4, %0#:.-&..&1:

τλ6



 !  ! "#$% &'()% !* +#%#,-.! "'%'/012*!

"# $%&&' (' )'$ *+%,$ -#)*'.+$ '$* *%./%.+$ 01#2' 3 45 67 #.*+' -#)*'.+8 #99'20 0&,$$,:,*08

'$* +';.,$ 9%.+ (0)+,+' 2# -+#)*,%7 ǫ (' 2<'=,*#7)' 07'+10*,;.' (<.7 )%+9$ 7%,+ 9+%(.,* 9#+

.7 %>/'* 3 .7' *'&90+#*.+' $90),?;.'5 67 -#)*'.+ $9')*+#2 (<0&,$$,:,*0 ǫλ #99#+#,* ;.,

01#2' #. +#99%+* (' 2# 9.,$$#7)' 07'+10*,;.' (<.7 %>/'* '* )'22' (<.7 )%+9$ 7%,+ 3 .7'

*'&90+#*.+' '* 2%71.'.+ (<%7(' (%770'$ @

ǫλ =
Wλ0

Wλb

A45BC

D'2%7 2# 2%, (' E,+)FF%G8 2'$ -#)*'.+$ (<0&,$$,:,*0 '* (<#>$%+9*,%7 $9')*+#2'$ (<.7 )%+9$ $%7*

01#.= #.= *'&90+#*.+'$ '* 2%71.'.+$ (<%7('$ (0?7,'$8 (<%H @

ǫλ = αλ A45IC

J%.+ .7 )%+9$ 1+,$8 2# -%+&.2' (' D*'-#7KL%2*M&#77 (':,'7* (%7) @

Wb = ǫσT 4 [Watt/m2] A45NC

O'**' &0*F%(' 7%7 ,7*+.$,:' '* $#7$ )%7*#)* #992,;.0' 3 2# )#*#2P$' F0*0+%1Q7' # (0/3

0*0 .*,2,$0' (.+#7* )'$ (,= ('+7,Q+'$ #770'$ )%&&' .7' *')F7,;.' 9%.:#7* $<,7*01+'+ (,+')*'K

&'7* (#7$ 2# 9+'&,Q+' 0*#9' (. 9+%)'$$.$ F#.* (0>,*8 2' )+,>2#1' 9+,&#,+'5 R7 'G'*8 2' )F%,=

(' 2# *')F7,;.' #7#2P*,;.' (#7$ 2' 9+%)'$$.$ F#.* (0>,* '$* -%7(#&'7*#25 S'$ *')F7,;.'$

*'22'$ ;.' 2# $9')*+%&0*+,' (' &#$$' %. 2# )F+%&#*%1+#9F,' '7 9F#$' 1#M 9'.:'7* T*+'

('$ *')F7,;.'$ #2*'+7#*,:'$ &#,$ 2' *'&9$ (<#7#2P$' #.1&'7*'+# #:') 2' 7%&>+' (<0)F#7K

*,22%7$5 U. )%7*+#,+'8 2# *F'+&%1+#9F,' ,7-+#+%.1' #.*%+,$' 3 )#+#)*0+,$'+ 9#+#22Q2'&'7* %.

$0;.'7*,'22'&'7* 2'$ )#*#2P$'.+$ '7 $' -%)#2,$#7* $.+ 2# 9+%(.)*,%7 (' )F#2'.+ (.+#7* 2#

+0#)*,%7 VWX8 WWY5 R22' # 0*0 #992,;.0' #:') $.))Q$ #.= +0#)*,%7$ '7 9F#$' 1#M VWWY )%&&'

,7(,)#*'.+ ;.#2,*#*,- (' (,G0+'7)'$ (' +0#)*,:,*05 "# -#,>2' )%7(.)*,:,*0 *F'+&,;.' (. 1#M

#.*%+,$' 2# (0*')*,%7 (. +#P%77'&'7* *F'+&,;.' (' 2# $.+-#)' (. )#*#2P$'.+ '7 #P#7* .7

*+Q$ >%7 +#99%+* $,17#2Z>+.,*5

[#,'+ (0&%7*+' 2'$ 9%*'7*,#2,*0$ #,7$, ;.' 2'$ 9+%>2Q&'$ '* 9,Q1'$ 3 0:,*'+ VXY 2%+$;.'

2<%7 *+#:#,22' #:') 2# *F'+&%1+#9F,' ,7-+#+%.1'5 R7 'G'*8 92.$,'.+$ 9,Q1'$ 9'.:'7* #99#K

+#,*+' )%&&' 2' )F#71'&'7* (<0&,$$,:,*0 (. &#*0+,#. (.+#7* 2# +0#)*,%75 J#+ '='&92'8 2#

-%+&#*,%7 (' $.,'$ 3 2# $.+-#)' (. &#*0+,#. #2*Q+' $%7 0&,$$,:,*0 '* 9'.* T*+' ,7*'+9+0*0'

)%&&' .7' 9%$$,>2' #.1&'7*#*,%7 (' *'&90+#*.+' (.' 3 .7' +0#)*,%75 \2 '$* (%7) ,&9%+K

*#7* (' )%77#]*+' *%.$ 2'$ 9#+#&Q*+'$ 9%.:#7* )%7(.,+' 3 .7' :#+,#*,%7 (' *'&90+#*.+'

A0&,$$,:,*08 %=P(#*,%78 +0(.)*,%78 #($%+9*,%78 (0$%+9*,%78 '*)555C5

"<.*,2,$#*,%7 (' )'**' *')F7,;.' #8 (' 92.$8 $.>, (' 7%&>+'.$'$ )+,*,;.'$ '7 0:%;.#7*

9+,7),9#2'&'7* 2' -#,* ;.' 2# )%&9%$,*,%7 (. 9+%(.,* 7<0*#,* 9#$ ,('7*,?0' '* (%7) 9%.K

:#,* T*+' ,7#992,)#>2' (#7$ 2# (0)%.:'+*' (' )#*#2P$'.+$ $02')*,-$5 O<'$* 9%.+;.%,8 92.$,'.+$

0*.('$ %7* 0*0 +0#2,$0'$ '7 )%&>,7#7* .7' *')F7,;.' (<,&#1'+,' #:') .7' *')F7,;.' $9')K

*+#2' V!B8 !IY 9'+&'**#7* (' 9#2,'+ 3 )' 9+%>2Q&'5

S#7$ 7%*+' )#$8 2# *F'+&%1+#9F,' ,7-+#+%.1' $'+# .*,2,$0' 9%.+ 0:#2.'+ 2'$ (,G0+'7*$ )#7K

(,(#*$ (#7$ 2<%=P(#*,%7 >#$$' *'&90+#*.+' (' O^_$ 2%+$ (' 2<0*#9' (. )+,>2#1' 9+,&#,+'5

O'9'7(#7*8 $%7 $9')*+' (<.*,2,$#*,%7 $'+# 02#+1, 9%.+ *'7*'+ (<'7 -#,+' 2<%.*,2 9+,7),9#2 ('



 !"! #$ %$&$%'(&)*$')+, -$.' /(0)'  !

"#$"% &' ()*'+,-% -'$" ()./"0 1&&% 2%+' 3#"'**%3" ,#$4&)% '5%, (/5%+2 #$"/&2 '3'&6"/7$%2

4$/2 $"/&/2)% 4#$+ &' ()"%+*/3'"/#3 (%2 4+#4+/)")2 4-62/,#8,-/*/7$%2 (%2 *'")+/'$9 ,'"'&68

"/7$%20
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 !"#!$%&'()!*

 !" #$ %$ #&'()* #$ %$ +,(* -$ ./&01(2* 3$ 4$ 42,* 5$ 6$ 7'()* 8$ 3$ 9:'()* 7$ -$ 7';<

;'01=/11>?'(* +$ 7$ 9:1(* '(> @$ -$ +0:,;AB$ 6 02?C&('A2/&'; 'DD/2'0: A2 ?'A1/&';E

>&E02F1/G$  !"#$!#* HIJKLH!JM N!OPJQ!ORS* !TTL$

 H" U$ V$ -1/?'&($ %&'&()*# +#'#,-.#$#* !TLT$

 P" 6$ W/2F'/1;;&$ 9'A';GA&0 D/2D1/A&1E 2= 01/&' '(> 012H<02(A'&(&() ?'A1/&';E$ %&'&()*"*

/#0"#1*2 !"#$!# &$3 4$."$##,"$.* PJKRM NRPTQLHS* !TTI$

 R" -$ X'AA'$ +G(A:1E&E 2= ?1A:'(2;$ %&'&()*"** P NPRTQR!!* !TLL$

 L" 6$ 8')1?1G1/* @$ +A/'EE1/* '(> 6$ Y$ Z2;D1 U/$ +".5265,-7.587'  !,##$"$. "$ %5#9"!&(

%&'&()*"*$ 7&;1G<F0: 1>&A&2(* HSSR$

 I" W$ [$ .2,EE&1* -$ \$ %&'?2(>* 9$ -2:* 5$ 6$ 8';;* 6$ \$ 4'@2&(A1* \$ 410;1/0*

9$ 4,(>* Z$ \,/D:G* U$ 6$ 7$ +:21?']1/* ^$ W/'0:A* 8$ W,/(1/* U$ _:'()* W$ ^(2*

[$ 5$ [2E1(* '(> U$ 9$ +A1F1(E$ 6 =,;;G &(A1)/'A1> :&):<A:/2,):D,A E0/11(&() ?1<

A:2>2;2)G =2/ A:1 >&E02F1/G 2= (1` D2;G2;1a( 0'A';GEAE N %&E02F1/G 2= ' (1` 0;'EE 2=
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'%3.9.)". #9 "#'5.&2"+&# 429- 682*+# &.26"#+& )94)E)4+#, ,%&- 4#- ."25#- 4# 682+O23# %+

4# &#$&%)4)--#'#9"/ C2 (2-# 4# 682*+# &.26"#+& #-" F=.# -+& +9 (&2- '."2,,)*+# '%(),# 4%9"

,2 E)"#--# 4123)"2")%9 #-" #9")<&#'#9" 6%9"&G,.#/ T9F9: +9# 4#- 2+"&#- 62&26".&)-")*+#- 4#

6#- (,%6- &.26"#+&- #-" ,2 5%--)(),)". 4# &.2,)-#& 4#- F,"&2")%9- 4)&#6"#'#9" 429- ,# &.26"#+&/

U#- F,"&#- #9 E#&&# $&)"". 41+9# 5%&%-)". 4# KI @ KS µ' -%9" 5,%93.- 429- ,2 -%,+")%9 #"

+9# 2-5)&2")%9 @ 5&#--)%9 6%9"&G,.# #-" #O#6"+.#/ C# F,"&2" #-" &#6+#),,) 429- +9 -#6%94

&.26"#+& 5%+& 5#&'#""&# ,2 &.2,)-2")%9 41292,;-#- 68)')*+#-: -5#6"&%-6%5)*+#-: #"6/// 4# 6#

4#&9)#&/ C2 F,"&2")%9 41+9# -%,+")%9 #9 5&.-#96# 41+9 -%,)4# #9 -+-5#9-)%9 #-" &.2,)-.# #9

4#+= ."25#- %O&29" +9# #V626)". %5")'2,# 4+ 5&%6#--+- D +9# 5&#')<&# ."25# 2E#6 W X

HII '(2& 4+&29" Y ')9+"#- 2E29" +9# 4)')9+")%9 4# ,2 5&#--)%9 R+-*+1@ YII '(2& 5#9429"

KI ')9+"#-/

C2 '#-+&# #" ,2 &.3+,2")%9 4+ 5L 41+9# -%,+")%9 4%99.# #-" 2+--) +9# 4#- 5%--)(),)".-

*+1%O&# 6#""# 5,2"#$%&'#/ U#+= ";5#- 4# -%94# 5L 5#+E#9" Q"&# +"),)-.- D +9# -%94# F=#

-)"+.# 429- +9 &.26"#+& )94)E)4+#, 4%+(,# #9E#,%55# #" +9# -%94# '%(),# 4)&#6"#'#9" )9".J

3&.# -+& ,1+9)". *+2"&# 2)3+),,#-/ U29- ,#- 4#+= 62-: ,12R+-"#'#9" 4# ,2 -%,+")%9 #-" #O#6"+.#

@ ,12)4# 4# ,2 &.2,)-2")%9 4# (%+6,#- 4# "Z68#- &#5%-29" -+& 4#- 6&)"<&#- 4# 6%94)")%9- 5&.2,2J
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"#$%$&' ()*+, -./ $)$%0#$1 #2/+34$ #. +2#4'52& .657$ 7$ 7*0./' 725' 8'/$ .94+'*$ : 4& 0; 7$

<,!1 4&$ 34.&'5'* 7$ =!! µ> 7$ +2#4'52& ".+534$ $+' 75+'/5"4*$1 #. +2&7$ 0; %$+4/$ $&+45'$

#. ?.#$4/ .0/@+ .A5'.'52&1 6$+ 7$4) 'B6C$+ +2&' $)*64'*$+ 94+34D: 6$ 34$ #. ?.#$4/ +25' #*A@E

/$%$&' +40*/5$4/$ 24 *A.#$ .4 0; +24C.5'*, >. 62&6$&'/.'52& 7$ #. +2#4'52& 7D.94+'$%$&'

.5&+5 34$ #$+ ?2#4%$+ : 75+'/5"4$/ 2&' *'* 20'5%5+*+ 024/ 2"'$&5/ 4&$ $)*64'52& /.057$ .?$6

4&$ 0/*65+52& 7.&+ #. ?.#$4/ 74 0; 65"#$,

HCl

1

Imprégnation

Ajout

sel métallique

1

NH
3
(aq)

1

Ajout

sel métallique

Mouillage
Ajout

support

Ajout support

Agitation

Filtration

Séchage

LavageFiltration

3x

Adsorption 

anionique

Déposition

précipitation

NaOH

Sonde pH

Transfert dans

réacteurs parallèles

Ajustement pH 

sel métallique
Ajout support

 !"#$% F,F G H$+6/50'5I 7$+ 75J*/$&'$+ *'.0$+ 7$ +K&'C@+$ ;H 024/ #$+ '/25+ %27$+ 0/*0.E

/.'52&+,

 !"!" #$% &'($% ($ )*+),*,-.'/ ,(,)-+% %0* 1, )1,-$2'*&$

>$+ 6./.6'*/5+'534$+ 7$+ '/25+ 0/2'262#$+ 7$ 0/*0./.'52& +2&' #$+ +45?.&'+ L

=, M2&6$/&.&' #D5%0/*A&.'52&1 #$ ?2#4%$ 02/$4) 74 +4002/' $+' /$%0#5 0./ #$ 0/*64/+$4/

%*'.##534$ 75+'/5"4* $& $)6@+, M$ %*#.&A$ $+' .A5'* 0$&7.&' = C$4/$ : N!! '24/+O%5&

$' 6$65 : '$%0*/.'4/$ .%"5.&'$, >$ '$%0+ 7D5%0/*A&.'52& $+' 34.+5%$&' 57$&'534$

024/ 6C.34$ 0/*0./.'52& A/B6$ : #. 75+'/5"4'52& /.057$ 62%02/'.&' +$4#$%$&' 34.'/$

*'.0$+ 7$ '/.&+I$/' 7$ #53457$ PQ .5A45##$+ +5%4#'.&*%$&' 4'5#5+*$+ 024/ =N /*.6'$4/+

0./ "#26R, S&$ *'.0$ 7$ (#'/.'52& $+' $&+45'$ $J$6'4*$ .?.&' #. /*.#5+.'52& 7D4& +*E

6C.A$ : =Q!

◦
M 0$&7.&' C45' C$4/$+, T24+ #$+ 6.'.#K+$4/+ +2&' $&+45'$ /$64$5##5+ 045+

'/.&+I*/*+ 7.&+ 4& I24/ 024/ K +4"5/ #D*'.0$ 7$ 6.#65&.'52&, U##$ $+' $J$6'4*$ +24+ .5/

.'%2+0C*/534$ .?$6 #. /*.#5+.'52& 7D4&$ /.%0$ 7$ '$%0*/.'4/$ 7$  

◦
MO%5& 94+34D:

.''$5&7/$ V !

◦
M1 6$''$ '$%0*/.'4/$ $+' %.5&'$&4$ 0$&7.&' F C$4/$+,
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"# $%&'()&*&+ ,-*./%)0+1%& *&1%&123(4 .*&/ ,( '*/ .( ,-3+1,1/*+1%& .(/ 0)5'3)/(3)/ 65+*,7

,123(/ .( 0,*+1&( (+ .-%) 8 92:+$,64 ; 92< (+ 9=3$,44 > 92<4 3&( /%,3+1%& .-*'1.(

'?,%)?@.)123( A09 B !#CD (/+ 65,*&E5( 0(&.*&+ !C 61&3+(/ *F(' ,( /300%)+ '*+*,@7

+123( '%&.31/*&+ ,* G%)6*+1%& .(/ (/0H'(/ <9

+
2 I ,* /3)G*'( .( ,-%J@.(# K(/ 0%1&+/

1/%5,('+)123(/ .( ,-%J@.( .( '5)136 (+ .( ,-*,361&( /%&+ )(/0('+1F(6(&+ ;#L (+ L#C7

M#C NOOP# K-*./%)0+1%& .(/ (/0H'(/ *&1%&123(/ A=3$,

−

4 (+ :+$,

2−
6 D /( +)%3F( *1&/1 G*7

F%)1/5(# Q&( 5+*0( .( R,+)*+1%& (/+ (&/31+( (S('+35( *R& .-5,161&() ,-(J'H/ .-*'1.(

'?,%)?@.)123( *F*&+ ,-5+*0( .-160)5E&*+1%& .(/ /(,/ 65+*,,123(/# Q&( .3)5( .-! ?(3)(

*F(' 3&( *E1+*+1%& .( ;CC +%3)/T61& (/+ RJ5( 0%3) ,-160)5E&*+1%&# K-1&U3(&'( .( ,*

0)5/(&'( .-5+*0(/ .( ,*F*E(/ *0)H/ ,-160)5E&*+1%& '%&/+1+3()* &%+*66(&+ 3& 0*)*7

6H+)( F*)1*V,(# K(/ 5+*0(/ .( /5'?*E( (+ .( '*,'1&*+1%& /%&+ 1.(&+123(/ I '(,,(/ .(

,-160)5E&*+1%&#

># $%&'()&*&+ ,* 65+?%.( .( .50%/1+1%&70)5'101+*+1%& 3+1,1/5( 0%3) ,* 0)50*)*+1%& .(

'*+*,@/(3)/ I V*/( .-%)4 ,( )5*'+(3) 1&.1F1.3(, 1&+5E)*&+ 3&( /%&.( 09 (/+ '?*3S5 I

LC

◦
$4 ,* /%,3+1%& 65+*,,123( .-%) (/+ *W3/+5( I 3& 09 .( X#C I ,-*1.( .-3&( /%,3+1%&

.-?@.)%J@.( .( /%.136 AC#! 6%,#K

−1
D4 ,(/ (/0H'(/ 0)5/(&+(/ I '( 09 /%&+ ,(/ (/0H'(/

=3A<9Dn$,4−n *F(' & B 1−3 NLP# $(++( /%,3+1%& *W3/+5( (/+ (&/31+( +)*&/G5)5( .*&/ ,(/

)5*'+(3)/ 0*)*,,H,(/ A+(605)*+3)( 5E*,(6(&+ 6*1&+(&3( I LC

◦
$D *F*&+ ,* .1/+)1V3+1%&

.3 /300%)+ %J@.(# K( 65,*&E( (/+ (&/31+( *E1+5 0(&.*&+ ! ?(3)( I ;CC +%3)/T61&4

R,+)54 ,*F5 I ,-*66%&1*23( 031/ /5'?5 .*&/ ,(/ 6Y6(/ '%&.1+1%&/ 23( ,(/ *3+)(/ 0)57

0*)*+1%&/# K(/ '*+*,@/(3)/ /%&+ )('3(1,,1/ 0%3) Y+)( '*,'1&5/ ?%)/ ,1E&( I > C

◦
$ /%3/

*1) *+6%/0?5)123(#

K(/ .1S5)(&+/ 0*)*6H+)(/ 5F*,35/ /%&+ ,* &*+3)( .3 /300%)+ (+ .( ,* 0?*/( *'+1F(4 ,( '?*)7

E(6(&+ (& 0?*/( *'+1F( (+ ,(/ '%&.1+1%&/ .( 0)50*)*+1%&/# K(/ *&*,@/(/ /+*+1/+123(/ /%&+

)5*,1/5(/ I ,-*1.( .3 ,%E1'1(,  !"!#$%#

 !" #$ %$&$%'(&)*$')+, -. /$*(0 *1& 2$ '30&4+5&$63)0

),7&$&+150

K( .5F(,%00(6(&+ .-3& %3+1, .( '*)*'+5)1/*+1%& ?*3+ .5V1+ * 5+5 (S('+35 0%3) 0()7

6(++)( 3& /31F1 *.523*+ .(/ 5'?*&+1,,%&/ (+ 5F1+() 23( '(++( 5+*0( )*,(&+1//( ,( 0)%'(//3/

?*3+ .5V1+# K(/ .1S5)(&+/ ')1+H)(/ )(+(&3/ /%&+ ,(/ /31F*&+/ 8 3&( )*01.1+5 .( )(60,1//*E(

.(/ 5'?*&+1,,%&/ .*&/ ,( )5*'+(3) ?*3+ .5V1+4 3& /@/+H6( U(J1V,( 0%3F*&+ 0()6(++)( ,* 0%/7

/1V1,1+5 .( '*)*'+5)1/() .(/ 6*+5)1*3J /( 0)5/(&+*&+ /%3/ .1S5)(&+(/ G%)6(/4 6%)0?%,%E1(/4

3& .1/0%/1+1G '%60,H+(6(&+ *3+%6*+1/5 (+ 3& .1/0%/1+1G %S)*&+ ,* 0%//1V1,1+5 .( '%6V1&()

0,3/1(3)/ %3+1,/ *&*,@+123(/ *R& .-(&)1'?1) ,-1&G%)6*+1%& )('3(1,,1(#
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 !"!# $%&'()*+), -. -)&*/&)+), -% '0(0'+1()&0+)/2

 !"!#!# $% &'() *+,)-%.*

"#$$% &'#'(& )*'+ ,% (-*./01% 12 '#01% (-#/3 +4%+0 #1/%'0& .*10/(5,/61%$%'0 7%1+ ,450/,/8

+*0/#' )% ,* 0-%1$#91*.-/% /':1*1#59%; <'% 1&=%3/#' /$.#10*'0%2 .*1 ,4*..5/ )% 0-%1$/(/%'+

'#0*$$%'02 '#5+ * (#')5/0 > ,* (#'(%.0/#' )45' +?+06$% #57%10 > ,4/'+0*1 )%+ +?+06$%+

)&@> %3/+0*'0+ 50/,/+*'0 )%+ :%'A01%+ 01*'+.*1%'0%+ *53 /':1*1#59%+ BC 2 CD2 CE2 CFG; "% (-#/3

/$.#10*'0 %+0 %H%(05& .#51 .#57#/1 .%1$%001% 5' 1%$.,/++*9% 1*./)% )%+ )/H&1%'0+ .5/0+

)5 1&*(0%51 %0 #H1% *5++/ ,* .#++/I/,/0& )% (#$I/'%1 :*(/,%$%'0 )/H&1%'0+ #50/,+ *'*,?0/J5%+

J54/,+ +#/%'0 #.0/J5%+2 +.%(01#+(#./J5%+ #5 +.%(01#$&01/J5%+;

K* L951% !;M .1&+%'0% ,* (#'L951*0/#' )5 1&*(0%51 )&7%,#..&; N,,% %+0 (#$.#+&% )%

)%53 &,&$%'0+ *++%$I,&+; K4&,&$%'0 /':&1/%51 %+0 ,4&,&$%'0 .1/'(/.*, )5 I,#( 1&*(0%512 /,

*++51% 5'% *,/$%'0*0/#' /')/7/)5%,,% )5 =53 9*O%53 7%1+ ,%+ P :1/00&+ QRST )45'% .#1#+/0&

)% ! µ$; "%+ :1/00&+ +#'0 :%1$%$%'0 L3&+ ,#1+J5% ,4&,&$%'0 +5.&1/%51 %+0 *++%$I,&2 '%5:+

&(1#5+ %' ,*/0#' :*/+*'0 *5++/ #U(%+ )% .5/0+ *++51%'0 ,4&0*'(-&/0& %0 ,* I#''% (/1(5,*0/#'

)5 =53 9*O%53 > 01*7%1+ ,% (*0*,?+%51 > (*1*(0&1/+%1;

Cartouches chauffantes

Entrée flux gazeux

Fritté 

INOX

Thermocouple

de régulation

et de sécurité

(a) (c)

90 mm

90 mm

Fritté 

INOX 

Ecrou

laiton

(b)

 !"#$% !;M V W*X Q$*9% 9,#I*,%2 WIX 75% )5 )%++5+ %0 W(X /,,5+01*0/#' MY )5 I,#( 1&*(0%51

P8.5/0+;

K% +?+06$% )% (-*5H*9% +&,%(0/#''& %+0 &,%(01/J5%2 J5*01% (*10#5(-%+ (-*5H*'0%+ +#'0

/'+&1&%+ )% :*Z#' 01*'+7%1+*,%+ )*'+ ,4&,&$%'0 /':&1/%51 %0 .#+/0/#''&%+ > )/+0*'(%+ &9*,%+

)% (-*J5% .5/0+; K* .5/++*'(% )% (-*J5% (*10#5(-% %+0 )% [\\ ]2 (%(/ .%1$%0 5'% $#'0&%

1*./)% %' 0%$.&1*051% )5 I,#( 1&*(0%51; K* 1&95,*0/#' %' 0%$.&1*051% %+0 *++51&% .*1 5'

0-%1$#(#5.,% )% 0?.% K2 /, $%+51% ,* 0%$.&1*051% > ,* +51:*(% )% ,4&(1#5 %' ,*/0#' W> .1#3/8

$/0& )5 (*0*,?+%51X; <' +%(#') 0-%1$#(#5.,% %+0 /'+&1& .#51 &7/0%1 0#50% )&1/7% *'#1$*,%

)% ,* 0%$.&1*051% W0-%1$#(#5.,% )% +&(51/0&X; "%+ )%53 )%1'/%1+ .#+/0/#''&+ %'01%+ ,%+ (*18

0#5(-%+ (-*5H*'0%+ +#'0 *5++/ /'+&1&+ )% :*Z#' 01*'+7%1+*,% )*'+ ,% I,#( 1&*(0%51; R*?*1  !

"#$ BCP2  \G 1%.#10%'0 5' *501% $#)% )% (-*5H*9% )%+ (*0*,?+%51+ I*+& +51 ,450/,/+*0/#' )45'
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"#$%& '(2 %) *%+) ,-&.& +/% 0,//% #")%&/#).1% #+2 $3$)45%$ 6"#$$.7+%$ 8% 69#+-#:%;

',/6%&/#/) "% 69,.2 8+ 5#)<&.#+ 8+ 0",6 &<#6)%+& =>*+.)$? "@#6.%& ./,238#0"% %$) A/#"%>

5%/) $<"%6).,//< 6,55% 5#)<&.#+ *&./6.*#" *,+& "%$ &#.$,/$ $+.1#/)%$ B

C/ 6,5*#&#.$,/ D "@#"+5./.+5? "# 6,/8+6).1.)< )9%&5.7+% 8.2 E,.$ *"+$ E#.0"% 8% "@#6.%&

./,238#0"% Fλ
 !"#$ "%&'

G HI J;5

−1
;K

−1
6,/)&% λ

 ()*"%")*

G H!L J;5

−1
;K

−1
M 1# *%&5%))&%

+/% &<8+6).,/ 8% "# N6,55+/.6#).,/N )9%&5.7+% %/)&% "%$ *+.)$ 8+ 0",6 &<#6)%+&; O&%/,/$

*#& %2%5*"% "% 6#$ 8@+/% )&#/$E,&5#).,/ 69.5.7+% $% *&,8+.$#/) D "# $+&E#6% 8@+/ 6#)#"3$%+&

$.)+< 8#/$ +/ *+.)$? %""% 1# $% )&#8+.&% *#& +/% <"<1#).,/ ,+ +/% 8.5./+).,/ %/ )%5*<&#)+&%

$+.1#/) "% )3*% 8% &<#6).,/ 5.$ %/ P%+; Q#/$ "% 6#$ 8% "@#"+5./.+5? "% )&#/$E%&) 8% 69#"%+& 8+

6#)#"3$%+& 1%&$ "%$ *#&,.$ 8+ &<#6)%+& 1# R)&% #66<"<&< *,+1#/) *&,1,7+%& +/ <69#+-%5%/)

8+ *+.)$ 1,.$./ %/ "@#0$%/6% 8@./P%6).,/ 8+ S+2 :#T%+2 8#/$ 6% 8%&/.%&; U@#6.%& VW(X *#&#.)

8,/6 +/ 0,/ 6,5*&,5.$ *%&5%))#/) +/% 5.$% %/ <7+.".0&% )9%&5.7+% &%"#).1%5%/) &#*.8%

),+) %/ &<8+.$#/) "%$ *&,0"45%$ &%".<$ #+2 )&#/$E,&5#).,/$ 69.5.7+%$ D 6#&#6)<&.$%&;

 !"!#! $% &'()*+, -'( ./0 &%1'/0

U# A:+&% H;Y *&<$%/)% "# :%$).,/ 8+ S+2 :#T%+2 %/ #5,/) 8+ 0",6 &<#6)%+&; C""% ./>

)4:&% ),+) 8@#0,&8 +/ $3$)45% 8% 8%+2 <"%6)&,1#//%$ )&,.$ 1,.%$ F !" #$%&'()*+&%M? %""%$

*%&5%))%/) 8% 0#$6+"%& $,.) $,+$ S+2 8% :#T 1%6)%+& $%+" ,+ $,.) $,+$ S+2 6,5*,$< 8+

:#T 1%6)%+& %) 8+ '(Z; V" %$) D /,)%& 7+% 6% $3$)45% /@%$) P#5#.$ E%&5<? <1.)#/) #./$.

),+) *&,0"45% 8% $+&*&%$$.,/ F5,8.A6#).,/ 8+ 8<0.) 1,"+5.7+%M ",&$ 8+ 0#$6+"%5%/) %/)&%

"%$ S+2; [*&4$ #1,.& $<"%6).,//< "% S+2 %/)&#/)? +/% 1#//% 5+").*,$.).,/$ *%&5%) %/$+.)%

8@#".5%/)%& $<7+%/).%""%5%/) "%$ /%+E *+.)$ 8+ 0",6 &<#6)%+&;

U% 5<"#/:% &<#6).,//%" %$) :</<&< :&\6% D +/ 0+""%+& B +/ :#T 1%6)%+& %$) ./P%6)< 8#/$

"# $+0$)#/6% D 1#*,&.$%&; U# *&%$$.,/ 8+ :#T 1%6)%+& %$) &<:+"<% D ] 0#& %) "@<7+.".0&%

".7+.8%^1#*%+& $@<)#0".) 8% )%""% $,&)% 7+% "# *&%$$.,/ *#&).%""% 8% "# $+0$)#/6% 6,/$.8<&<%

$,.) <:#"% D $# *&%$$.,/ 8% 1#*%+& $#)+&#/)%; U# E&#6).,/ 5,"#.&% %/ 5,"<6+"%$ $,/8%$ F%/

#85%))#/) 7+% "% :#T :</<&< &%$*%6)% "# ",. 8%$ :#T *#&E#.)$M %$) "% &#**,&) %/)&% "# *&%$$.,/

*#&).%""% %) "# *&%$$.,/ ),)#"%; U# E&#6).,/ 5,"#.&% 8% "# 5,"<6+"% $,/8% D 1#*,&.$%& %$)

6#"6+"<% D *#&).& 8% "@<7+#).,/ 8@[/),./% F<7+#).,/ H;HM B

Log(Psat) = A −
B

C + T
FH;HM

,_ A? B %) C 6,&&%$*,/8%/) #+2 6,/$)#/)%$ 8@[/),./% *,+& +/% $+0$)#/6% 8,//<%? Psat

D "# *&%$$.,/ 8% 1#*%+& $#)+&#/)% 8% "# $+0$)#/6% D "# )%5*<&#)+&% T ;

U% S#6,/ "#1%+& %$) *",/:< 8#/$ +/ 0#./ )9%&5,$)#)<? ." ,-&% "# *,$$.0.".)< 8% E#.&% 1#&.%&

"# )%5*<&#)+&% 8% 5#/.4&% 6,/)&`"<% %) #./$. "# E&#6).,/ 5,"#.&% %/ 5,"<6+"% $,/8% 8#/$ "%

5<"#/:% &<#6).,//%";

 !"!#!2 3/)+4%)*(%)*+,

a/% #+),5#).$#).,/ 6,5*"4)% 8+ 8.$*,$.).E %$) &<#".$<%; a/% ./)%&E#6% ,(-.*%/ # /,)#5>

5%/) <)< 8<1%",**<% *,+& 6,/)&`"%& "%$ 8.-<&%/)$ *#&#54)&%$ 6"<$ )%"$ 7+% "# )%5*<&#)+&%
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Gaz vecteur

Gaz vecteur

Gaz vecteur + sonde

Vanne multipositions

T
sonde(l)

Bloc réacteur 9 puits

Caméra infrarouge
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32 /1?8+)(7 (+ .92,*/() *(/$() ,+( G8/*( -+43-+2-)8+ .( 32 ./8-*( *1$8-&+(/2 ., G8/* -$?24*

D,( ?(,* 2<8-/ 3( G24*(,/ 48+)-.1/1 ),/ 32 /1?8+)( *:(/$-D,(@

A2 M&,/( N@"6 $8+*/( D,( 392V8,* 4/8-))2+* .( ?2332.-,$ 8, .98/ 2 *(+.2+4( = .-$-+,(/

32 *($?1/2*,/( .9-&+-*-8+ 5<23(,/) .() ?(+*() .( H"C@6 (* HW@# /()?(4*-<($(+*' *2+.-) D,(

39(;(* -+<(/)( )( ?/8.,-* 38/) .( 392V8,* .( ?32*-+( 8, .( 4,-</(@
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 !"#$ "#$ % &'()'*+,+'- ./* 01,123*/45* )5'6/-1-, .4 )21- ./ (721-8/ /, 57)'-*/ 01,19

23,+:4/ ';,/-4/#

 !"!#$%&'( )" )* +'  ' T
 !" # $"

,

◦
 -

$ $ ! ! ! ""<

" "=> $=> ! ! $?@

> "=> ! $=> ! "" 

< "=> ! ! $=> "">

A $=> "=> ! ! "$B

 $=> $=> $=> ! "!<

B $=> $=> ! $=> "$$

@ $=> ! "=> ! "$ 

? $=> ! $=> $=> "$ 

$! $=> ! ! "=> "">

$$ ! $ ! ! "!<

$" ! "=> $=> ! $?A

$> ! "=> ! $=> "$A

$< ! $=> "=> ! "!!

$A ! $=> $=> $=> "!B

$ ! $=> ! "=> "$$

$B ! ! $ ! "!<

$@ ! ! "=> $=> "!?

$? ! ! $=> "=> "!?

"! ! ! ! $ ""<

"$ $=< $=< $=< $=< "$<

"" A=@ $=@ $=@ $=@ "$$

"> $=@ A=@ $=@ $=@ "!!

"< $=@ $=@ A=@ $=@ "$<

"A $=@ $=@ $=@ A=@ "$$

CD),+(+*7C ! !#<B !#A> ! $?>

E-/ 1-123*/ )15 5785/**+'- (42,+92+-71+5/ /*, /-*4+,/ /F/0,47/ *45 2/* 57*42,1,* ';,/9

-4*# G/4H ('.I2/* ./ 5785/**+'- *'-, ,/*,7* J 2/ )5/(+/5 ('.I2/ /*, 2/ ('.I2/ 04;+:4/K +2

)5/-. /- 0'(),/ 2/* ,/5(/* )5+-0+)14HK  !"! 2L+-M4/-0/ ./* :41,5/ )N1*/* 10,+6/* )5+* +-.+9

6+.4/22/(/-,K 2/* +-,/510,+'-* ;+-1+5/* O+-,/510,+'-* /-,5/ ./4H )N1*/* 10,+6/*P /, ,/5-1+5/*

O+-,/510,+'- /-,5/ ,5'+* (7,14HP ,1-.+* :4/ 2/ */0'-. .+, :41.51,+:4/ )5/-. /- 0'(),/

*/42/(/-, 2/* ,/5(/* )5+-0+)14H /, 2/* +-,/510,+'-* ;+-1+5/*#

Q/ 0N'+H .4 ('.I2/ )57.+0,+R /*, /F/0,47 S 2L1+./ .4 ,/*, .+, ./ T+*N/5K +2 )/5(/, .L76124/5

2L7812+,7 /-,5/ ./4H )')421,+'-*# E-/ 0'()151+*'- /-,5/ 21 615+1-0/ .4 ('.I2/ ./ 5785/**+'-

/, 21 615+1-0/ .4/ 14H 57*+.4* /*, 5712+*7/K 2/ C)96124/C /*, 4,+2+*7/ )'45 )5/-.5/ 21 .70+*+'-#

Q'5*:4/ 2/ C)96124/C /*, +-R75+/45 S !#!A O-+6/14 αPK 2L7812+,7 ./* ./4H 615+1-0/* /*, 5/U/,7/K
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 !"#$% "#!$ % &'()* +,-./-+012 3( /4051( 67)08 +91, 80 ,7+9.*( )4(,6-51( 9:)(.1(#

(. 3;01),(* )(,6(*< 80 ,7+9.*( 9:)(.1( .( +(1) +0* *;(2+8-51(, *-6+8(6(.) +0, 1.( =0,-0)-9.

0870)9-,( () 51( 8(* >0/)(1,* 31 693?8( /49-*- +(,6())(.) 3;(2+8-51(, 8(* =0,-0)-9.* 9:*(,=7(*

() 01)9,-*(.) 0-.*- 80 *78(/)-9. 31 693?8( +,73-/)->#

@( )0:8(01 "#" +,7*(.)( 8(* 3-'7,(.)(* 7)0+(* 6(.0.) 01 /49-2 31 693?8(# R2
0A1*)7 (*)

37B.- /966( 1−(1−R2) × (n−1) × (n−1−k)−1
9C R2

(*) 8( /9(D/-(.) 3( 37)(,6-.0)-9.<

k 8( .96:,( )9)08 3( ,7E,(**(1, 30.* 8( 693?8( 8-.70-,( () n 80 )0-88( 3( 80 +9+180)-9.# @( R2

3( +,73-/)-9. -.3-51( /966(.) 8( 693?8( 3( ,7E,(**-9. +,73-) 8(* .91=(88(* 9:*(,=0)-9.*# @(

R2
3( +,73-/)-9. +(,6() 3;7=-)(, 1.( F*1,+,73-/)-9.F 3(* 9:*(,=0)-9.* () +(1) G),( +81* 1)-8(

51( 8( H

2
0A1*)7# I-.*-< (. 0J0.) /9.*/-(./( 3( /( 51- 0 7)7 +,7/73(66(.) +,7*(.)7< -8 (*)

+9**-:8( 3;9:*(,=(, 51( 80 +,-*( (. /96+)( 3(* -.)(,0/)-9.* )(,.0-,(* .( +(,6() +0* 3;9:)(.-,

1. 693?8( +,73-/)-> /9.=(.0:8( K+L=081( M $#$NO 3;0+,?* 8( )0:8(01 "#"# P(* -.)(,0/)-9.* *9.)

39./ +,9E,(**-=(6(.) 78-6-.7(* 31 693?8( () 1. ('() +9*-)-> *1, 8( F+L=081(F (*) 9:*(,=7

89,*51( 8(* -.)(,0/)-9.* :-.0-,(* >0-*0.) -.)(,=(.-, 80 +,7*(./( 3( /1-=,( *9.) 78-6-.7(*#

Q. 693?8( 5103,0)-51( +,(.0.) (. /96+)( 8(* )(,6(* +,-./-+012 R)< R3< I1 () P1 0-.*-

51( 8(* -.)(,0/)-9.* R)SR3< R3SI1 () R)SI1 K7)0+( TO +(,6() 3;0:91)-, U 1. 693?8(

/9.=(.0:8( K+L=081( V $#$WXO# @( 693?8( 3( ,7E,(**-9. 1)-8-*7 +0, 80 *1-)( (*) 39./ 1.

693?8( 5103,0)-51( 39.) 8(* 3-'7,(.)* >0/)(1,* 0**9/-7* U 8(1,* /9.),-:1)-9.* ,(*+(/)-=(*

K/9(D/-(.)*O *9.) 8(* *1-=0.)* Y

ŷ = 221, 55 × R) + 207, 03 × R3 + 204, 63 × I1 + 218, 97 × P1− 38, 78 × R)SR3

+31, 88 × R)SI1− 36, 93 × R3SI1

K"#ZO

I +0,)-, 31 693?8( *78(/)-9..7< 8(* *1,>0/(* 3( ,7+9.*( +(1=(.) 60-.)(.0.) G),( ,(+,7L

*(.)7(* () *9.) ,(+9,)7(* 30.* 80 BE1,( "#!!# @(* 510),( /[)7* 31 )7),0?3,( *9.) +,9A()7*

*1, 8( 6G6( +80. 0B. 3( *-6+8-B(, 8;9:*(,=0)-9.# \0.* /4051( /0*< 8( 510),-?6( /96+9*0.)
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 !"#$ !"! # $%&'(%)( *(+ *,-./(%0+ 12)0('/+ )3%+,*./.+ +'/ 4(+ 53*64(+ )'7,8'(+ (0 8'29

*/20,8'(+"

 !"#$% & ' ( ) * + , - .

:0 × × × × × × × × ×
:* × × × × × × × × ×
;' × × × × × × × × ×
<' × × × × × × × × ×

:0=:* × × × × × × × × ×
:*=;' × × × × × × × × ×
:0=;' × × × × × × × ×
;'=<' × × × × × × ×
:*=<' × × × × × ×
:0=<' × × × × ×

:*=;'=<' × × × ×
:0=:*=<' × × ×
:0=:*=;' × ×
:0=;'=<' ×

R2
>/.*,)0,3% ?@A B B B B B B CD" ! '*/&- CE"F 

R2
2G'+0. ?@A HD"FH I!"FE I "EF JB"!J J!"C JJ"CC JD"IC *-/'* JJ"H 

>9K24'( ?8'2*/20,8'(A B"ICE B"H F B"HB! B"!I B"!HD B"CI! B"BDE 0/0), B"BJH

>9K24'( ?)'7,8'(A B"E  B"EB! B"D E B"J!J 9 9 9 9 9

(+0 LM. N +2 K24('/ 42 >4'+ 12,74(O  !"! P./3" Q2 )3(M,+0(%)( *' >2442*,'5 (0 *( 4R3/ *2%+ 4(+

5S5(+ >/3>3/0,3%+ (% 4R27+(%)( *( )',K/( (0 *( >420,%( ?LT'/( !"CC2O7A 53%0/( '%( +'/12)(

*3%0 42 /.>3%+( *( >/.*,)0,3% (+0 5,%,524("

QR3>0,5,+('/ *( /.>3%+( ?3'0,4 8$.$%"3A (+0 '0,4,+. >3'/ *.0(/5,%(/ 42 )35>3+,0,3% 3>9

0,524( N >2/0,/ *' 53*64( >/.*,)0,1" <(0 3>0,5,+('/ )U(/)U( '%( )357,%2,+3% *( K2/,274(+

(%0/2%0(+ 8',O (%+(574(O 5,%,5,+( 42 /.>3%+(" Q2 13%)0,3% *( *.+,/27,4,0. (+0 '0,4,+.( >3'/

200(,%*/( 42 /.>3%+( 5,%,524(O 4( >3,*+ (+0 LM. N '%( K24('/ *( C +,T%,L2%0 8'R'%( ,5>3/9

02%)( .T24( (%0/( 42 K24('/ ),74( (0 4(+ %,K(2'M U2'0 (0 72+ (+0 )3%+,*./.(?LT'/( !"C!7A"

V%( /.>3%+( 3>0,524( (+0 370(%'( >3'/ 42 )35>3+,0,3% +',K2%0( W :*0.47;'0.53X<(Y2 CIE

?LT'/( !"C!2A"

'/*/&/* 1"234"!356 47 85492$

Q2 >/.*,)0,3% *' 53*64( +020,+0,8'( *3,0 52,%0(%2%0 S0/( K24,*.( T/Z)( N 42 >/.>2/20,3%

(0 42 )2/2)0./,+20,3% /.(44( *' )2024[+('/" Q( )2024[+('/ (+0 *3%) >/.>2/. (0 )2/2)0./,+.

*2%+ 4(+ 5S5(+ )3%*,0,3%+ 8'( 4(+ >/.).*(%0+ (0 '%( 0(5>./20'/( *R,T%,0,3% *( CEH

◦
< (+0

370(%'(" Q( 53*64( >/.*,)0,1 >('0 2,%+, S0/( K24,*.O %3'+ K3[3%+ *3%) 4N 4R,%0./S0 *R'0,4,+(/
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Température

(a) (b)

(c) (d)

 !"#$% "#$$ % &'()'*+, -. ,*+/01. -. +23'(,. 3'*+ 4., 5*0)+. 16)2, -* )2)+07-+.#

poids =1 poids = 0.1poids = 10

cible

1

0

Fonction de désirabilité 

Niveau haut

Niveau bas

Cur
High

Low0.53437
D

Optimal

d = 0.53437

Targ: 150.0

T

y = 196.5626

0.53437

Desirability

Composite

0.0

1.0

0.0

1.0

0.0

1.0000

0.0

1.0
[ ]:Pd [ ]:Au [ ]:Cu[ ]:Pt

[0.0] [0.4681] [0.5319] [0.0]

(a)

(b)

 !"#$% "#$" % 83)9:9,.*+ -. 40 +23'(,. *)949,0() 40 /'(1)9'( -. -2,9+0;949)2#

1. )<3. -. ,)+0)2=9. -0(, 4>'3)9:9,0)9'( ->*( 10)04<,.*+#
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 !"!#!$ %&'()''&*+

"#$%&'(%)( *( +, -.,/( ,)0$1( *2-3/2( /'4 356*( *( )24$'7 8 94,%*( /'4:,)( /-2)$;<'(

8 04,1(4/ +#'0$+$/,0$3% *#'% -+,% *( 72+,%9( , 73%042 <'(+<'(/ 0(%*,%)(/ <'( %3'/ ,++3%/

0(%0(4 *#$%0(4-420(4 =

>3'0 *#,?34*@ '%( ,'97(%0,0$3% /$9%$;),0$1( *( +, 0(7-24,0'4( *( *2)+(%).(7(%0 (/0

3?/(412( +34/<'( +( -3'4)(%0,9( 7,//$<'( *( A0 3' *( B' (/0 ,'97(%02 -4394(//$1(7(%0C

"34/<'( %3'/ %3'/ ,00,4*3%/ /'4 +( 73*( *( -42-,4,0$3%@ $+ %#(/0 )+,$4(7(%0 -,/ 3-0$7$/2

-3'4 ).,<'( 720,+ 7,$/ $+ /( 1('0 D04( '% ?3% )37-437$/ (%04( +, 4,-$*$02 *#(52)'0$3% *(

+, -42-,4,0$3% E)4$?+,9( -4$7,$4(F ,1() +, <',%0$02 *#$%:347,0$3%/ -3'1,%0 D04( 4()'($++$(C

B3%)(4%,%0 +( )'$14( <'$ /( 043'1( )(40,$%(7(%0 /3'/ :347( *#356*( *( )'$14(@ %3'/ -3'G

13%/ 7(004( (% ),'/( +, 0(7-24,0'4( '0$+$/2( -3'4 +#,)0$1,0$3% *(/ ),0,+6/('4/C H,%/ +,

-42-,4,0$3% *(/ ),0,+6/('4/ 8 ?,/( *( B'I /'--3402 /'4 B(I2@ $+ , 202 4,--3402 <'#'%(

0(7-24,0'4( *#,)0$1,0$3% *(  JK

◦
B /(7?+( 3-0$7,+( *,%/ +( ),/ *( -42-,4,0$3% -,4 $7-42G

9%,0$3% -3'4 +, 42,)0$3% *#356*,0$3% 0(++( +( 73%356*( *( ),4?3%( LJMNC "( ?(/3$% *#'%(

/$ .,'0( 0(7-24,0'4( *#,)0$1,0$3% -('0 D04( ,004$?'2 8 +#,'97(%0,0$3% *( +, *$O'/$3% (0 *(

+, *$/-(4/$3% *(/ $3%/ )'$14( 1(4/ +( /04')0'4( &'34$%( *( +#356*( *( )24$'7 (0 <'$ (/0 '%

-43)(//'/ ,)0$12C

H,%/ +( ),/ *' -+,0$%(@ %3'/ -3'13%/ 213<'(4 +( ).3$5 *( +, /3+'0$3% *' /(+ 720,++$<'(

*( *2-,40 '0$+$/2 <'$ (/0@ (% (O(0@ 8 ?,/( *#(/-P)(/ ).+342(/C Q+ (/0 )3%%' <'( )(/ (/-P)(/ /3%0

:340(7(%0 4(0(%'(/ 8 +, /'4:,)( *(/ ),0,+6/('4/ 8 ?,/( *#356*( *( )24$'7@ (0 <'#'% 04,$0(G

7(%0 0.(47$<'( 356*,%0 %#(/0 /3'1(%0 -,/ /'R/,%0 -3'4 +(/ 2+$7$%(4 030,+(7(%0 LJ!@ JJNC

B(-(%*,%0@ (% )37-,4,%0 ,1() +#34 <'$ +'$ ,'//$ (/0 -42-,42 8 -,40$4 *#'%( /3+'0$3% 720,+G

+$<'( ).+342(@ )(00( 0(%*,%)( %#(/0 -,/ 3?/(412( (0 /'99P4( *3%) <'( )(00( /$7-+( 3?/(41,0$3%

%#(/0 -,/ /'R/,%0( -3'4 (5-+$<'(4 (%0$P4(7(%0 +, -+'/ :,$?+( ,)0$1$02 *' ),0,+6/('4 8 ?,/(

*( -+,0$%(C

H,%/ +( ),/ *' -,++,*$'7@ $+ , 202 73%042 <'( +#$%0(4,)0$3% A*GB( S3'( '% 4T+( $7-340,%0

*,%/ +( -3'13$4 ,*/34?,%0 *' -,++,*$'7 LJ N -3'1,%0 ,$%/$ (5-+$<'(4 +( 4T+( -3/$0$: 3?/(412C

Q+ /(7?+( *3%) <'( +(/ $%0(4,)0$3%/ (%04( 720,+U/'--340 S3'(%0 '% 4T+( (//(%0$(+ *,%/

+#,)0$1,0$3% *( +#356*( *( )24$'7 (0 *' 720,+C V%( 0(%0,0$1( *#3?/(41,0$3% *( )(00( $%0(4G

,)0$3% :'0 (//,62( (% '0$+$/,%0 +, /-()043/)3-$( W,7,% )3%:3),+( .,'0 *2?$0 ,;% *#3?/(41(4

+#$7-,)0 *( +, 4,$( -.3%3% ),4,)024$/0$<'( *( +, /04')0'4( &'34$%( +34/ *' *2-T0 *( +, -.,/(

,)0$1( 7,$/ ,')'%( 1,4$,0$3% /$9%$;),0$1( %#, 202 3?/(412(C X3'/ -,4+(43%/ -+'/ ,7-+(7(%0

*( +#$%024D0 *#'0$+$/(4 )(00( 0().%$<'( *,%/ +#20'*( *(/ $%0(4,)0$3%/ 720,+U/'--340 *,%/ +(

).,-$04( 3C

 !"! #$%& '( ')*+,% '% -+ ./012% %& '( '/*3& '4)0

 !"! !# ,-./0-01&*+

H(/ /'--340/ E:3'4%$/ -,4 W.3*$, ", W3).(++(F 8 ?,/( *#356*( *( )24$'7 /3%0 *3-2/

,1() *#,'04(/ 0(44(/ 4,4(/ 0(+/ <'( Y4I2@ Z2I3@ X*2I3@ ",2I3 3' (%)34( A46I11C Q+/ /3%0

0(/02/ 1$/G8G1$/ *( +#356*,0$3% *( +#$GA4I[@ +( /'--340 356*( *( )24$'7 8 \!] 7

2
U9 (/0

).3$/$ )377( 42:24(%)(C



 !"! #$%&' &' ()* + (,-./)0' &' ()$)/1*'%,* 2-*3432-* &' /5671&)$-68 &' /5-*69,69)86/  !

"#$%&'() *($ +,-'&.%/($ *01- $1#' *2+1$2($ $%- .($ 343($ 156*($ (# $%&7,#' /( +-1'1.1/(

*( *2+1$&'&1#8+-2.&+&','&1# *2.-&' +-2.2*(33(#'9 :( $(/ 32',//&;%( %'&/&$2 ($' /0,.&*( '2'-,8

.</1-1,%-&;%( '-&<6*-,'2 =>?%@/4) A>2BC +-2+,-2 D E FG:9 H,#$ /( .,$ *( /, +-2+,-,'&1#

*( /01- *2+1$2 $%- /, .2-&#( +%-( D IJK 3

2
GF) /0&3+,.' *% /,7,F( , 2'2 27,/%2 =%#( +-2+,-,8

'&1# ,7(. /,7,F( D /0,331#&,;%( =$1/%'&1# D +> L M9NC9 O1%- /($ 156*($ *( .2-&%3 *1+2$)

'1%$ /($ .,',/6$(%-$ +1$$P*(#' %#( 2',+( *( /,7,F( D /0,331#&,;%( *,#$ /, +-2+,-,'&1# +,-

*2+1$&'&1#8+-2.&+&','&1#9

 !"! ! #$%$&'(%)*$')+,
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 !"#$% E9IA Q =,C "R(' *% *1+,F( *( /, .2-&#( $%- /, '(3+2-,'%-( *0&F#&'&1# (' =SC &#T%(#.(

*% *2+U' *01-9

:($ .,',/6$(%-$ $1#' ,#,/6$2$ $%- /( '($' '<(-31F-,+<&;%( *27(/1++2 7&$8D87&$ *( /0&$18

+-1+,#1/ (# *2'(.',#' /(%- '(3+2-,'%-( *0&F#&'&1#9 :, VF%-( E9IA +-2$(#'( /($ -2$%/','$

1S'(#%$ *,#$ /( .,$ *( /0,#,/6$( *($ $%++1-'$ 156*($ (' *% *2+U'$ *01- D /, $%-W,.( *( .($

$%++1-'$9 X/ ($' ./,&-(3(#' 1S$(-72 ;%( /( W,&' *0,Y1%'(- %# *1+,#' #( W,71-&$( +,$ /0156*,8

'&1# *( /0&8O-B> D +/%$ S,$$( '(3+2-,'%-(9 :($ $%++1-'$ D S,$( *( .2-&#( +%- $(3S/(#' 4'-(

/($ 3(&//(%-$ .,#*&*,'$ =@(B2 IJK) @(B2 !N (' @(B2 AEC9

"#$%&'( %# *2+/,.(3(#' *( /, '(3+2-,'%-( *0&F#&'&1# ($' 1S$(-72 *,#$ '1%$ /($ .,$
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d=0.16 nm (311)

d=0.27 nm (200)

Axe de zone : [013]

d=0.31 nm (111)P1

P2
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,:*-# .#(&%)-# >*%-&)&' ,# $1"'.*"#+ ,:#%* < "% +*(A%.# #+& ,%-+ *- '&%& '-#(5'&)>*# 0"*+
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Désorption
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*$CA 1&%8&4(-7-'( 03''.->

D- 8&E3' (%<+ +09$7&(4@.-) '3.+ 13.;3'+ *3'0 1%313+-% .'- 9513(9<+- *- 7$0&'4+7-
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Linéarité avec la surface spécifique
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Surface de départ
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RéférenceEchantillon

Caméra infrarouge
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D" B?CC:?!F>  EEC&  ?IL 'WXKY'SZ NL'%[RIXJ SI [ZI'X\SN'R NKZ\ ]WZ

?M0]W( F?>  EE? (WZ,> R^','Z&

# M$ ^& %& %977+.5 ).8 U& (& S_2/*)1<& R9/6)1203/-32/4+25 -6 5+7+1-. ).8 )79=+.9=0-P+82

3-O82/5& /+#6("& /"!&,"&> ?F"@ 0?A B! :G >  EMM&

# E$ S7+.2 S9/-9P ).8 S.4-.277) Q2/_)5+.+& %+1/-1)7-/+=24/+1 5498; -6 4<2 )1+8+4; ).8

*)5+1+4; -6 =24)7 -P+82 59/6)125& ?%& *$+#,() $6 =%82!"() 7%&'!25#8> E!@ "A B"CD :

"CDE>  EEF&

#?F$ S& (& Y24/2> ]& S& Y2/8+V-.0%27-.> S& Q2/_)5+.+> ).8 S& S9/-9P& S1+80*)52 3/-32/4+25

-6 )79=+.)05933-/428 =?-C @=`*> V)> +.A 1)4)7;545& ?$:!"2 !, 7(5()82!2>  E@C0!A B?D :

?M > ?FF?& -̂/a5<-3 -. N)4)7;5+5 B I<2/=)7 ).8 N)7-/+=24/+1 %24<-85 +. N)4)7;5+5

?FFF (JKZ> \XSZN'&

#? $ %& Q& N94/96277-> [& \2/+.-> X& %-.)1+> '& X-=*+> ).8 b& R-7+.)5& S1+80*)52 3/-32/4+25

-6 T+/1-.+9=> 12/+9= ).8 7).4<).9= -P+825 *; 1)7-/+=24/+1 ).8 1)4)7;4+1 +._254+V)4+-.&

?$:!"2 !, 7(5()82!2>  E@C0!A B??G:?!F> ?FF?& -̂/a5<-3 -. N)4)7;5+5 B I<2/=)7 ).8

N)7-/+=24/+1 %24<-85 +. N)4)7;5+5 ?FFF (JKZ> \XSZN'&

#??$ Y& L& L)/8+.V> ]& N& U2/V> ).8 Q& Y).c)*+& [82.4+d1)4+-. -6 ) 59/6)12 3<)52 4/).5+4+-.

+. 5;.4<24+1 <;8/-P;)3)4+42 95+.V +._2/52 V)5 1</-=)4-V/)3<;& *$+#,() $6  (5&#!()2

/"!&,"& @&55&#2>  D@ FA BM! :M!C>  EEM&

#?C$ N& L& R9. ).8 ]& N& U2/V& 'e214 -6 =-+549/2 -. 4<2 59/6)12 6/22 2.2/V; ).8 )1+80*)52

3/-32/4+25 -6 =+.2/)7 -P+825& *$+#,() $6 7%#$'(5$>#(:%8 1> E"E@ 0?A BGE:D?> ?FF?&  54

+.42/.)4+-.)7 N-.62/2.12 -. [._2/52 Q)5 N</-=)4-V/)3<; @[N[NQN0 A R'Y  D0 E>

?FF (KZ,KZ> 'ZQ(SZ,&

#?!$ Y& U2/42)9 ).8 U& ,27=-.& %-8+d28 )79=+.)5 B X27)4+-.5<+3 *24O22. )14+_+4; +.  0

*94).-7 82<;8/)4+-. ).8 )1+8+4; =2)59/28 *; .<C 438& 7(5()82!2 ?$0(8> G@?A B ? : CD>

 EME&

#?G$ H& %-/+5<+V2> R& H+44)a)> R& H)459/)V+> ).8 I& %-/+=-4-& I<2/=)70825-/34+-. ).8

+.6/)/28 5498+25 -6 )==-.+)> )=+.25 ).8 3;/+8+.25 1<2=+5-/*28 -. 1</-=+1 -P+82&

*$+#,() $6 5%& 7%&'!"() /$"!&58;A(#(0(8 ?#(,2("5!$,2 B> DM B?E!D:?EGD>  EM?& Y)/4

 F&



 !"#!$%&'()!*  !"

#$%& '( )( *+,-. '( )( /01. 234 '( 5( 62,7,2( 80,92:7;2:-4-<1. :2<2=1<-: 2:<->-<1 234 ?7=7:;

<->-<1 +9 ?+@7 +A-47? ?0BB+,<74 +3 2=0@-32(  !!"#$% &'('")*#*. ! C ;$D E F  .  GHH(

#$"& I( 6( J+7K@( L:-4-: 234 M2?-: B,+B7,<-7? +9 K14,+A1=2<74 @7<2=;+A-47 ?0,92:7?( +#*,

-.**#/0* /1 (2$ 3'4'%') 5/-#$(). CN$D E$%!F.  G" (

#$H& '( O2=1+3. 5( I73P7,. 234 Q( 6( R734=234<( L:-4-<1 +9 ?-+$. ?-+$;2=$+S 234 T2@@2;

2=$+S ?0BB+,<? 234 ?0BB+,<74 @+=1M4732 :2<2=1?<?( 6$'-(#/0 7#0$(#-* '0% &'('")*#*

8$(($4*. SHC$D E$"SF$"G.  GHG(

#$G& L( 620P?K<-? U>T73-- 234 U( V( *0,:K73P+( 8<041 +9 <K7 2:-47;M2?7 B,+B7,<-7? +9 K7<7;

,+T737+0? :2<2=1?<? M1 -39,2,74 ?B7:<,+?:+B1( 6.**#'0 &2$9#-'" 6$:#$;*. N$CSD E$!$.

 GHS(

#SW& 5( )( Q03T 234 I( I( Q03T( X, ?<04-7? +9 3KS. B1,-4-37. :+. 234 3+ 2M?+,M74 +3

<,23?-<-+3;@7<2= +A-47?( &'('")*#* 6$:#$;*,5-#$0-$ '0% <0=#0$$4#0=. $"CSD E!$NF!%W.

 GHN(

#S & Y( 5( J0?:K. R( J,-Z+0A. 8( [K+@?+3. 234 \( 8:K0<K( 8B2<-2==1 ,7?+=>-3T -39,2,74

?B7:<,+?:+B1 9+, B2,2==7=-]74 :K2,2:<7,-]2<-+3 +9 2:-4 ?-<7? +9 :2<2=1?<? >-2 B1,-4-37

?+,B<-+3 E 6+??-M-=-<-7? 234 =-@-<2<-+3?( >/.40'" /1 &'('")*#*. $$$C D E "!F "G. $WW!(

#S$& L( L( [?1T2373P+. ^( O( 6+]4312P+>. 234 O( V( \-=-@+3+>( X39,2,74 ?<041 +9 ?0,92:7

?B7:-7? 2,-?-3T 9,+@ 2@@+3-2 24?+,B<-+3 +3 +A-47 ?0,92:7?( >/.40'" /1 ?/"$-."'4

5(4.-(.4$. $GC$D E$GGFS H.  G"N(

#SS& _( J0?:2( 8B7:<,+?:+B-: :K2,2:<7,-]2<-+3 +9 <K7 2:-4 B,+B7,<-7? +9 @7<2= +A-47 :2<2;

=1?<?( &'('")*#* @/%'). ! C ;SD E G F$W%.  GGH( 87@-32, O +3 Q-37<-:? 234 5+47==-3T

+9 )2<2=1<-: `72:<-+3? ; \,+@ /2M+,2<+,1 <+ X340?<,-2= `72:<+, 'aV WH; $.  GGH )L;

_/XL`X. 86LXV(

#S!& 8( 52,73T+. _( `2-@+34-3-. 234 6( )+@+<<-( X3>7?<-T2<-+3 +3 24?+,B<-+3 234 2:-4;

M2?7 B,+B7,<-7? +9 ?+=-4 :2<2=1?<? M1 -39,2,74 <K7,@+T,2BK1( X3 5(.%#$* #0 5.41'-$

5-#$0-$ '0% &'('")*#*. >+=0@7 O+=0@7 "N. B2T7? $N"SF$N"%( U=?7>-7,.  GGS(

#SN& [( L( UT7,<+3 234 \( 8( 8<+37( L4?+,B<-+3 +9 :2,M+3;@+3+A-47 M1 ]7+=-<7 1 7A:K23;

T74 b-<K 4-c7,73< :2<-+3?( >/.40'" /1 (2$ &2$9#-'" 5/-#$(),3'4'%') @4'0*'-(#/0* A.

%GC D E$$FSH.  G"S(

#S%& L( L0,+0A. 6( L,<-]]0. X( \7,-3+. `( 5+32:-. U( `+@M-. O( 8+=-32?. 234 _( 67<,-3-(

^7K14,2<-+3 +9 !;@7<K1=B73<23;$;+= +>7, =23<K230@ 234 :7,-0@ +A-47?( >/.40'" /1

(2$ &2$9#-'" 5/-#$(),3'4'%') @4'0*'-(#/0*. G$C !D E$% GF$%$!.  GG%(

#S"& I( 5( X?@2-=. 8( L( L( 523?+0,. 234 5( X( d2P-( L:-4 B,+B7,<-7? +9 ?-=-:2 234 2=0;

@-32 ?0,92:7? 2? B,+M74 M1 <K7,@+T,2>-@7<,1 234 4-c7,73<-2= ?:233-3T :2=+,-@7<,1 +9

<7@B7,2<0,7;B,+T,2@@74 47?+,B<-+3 +9 B1,-4-37( @2$49/-2#9#-'  -('. $W$ E$%GF$HW.

 GG$(

#SH& L( _7,>2?-3- 234 L( L0,+0A( L:-4-<1 234 M2?-:-<1 +9 @7<2=;+A-47 ?0,92:7? ($( 47<7,@-;

32<-+3 M1 :2<2=1<-: 47:+@B+?-<-+3 +9 -?+B,+B23+=( >/.40'" /1 &'('")*#*.  S C D E GWF

 GH.  GG ( '( )2<2=(



 !"  !"#!$%&'()!*

#$%& '( )( *++,-. /( )( 012. 324 5( 67893-( :8, 71;<7,1; =2>,?37>=12 324 =>@ ?1-, =2 >8,

7,1; ?,37>=A=>B(  !"!#$%&% '(""()%. CDE!F G %%H;I;.  %%"(

#!I& J( 5( KLMM=2@( N?1>1>12 93M2,>=7 ?,@12327, @>L4B 1O P3@=7=>B 1O @=-=712<1QBM,2 P124(

*+,)-!# +. /0$%&1!#  0(2&%")$. DCE IF G "" H.  %D (

#! & *( /12,@ 324 R( 57S=71-( 3(24()!",)(5/)+6)!22(7 8(7,1"&+- .+) 9+#&7 :!"()&!#%

 0!)!1"()&;!"&+-.  %"D(

#!;& *( '3378=?. T( N,??=7812. *( R34?=. /( '391>>,. 0( J3>8,?=2,. /( J( '3A3--,B. /( 0-O3-<

-38. '( K=-3=?,. U( ',21?9324. 0( VL,9,?,. )( S( 63LA=12. 324 W( :1L?,>( X,4L7>=12

1O 7,1; PB 8B4?1M,2 < 93M2,>=7<@L@7,+>=P=-=>B 324 O1L?=,?<>?32@O1?9 =2O?3?,4. L->?3<

A=1-,> 324 Q<?3B +81>1,-,7>?12<@+,7>?1@71+B 9,3@L?,9,2>@( *+,)-!# +. "0(  0(2&1!#

9+1&("$5<!)!7!$ 3)!-%!1"&+-%. "YE IF G DI H DI%.  %% (

#!$& T( N,??=7812. *( '3378=?. )( R,?M,?,>. X( U?,>B. '( :1L?23B32. 324 W( :1L?,>( X,<

4L7>=12 1O 7,?=3@ Z=>8 4=[,?,2> >,Q>L?,@ PB 8B4?1M,2 324 >8,=? ?,1Q=43>=12 PB 1QBM,2(

*+,)-!# +. "0(  0(2&1!# 9+1&("$5<!)!7!$ 3)!-%!1"&+-%. %IECF GYY$HY" .  %%!(

#!!& 0( 5( J1?4= 324 /( '( U3-712,?( WQ=43>=12 1O A1-3>=-, 1?M32=7 719+1L24@ 12 3-;1$.

+4\3-;1$. 324 +41\3-;1$ 73>3-B@>@( *+,)-!# +.  !"!#$%&%.  D;E F G I!H  Y.  %%D(



 !"#$#%&' ()!*#'

+'$ "$,#--)*#".$ ,)*)-/*#01'$

 !"





 !"#$%&' (

)*+$,,"%$-.* +"%",/%$01'*

 !" #$%&'()*%+'$

 !" #$!%&!$" #'()*%+)!" )*),"-.-&*)).&$!" /.)" 0!" $(.1-&*)" /! 1.-.02"! '(-($*3+)!

"*)- .##.$4" /.)" 0!" .))(!" 5678 !)9&$*) /&: .)" .#$+" 0. /(1*49!$-! /! 0. $(.1-&*)

1'&%&;4! /! <!0*4"*9,='.>*-&)"?2 @5A $(.0&"(! !) #'."! 0&;4&/!B  ! %(0.)3! !) "*04-&*)

.;4!4"! /! $(/41-!4$" *$3.)&;4!" -!0" ;4! 0C.1&/! "40D4$&;4! E2FG4 *4 0C.1&/! %.0*)&;4!

HE2IHGGEJ2 .9!1 /!" 1.-.02"!4$" $!/*: /! -2#!" "40D.-! /! 1($&4% H!2IFG4J3 *4 >$*%.-!

/! "*/&4% K.<$G3 #!49!)- 1*)/4&$! L 0C.##.$&-&*) /C4) (-.- '*$" (;4&0&>$!B  !" *"1&00.-&*)"

-!%#*$!00!" #$*9&!))!)- /! 0. 9.$&.-&*) /! 1*)1!)-$.-&*) #($&*/&;4! /!" !"#+1!" !) "*04-&*)

#*49.)- M-$! %&"! !) (9&/!)1! #.$ .N*4- /C4) &)/&1.-!4$ 1*0*$( /C*:2/*,$(/41-&*)O  !"! 0.

D!$$*P)!B

Q.)" 0!" "2"-+%!" "*0&/!R3.SO 0!" #$&)1&#.4: 1.-.02"!4$" %*)-$.)- 1! -2#! /! #'()*%+)!

"*)- 0!" %(-.4: )*>0!" -!0" ;4! 0! T- @UA *4 !)1*$! 0! T/ @VAO %.&" .4""& 0!" %(-.4: /!

-$.)"&-&*)O 0!" *:2/!" !- 0!" S(*0&-'!" @WAB H!" 1.-.02"!4$" #!49!)- "! -$*49!$ "*4" D*$%!

/! 1$&"-.4:O /! #*4/$!"O /! X0"O /! D!4&00!" *4 /! #0.;4!"B  !" 1*%#*$-!%!)-" *"1&00.)-"

*)- (-( *>"!$9(" /.)" 0! 1." /C*:2/.-&*) /! /&9!$"!" %*0(140!" -!00!" ;4! 0! %*)*:2/! /!

1.$>*)! I#$&)1&#.0!%!)-J @YAO 0C'2/$*3+)!O 0C.%%*)&.1O 0!" '2/$*1.$>4$!"O 0!" .01**0" *4

!)1*$! 0!" (-'!$"B Z0" "*)- "*49!)- .""*1&(" L 4) 3.S I#$&)1&#.0!%!)- G2J %.&" 1! 1$&-+$!

)C!"- 1!#!)/.)- #." )(1!"".&$! /.)" -*4" 0!" 1."O  !"! #*4$ 0. /("'2/$*3().-&*) /! H2E4 *4

0. /(1*%#*"&-&*) /! HE3KE2B

Q! #04"O 0!" $(.1-!4$" 4-&0&"(" /.)" 1!" (-4/!" "*)- /! ).-4$! -$+" 9.$&(! -!0" ;4! /!"

/&"#*"&-&D" &)-(3$.)- /!" "2"-+%!" /C40-$.,9&/!O /!" $(.1-!4$" 1*)-&)4" .3&-("O /!" $(.1-!4$" L

[4: *4 !)1*$! /!" $(.1-!4$" 1*)\4" #*4$ 0C.).02"! /! "4$D.1! #.$ &%.3!$&!O #.$ 1*0*$&%(-$&!

*4 #.$ !00&#"*%(-$&!B

 !" $(.1-&*)" *"1&00.)-!" "*)- #$&)1&#.0!%!)- !:*-'!$%&;4!" I*:2/.-&*) /4 HGO KGO

!-1BBBJ %.&" #!49!)- .4""& M-$! !)/*-'!$%&;4!" I/(1*%#*"&-&*) /! HE3KE2JB

Q4 #*&)- /! 94! /! 0. D*$%! /!" *"1&00.-&*)"O !00!" #!49!)- "! %.)&D!"-!$ "*4" /&]($!)-!"

D*$%!" -!00!" ;4! /!" #$*X0" "&)4"*P/.4:O /!" *"1&00.-&*)" /! -2#! $!0.:.-&*) *4 !)1*$! 1'.*,

-&;4!"B  . D$(;4!)1! /!" *"1&00.-&*)" #!4- .00!$ /! 58 ES N4";4CL /!" #($&*/!" /! #04"&!4$"

5Y5



 !"  !"#$%&' () *+,$--"%$./+ ,"%"-0%$12'+

#$%&$' ()*+

,$' -&./0.-12$' 3$0#/.4%$' 5$ 01&1036&.'13.7/ 5$ '%&810$ %3.2.'6$' '7/3 21 '-$03&7'07-.$

./8&1&7%9$  ! " #$ (:*; 21 3#$&<79&1-#.$ ./8&1&7%9$ (=*; 21 '7/5$ 5$ >$2?./; 21 5.@&103.7/ 5$'

62$03&7/' 5$ 81.A2$' 6/$&9.$' B,CCDE (F* $3 21 '-$03&7<63&.$ 5$ -#73762$03&7/' G BGHIE ( J*+

C/ $@$3; 2$' <63#75$' -$&<$331/3 21 01&1036&.'13.7/ 5$' 'K'3L<$' 7'0.221/3' 57.?$/3 M3&$

5$' 3$0#/.4%$' &6-7/51/3 -&./0.-12$<$/3 N 3&7.' 0&.3L&$' O

 + C22$' 57.?$/3 /60$''1.&$<$/3 M3&$ 5$' 3$0#/.4%$'  ! " #$+ C/ $@$3; /7%' 07<-&$/7/'

1.'6<$/3 2P7A2.913.7/ 5$ '%.?&$ 1% 07%&' 5% 3$<-' 21 &6-7/'$ 5% 01312K'$%& 27&'4%$

2$' 7'0.2213.7/' '$ -&75%.'$/3+

"+ ,$' <63#75$' 57.?$/3 $/ 1%0%/ 01' -$&3%&A$& 2$ 'K'3L<$ 01312K3.4%$+ I. 2$ -&70$''%'

5$ 01&1036&.'13.7/ 1@$03$ 21 '%&810$ 5% 01312K'$%&; .2 5$?.$/3 562.013 5$ 5.@6&$/0.$&

2P.<-103 5$' 1&368103' 5$ 2P1%37/7<.$ 5% 'K'3L<$ 7'0.221/3+

Q+ R2 07/?.$/3 4%$ 2$' &6-7/'$' 5$' 5.@6&$/3$' <63#75$' 1/12K3.4%$' '7.$/3 '%S'1<<$/3

&1-.5$'+ C/ $@$3; $22$' 57.?$/3 -$&<$33&$ 21 5$'0&.-3.7/ 07<-2L3$ 5P%/$ 7'0.2213.7/

$/ <1./3$/1/3 %/ A7/ &1--7&3 '.9/12TA&%.3+ ,1 5.S0%236 N 01&1036&.'$& 0$' 'K'3L<$'

7'0.221/3' -$%3 5$?$/.& .<-7&31/3$ 27&'4%$ 21 8&64%$/0$ 5$' 7'0.2213.7/' 5% 'K'3L<$

01312K3.4%$ $'3 5$ -2%' $/ -2%' 9&1/5$+

U7%' 07<-&$/7/' A.$/ 2P./36&M3 5P%3.2.'$&; 51/' /73&$ 01'; 21 3#$&<79&1-#.$ ./8&1&7%9$ 51/'

21 01&1036&.'13.7/ 5$ 3$2' 'K'3L<$' &6-7/51/3 -1&81.3$<$/3 N 0$' 3&7.' 0&.3L&$' O %/$ 3$0#V

/.4%$  ! " #$; /7/V./3&%'.?$ B-1' 5$ -$&3%&A13.7/ 5% 'K'3L<$ 7'0.221/3E $3 &1-.5$ B21 8&6V

4%$/0$ 5P104%.'.3.7/ -$%3 122$& 5$ )+"! WX N "! WX 51/' 2$ 01' 5$ 2P%3.2.'13.7/ 21 01<6&1

3#$&<.4%$ %&'()*+ " *! ,-./ $3 Y%'4%P1% ZWX 51/' 2$ 01' 5$ 2P%3.2.'13.7/ 5P%/$ 01<6&1

&$8&7.5.$ 5$ 3K-$ 0'1 2 341' 555 E+

[$' -#6/7<L/$' 7'0.221/3'; '%'0$-3.A2$' 5P1--1&1\3&$ 51/' /P.<-7&3$ 4%$2 'K'3L<$ 0131V

2K3.4%$ #636&79L/$ 51/' 5$' 07/5.3.7/' 1--&7-&.6$' '%'0.3$/3 $/07&$ %/ 9&1/5 ./36&M3 51/'

21 07<<%/1%36 '0.$/3.]4%$ -7%& 2$' &1.'7/' '%.?1/3$' ()* O

 + ,1 5607%?$&3$ 5$ /7%?$1%^ 'K'3L<$' 01312K3.4%$' <$331/3 $/ 6?.5$/0$ 5$' -#6/7V

<L/$' 7'0.22137.&$' $'3 $/07&$ -7''.A2$ 1%^ ?%$' 5$ 21 9&1/5$ 5.?$&'.36 5$' 'K'3L<$'

01312K3.4%$' $3 5$' 07/5.3.7/' 7-6&137.&$' <7/3&1/3 0$ 3K-$ 5$ 07<-7&3$<$/3+

"+ _ 2P60#$22$ 5$' %'./$' ./5%'3&.$22$'; .2 $'3 .<-7&31/3 5PM3&$ 07/'0.$/3 4%$ 2P1--1&.3.7/ 5$

0$ 3K-$ 5$ &6103.7/' 7'0.221/3$' -$%3 1?7.& %/ $@$3 5&1<13.4%$+ R2 $'3 57/0 /60$''1.&$

5$ -7%?7.& 07/3&`2$& 2$' -1&1<L3&$' 4%. ./a%$/0$/3 2P1--1&.3.7/ 7% 21 5.'-1&.3.7/ 5$

0$' -#6/7<L/$' 3$2' 4%$ 21 -&$''.7/ 5% 91X &6103.8; 21 3$<-6&13%&$ 5% &6103$%& 7%

21 07<-7'.3.7/ 5$' &6103.8'+ ,1 5607%?$&3$ 5$ /7%?$1%^ 'K'3L<$' 7b 2$' 07/5.3.7/'

7-6&137.&$' -$%?$/3 M3&$ 6?12%6$' 1.'6<$/3 '%'0.3$ 57/0 %/ 9&1/5 ./36&M3+

Q+ C/ 1K1/3 07/'0.$/0$ 5$ 0$' 51/9$&' -73$/3.$2'; .2 -$%3 M3&$ /61/<7./' ./36&$''1/3

5$ 5602$/0#$& 0$ 3K-$ 5P7'0.2213.7/'; '676 51/' 2$ 01' 5$ 07/?$&3.''$%& 01312K3.4%$

1%37<7A.2$ 7b 2P./Y$03.7/ -1& 0K0219$ 1 07/5%.3 N 2P1%9<$/313.7/ 5$ 21 07/?$&'.7/ 5$'

91X -722%1/3'+

c+ C/]/; 21 07<-&6#$/'.7/ 5$' <601/.'<$' 07/5%.'1/3 N 2P1--1&.3.7/ 5$' 7'0.2213.7/'
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3%$(3; E0 +,0*753.&0) %$ )$.4$ $12,0$0)7$% 5$ %& %,7 59J..B307/*G 7% 5$(7$0) %3:7)74$ 5$ 2$0H

*$. K/$ %$ 53+%$0+B$4$0) 5$* ,*+7%%&)7,0* *$.& 8&+7%7)3 5&0* %$* +,057)7,0* 0,0H7*,)B$.4$* L@M;

N,0+$.0&0) %$* 4,56%$* 8&7*&0) 70)$.($07. /0$ 3)&2$ 5$ -%,+&:$ 59$*26+$* $) /0$ .3&+)7(&H

)7,0 *,/5&70$ 5/ +&)&%'*$/.G 2%/*7$/.* :.,/2$* 5$ .$+B$.+B$ *$ *,0) -&*3* */. +$* 4,56%$*

2,/. $12%7K/$. %$* ,*+7%%&)7,0* ,-*$.(3$* $0 75$0)7F&0) %$* $*26+$* -%,K/&0)$*; O&. $1$42%$G

P*,/  ! "#$ L QM ,0) 47* $0 3(75$0+$ %$ .R%$ 5$ %& 8,.4&)7,0 5$ */7$* */. %$ +&)&%'*$/. 4,H

57F&0) %& .3&+)7,0 59,1'5&)7,0 5/ 43)B'%7*,-/)'%+3),0$ CS<#TD */. %$ 2%&)70$ 532,*3 */.

U3,%7)B$; V7+W$ $) +$* +,%%&-,.&)$/.* L !M ,0)G K/&0) I $/1G /)7%7*3 +$ 4,56%$ 2,/. 53+.7.$

%$ *'*)64$ ,*+7%%&0) ,-*$.(3 =2X>2 */. O);

Y$* 4,56%$* 70+%/&0) %$ .R%$ 5/ +&)&%'*$/. C,1'5,H.35/+)7,0D 5&0* %9&22&.7)7,0 5$*

,*+7%%&)7,0* *,0) &/**7 2.,2,*3* *&0* 2,/. &/)&0) &(,7. 5$ 4,56%$ 5$ +&%+/% 0/43.7K/$; Z0

$1$42%$ $*) 2.,2,*3 2&. [($0**,0 K/7 4$) $0 +&/*$ %& 8,.4&)7,0 2.,:.$**7($ 59,1'5$ 5$

2&%%&57/4 C57470/)7,0 $0 )$423.&)/.$ $) 5/ )&/1 5$ +,0($.*7,0D &(&0) 59A).$ .35/7) 2,/.

.$53+%$0+B$. %& .3&+)7,0 59,1'5&)7,0 C&/:4$0)&)7,0 $0 )$423.&)/.$D;

Y&0* 0,).$ +&*G 0,/* 53+.7.,0* %9,1'5&)7,0 5$ %97*,2.,2&0,% +&)&%'*3$ 2&. %9,1'5$ 5$

+3.7/4 K/7G 5&0* +$.)&70$* +,057)7,0* 5$ )$423.&)/.$G & 4,0).3 5$* .3:74$* +&)&%')7K/$*

,*+7%%&0)*; O,/. )$0)$. 5$ +,42.$05.$ %$* 2B30,460$* I %9,.7:70$ 5$* ,*+7%%&)7,0*G /0$ 3)/5$

2&.&43).7K/$ $*) $\$+)/3$; Y$* +,/2%&:$* &0&%')7K/$* %& '%!( *$.,0) 47* $0 ,$/(.$ 2,/.

)$0)$. 59$0.7+B7. %9708,.4&)7,0 .$+/$7%%7$; ]70&%$4$0)G /0$ 3)/5$ &22.,8,057$ 5$ %& 8,.4$

5$* ,*+7%%&)7,0* ,/ $0+,.$ 5$* &0&%'*$* *2&)7,H)$42,.$%%$* *$.,0) .3&%7*3$* 2&. 4,57F+&)7,0

5/ 2&.&46).$ 5$ +,0).R%$ %$ 2%/* &7*34$0) 4,57F&-%$;



 !"! #$%& '( )*+,%-.$/&0*/ 12 ,.-/*+3/$ ).0+042$ 5 '6*%070/$ 1$& *&)0''(80*/&  !!

 !" #$%& '( )*+,%-.$/&0*/ 12 ,.-/*+3/$ ).0+042$ 5

'6*%070/$ 1$& *&)0''(80*/&

 !"!# $%&'() )*+,&(-).'%/)

 !"!#!# $%&'()*& +,',-%'./0*& 1'02.1&

"# $%&&'() *+)+,-)./%# %).,.$0 1+2$ *#))# 0)%1# #$) ,3'4-1# 1# *0(.%5 6*'55#(*.+,.$0

&+( 78'1.+9: ;,%$.#%($ *+)+,-$#%($ $'2) )#$)0$ 1+2$ ,30)%1# 1% *'5&'()#5#2) *+)+,-)./%#

'$*.,,+2) < ,#$ '4-1#$ 1# *0(.%5 &%($ = 1.>0(#2)#$ $%(?+*#$ $&0*.@/%#$ 6 ABC   DC BEC !F

#) DG 5

2
HI9 #) 1#$ *+)+,-$#%($ = J+$# 13'( $%&&'()0 $%( ,3'4-1# 1# *0(.%5 =  AB 5

2
HI #)

&(0&+(0$ $'.) &+( +1$'(&).'2 +2.'2./%# '% $'.) &+( 10&'$.).'2K&(0*.&.)+).'2 $%( ,+ &,+)#?'(5#

('J')./%# 6L'.( *8+&.)(# 29:

 !"!#!" 3*& )42*& 2* +,5,+'15.&,'.46

742* 2* +,5,+'15.&,'.46 # K "# (0+*)#%( B &%.)$ &(0$#2)0 +% *8+&.)(# 2 *'%&,0 =

,+ )8#(5'I(+&8.# .2?(+('%I# #$) %).,.$0 &'%( ,30)%1# &+(+50)(./%#: "# 50,+2I# I+M#%4 #$)

*'5&'$0 13+.( #) 13.$'&('&+2', 6 G % 5',+.(# )80'(./%# = &+().( 1# ,30/%+).'2 13N2)'.2#9C

,# 10J.) L',%5./%# #$) @40 = DF 5,H5.2 $'.) %2# L.)#$$# L',%5./%# 8'(+.(# 6OOP9 1#

DF FFF 8

−1
#2 &(#2+2) #2 *'5&)# ,# L',%5# 1% *+)+,-$#%( 6V Q EG 55

3
9:

"+ *+50(+ )8#(5./%# R8#(5'L.$.'2 NGFS 6 !"# $%&'()&9 #$) &'$.).'220# +% 1#$$%$

1#$ &%.)$ 1% J,'* (0+*)#%( #) 1#%4 &%.)$ $'2) %).,.$0$ &'%( ,3#4&0(.5#2)+).'2 < %2 &%.)$

#$) *'2$.10(0 *'55# &%.)$ T0*8+2).,,'2T )+21.$ /%# ,3+%)(# &%.)$ #$) *'2$.10(0 *'55# &%.)$

T(0?0(#2*#T: U# 1#(2.#( 23#$) &+$ +,.5#2)0 #2 V%4 I+M#%4C ., &#(5#))(+ 130,.5.2#( ,#$ ,0IW(#$

V%*)%+).'2$ 1# ,+ (0I%,+).'2 )8#(5./%# 6± F: 

◦
U9 #) 1# 1.5.2%#( ,#$ &('J,W5#$ 1305.$$.L.)0

65+)0(.+% .1#2)./%# 1+2$ ,#$ 1#%4 &%.)$9: "+ 1.>0(#2*# #2)(# ,#$ (+-'22#5#2)$ )8#(5./%#$

&('L#2+2) 1# ,+ $%(?+*# 1% *+)+,-$#%( 6&%.)$ T0*8+2).,,'2T9 #) *#%4 &('L#2+2) 1# ,+ T(0K

?0(#2*#T #$) (0+,.$0# = *8+/%# .2$)+2) 1# ,+ (0+*).'2 13'4-1+).'2: "+ @I%(# !: 10*(.) ,+

*'2@I%(+).'2 %).,.$0# &'%( *#))# 0)%1#:

742* 2* +,5,+'15.&,'.46 " K U'2*#(2+2) ,# $#*'21 5'1# 1# *+(+*)0(.$+).'2C %2

(0+*)#%( .21.L.1%#, '%L#() #$) %).,.$0 &'%( #>#*)%#( ,# *'%&,+I# 1# ,+ )8#(5'I(+&8.# +L#* %2#

50)8'1# $&#*)('$*'&./%# '% '&)./%# #) +.2$. (#*%#.,,.( 1#%4 .2?'(5+).'2$ *'5&,05#2)+.(#$:

 : X2 *'%&,+I# #2)(# ,+ )8#(5'I(+&8.# .2?(+('%I# #) ,+ $&#*)('50)(.# 1# 5+$$# #$) #>#*K

)%0: X2 $&#*)('5W)(# 1# 5+$$# 6*+(,-(. /0122)9 +L#* +2+,-$#%( /%+1(.&',+.(# #$)

%).,.$0 &'%( *#))# #4&0(.5#2)+).'2C ., &#(5#) 1# $%.L(# ,#$ *'%(+2)$ 13.'2$ 1# *8+/%#

(+&&'() m/z 13.2)0(Y): X2 *+&.,,+.(# #$) &,+*0 +% 1#$$%$ 1% (0+*)#%( '%L#() &#(5#)K

)+2) 1# *',,#*)#( #) +2+,-$#( ,#$ I+M +&(W$ )(+.)#5#2) *+)+,-)./%#: U# *+&.,,+.(# #$)

5+.2)#2% = %2# )#5&0(+)%(# 1# ZF

◦
U &'%( 0L.)#( ,#$ *'21#2$+).'2$ 1#$ I+M: "# (0K

+*)#%( *+)+,-)./%#C /%+2) = ,%.C #$) *8+%>0 = ,3+.1# 13%2 (%J+2 *8+%>+2) 63,4159 #)

(0I%,0 &+( %2 )8#(5'*'%&,# 1# )-&# K: GF 5I 1# *+)+,-$#%( $'2) 10&'$0$ $%( ,# ?(.))0

#2 +*.#( [\]^ #) ,+ L.)#$$# L',%5./%# 8'(+.(# #$) @40# = GF FFF 8

−1
:



 !"  !"#$%&' () *+,$--"%$./+ ,"%"-0%$12'+

Référence

Echantillon

Cartouches

chauffantes

Echantillon

Air +i-PrOH

Thermocouples de régulation

et de sécurité

Caméra thermique
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#', (&;'1, <' 19&:$@' <' 1$ ,/%2$3' </ 3$-$1G,'/% ,*+- %'3/'&11&, '+ 3$13/1$+- 1$ :*G'++'

<' 3', (&;'1, $(($%-'+$+- A <&Q0%'+-, 3'%31', <' %$G*+ R 6I&@/%' !7=K87 #$ :*G'++' <', rvb
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O$( %72396L3$( (%*459P4$6%9-$&( (934 3$44$6$34 %-2($34( =*3( 394-$ 24'=$ $3 -2*:4$'-

9'@$-4 :$ 8'5 :93+-6$ &F56%9((5<5&542 =F'45&5($- :93@$3*<&$6$34 &* 4729-5$ =$( (C(4L6$(

=C3*658'$( E%*( =$ %-5($ $3 :96%4$ =' %72396L3$ (%*459P4$6%9-$&G/ D*- :93(28'$34) '3$

24'=$ &9:*&$ $(4 $?$:4'2$ $3 24'=5*34 &$ %-9+& 47$-658'$ 9<4$3' %9'- =5?2-$34$( A93$( =$

&* ('-B*:$ =' :*4*&C($'-/ Q&&$ ($-* :96%*-2$ ; &F24'=$ ,&9<*&$ =' %-9+& 47$-658'$/

 !"!# $%&'( )*+,)( '( ), -&./,+( '& +,%,)0-(&.

R3 %*&5$- $3 4$6%2-*4'-$ *C*34 6934-2 *' :9'-( =$ &F24'=$ ,&9<*&$ '3 24*4 =2(9-=9332

E(%$:4-$ =$ %'5((*3:$ =$ &* ST 6*& =2+35G $(4 :795(5 %9'- :$44$ 24'=$) &$( 9'45&( 6*472P

6*458'$( E($:4593 =$ D953:*-2) -$%-2($34*4593 =$ &F*44-*:4$'- $4 *%%&5:*4593 =$ %-$65$-

-$49'-G (934 =$ 39'@$*' '45&5(2(/ OF9<U$:45B =$ :$44$ 24'=$ =2(9-6*5( &9:*&$ $(4 =$ =24$:4$-

&* %-2($3:$ =$ :7*9( =24$-6535(4$ =$ <*(($ =56$3(5933*&542 =*3( &$ (C(4L6$ :*4*&C458'$

=C3*658'$/

O* +,'-$ ./VW %-2($34$ &$( %-9+&( 47$-658'$( 9<4$3'( $3 :93(5=2-*34 (954 49'4$ &* ('-B*:$

=' :*4*&C($'- E*%%-9:7$ ,&9<*&$G 9' (954 '3$ %9-4593 =$ :$44$ ('-B*:$ EA93$ -$%-2($342$ %*-

'3 :*--2 ('- &F56*,$ 47$-658'$G/ O* -$%-2($34*4593 =$ &F*44-*:4$'- *53(5 8'$ &F*%%&5:*4593 =$
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Takens + Poincaré Application de premier retour
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Système chaotique de type Rössler

 !"#$% "#$% & '()*+ ,-./,+ +( 0,-1/,+ *+ ,/ 2)34/.+ *) ./(/,52+)3 /) .-)32 *+ ,/ 36/.(7-8

*9-:5*/(7-8 +( .-;</3/72-8 /=+. ,+ 252(>;+ .?/-(7@)+ *+ (5<+ AB22,+3

<3+;7+3 3+(-)3 /<3>2 ,/ 36/,72/(7-8 *+ ,/ .-)<+ *+ C-78./36 D.+3.,+2 3-)0+2E 2-8( 3+<362+8(6+2

<-)3 ,+2 *+): ./2# F+2 362),(/(2 2-8( .-;</362 G )8 252(>;+ .?/-(7@)+ *6(+3;7872(+ *7( *+

HAB22,+3H IJ K#

L-)( *9/1-3*M 8-)2 -12+3=-82 @)+ ,+ 4/7( *+ .-827*63+3 @)9)8+ <-3(7-8 *+ ,/ 2)34/.+ *)

./(/,52+)3 2+;1,+ H27;<,7N+3H ,/ 3+<362+8(/(7-8 *+ ,9/((3/.(+)3 +( 2+;1,+ (3>2 <3-.?+ *+ .+,,+

./3/.(6372(7@)+ *) 252(>;+ .?/-(7@)+ *+ (5<+ AB22,+3# '8 3+=/8.?+M ,-32@)+ ,9/<<,7./(7-8

*+ <3+;7+3 3+(-)3 +2( +O+.()6+ 2)3 ,+2 *+): <3-N,2 +:<637;+8(/):M /).)8+ .-)31+ .-8(78)+

+2( 7*+8(7N6+ .-8(3/73+;+8( /) 252(>;+ .?/-(7@)+#

C/3 .-826@)+8(M ,/ .-827*63/(7-8 *9)8+ <+(7(+ <-3(7-8 *+ ,/ 2)34/.+ *) ./(/,52+)3 2+;1,+

<+3;+((3+ *9+8=72/0+3 ,/ <362+8.+ *9)8 .?/-2 *6(+3;7872(+ ,-32@)+ ,/ 3+<362+8(/(7-8 *+

,9/((3/.(+)3 +2( 36/,726+ <)72 .-;</36+ /) 252(>;+ AB22,+3# L-)(+4-72M ,+2 ./3(+2 *+ <3+;7+3

3+(-)3 +8(3+ .+2 *+): *+387+32 2-8( 3+,/(7=+;+8( *7O63+8(+2 D</2 *+ .-)31+ .-8(78)+ */82

,+ ./2 *) <3-N, ,-./, +:<637;+8(/,EM .+.7 2)00>3+ @)+ ,+ 252(>;+ ./(/,5(7@)+ 6()*76 8+ <+)(

</2 P(3+ /227;7,6 G *) .?/-2 *6(+3;7872(+ *+ 1/22+ *7;+827-88/,7(6 */82 8-(3+ ./2# C/3 ,/

2)7(+M 7, 2+3/7( 78(63+22/8( *+ *7;78)+3 ,/ (/7,,+ *) 36/.(+)3 ./(/,5(7@)+ <-)3 29/O3/8.?73 /)



 !"! #$%&'()*$%) +, -*)&())*$%)  !"

#$%&#'# ()* )+),* *-$,&./,)#-.0)1* ), $&2*& )%-1.&,)0 $' #&)'% 1$ ,34.0&) ()* *5*,6#)*

(52$#&7')*8

 !" #$%&'()*$%) +, -*)&())*$%)

9$ #.(&:;$,&.2 () ;)0,$&2* -$0$#6,0)* )%-40&#)2,$'% $&2*& 7') 1$ ;.#<&2$&*.2 () (&=/

=40)2,)* ,);32&7')* $2$15,&7')* .2, -)0#&* (>$<.',&0 ? 1>&()2,&:;$,&.2 ), ? 1$ *'@@)*,&.2

()* -0&2;&-$'% $;,)'0* ? 1>.0&@&2) () ;)* .*;&11$,&.2*8 9) ,$<1)$' A8B 04*'#) 1)* =$&,* #$0/

7'$2,* $-06* 1>4,'() -$0$#4,0&7') 04$1&*4)8 9$ -04*)2;) (>C2D () ;40&2) ), (>&*.-0.-$2.1

)*, &2(&*-)2*$<1) -.'0 .<*)0E)0 ;)* -342.#62)* .*;&11$2,*D 1)* -0.-0&4,4* 0)(.% () 1$ ;40&2)

F.')2, '2 @0$2( 0G1) ($2* ;) -0.;)**'*8 H11)* *)#<1)2, .0;3)*,0)0 1>$11'0) ()* .*;&11$,&.2*

@0I;) ? 1$ #.<&1&,4 ()* .%5@62)* -1'* .' #.&2* -0.2.2;4) )2 =.2;,&.2 () 1$ ,)#-40$,'0)

() ;.2*&@2)8

 !"#$ A8B J K4*'#4 ()* =$&,* #$07'$2,* -.'0 ;3$7') -$0$#6,0) 4,'(&48

 !"!#$%"& '( &)*+",&-.& /!,%0 #!"1(!-%0

L$,'0) (' @$M / N04*)2;) C2 &2(&*-)2*$<1) -.'0 .*;&11$,&.2*

L$,'0) *'--.0, / O)C2 &2(&*-)2*$<1) P

-$* (>.*;&11$,&.2* $E); ;40&2)* (.-4)*

Q2R')2;) () 1>.0 / S047')2;) ր 7'$2( ;40&2) ;3$0@4) )2 .0

/ $'@#)2,$,&.2 () T8 % ? T8A % )2 .0 P

04@&#) *,$,&.22$&0) -1'* 0$-&()#)2, $,,)&2,

U)#-40$,'0) / K4E)0*&<&1&,4 (' -342.#62) .*;&11$2,

/ S047')2;) ր 7'$2( T ր
/ N04*)2;) ()* 04@&#)* -40&.(&7')*D &2,)0#&,,)2,*

), (4*.0(.224*

VW X UQK / C*;&11$,&.2* )2 OC2

/ Y4;$1$@) )2,0) L2 ), C2 P

.%5@62)* -.'0 .%5()0 1$ ;40&2)

K$#$2 X UQK / V,0';,'0) R'.0&2) =.0,)#)2, -)0,'0<4)

/ N0.-0&4,4* 0)(.% &2(&*-)2*$<1)* -.'0 .*;&11$,&.2*

O$#40$ ;.'1)'0 X UQK / O3$2@)#)2, ;.'1)'0 ;40&2) P -0.-0&4,4* 0)(.%

/ N342.#62) )2(.,3)0#&7') P C

−

2 −→ C

2−

L.'* -.'E.2* $&2*& -0.-.*)0 '2) 35-.,36*) () #4;$2&*#) (4;0&E$2, 1) -0.:1 ,3)0#&7')

-40&.(&7') .<,)2' )2 0)-0)2$2, 1)* (&+40)2,)* ,0$2*=.0#$,&.2* ;3&#&7')* *)#<1$2, Z,0) ?

1>.0&@&2) () ;) -342.#62) [:@'0) A8B \8 9$ *'0=$;) () 1$ ;40&2) *) ;3$0@)0$&, -0.@0)**&E)/

#)2, )2 &/N0C] ;3&#&*.0<4) ,.', )2 ,0$2*=.0#$2, 1)* #.14;'1)* (>.%5@62)* -0.E)2$2, ('

R'% @$M)'% )2 &.2* *'-)0.%5()* C

−

2 8 H2*'&,)D '2) &2R$##$,&.2 0$-&() () 1$ *'0=$;) *)

-0.('&0$&, ;.2('&*$2, ? 1$ 04(';,&.2 -$0,&)11) () 1$ ;40&2) ), ? 1>.%5($,&.2 ()* #.14;'1)*
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=495 + 856 =1351 kJ/mol)
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 !"#$% #$% & '()*+,-./ 0/ 123456.1/ 02376845+ 95/ *.36::4+6*5 )*97 :/ 3*9):/ ;2<6=>7;'

34+4:(.2 )47 ?/;2$

*7@456A9/. /5 ?;2$ B4 +745.C*714+6*5 3,616A9/ ./746+ /5.96+/ 74:/5+6/ )*97 )/71/++7/ :4

72=*D(04+6*5 0/ :4 32765/ 4845+ A9/ :/. /.)-3/. .9)/7*D(0/. )72./5+/. E :4 .97C43/ .*6/5+

+745.C*712/. /5 456*5. ;

2−
$

?*53/7545+ :F454:(./ 0/. .(.+-1/. *.36::45+.G :F9+6:6.4+6*5 0/. *9+6:. 0/ +745.C*714+6*5.

7/:62. 49D ),25*1-5/. *.36::45+. *5+ )/716. 0/ 1/++7/ /5 2860/53/ /+ 0/ 023767/ )7236.21/5+

:/. 06H27/5+. 3*1)*7+/1/5+. *I./782.G  !"! :/. .(.+-1/. )276*06A9/. JtG 3tG 5tG 7tKG 02.*7=
0*552. *9 /53*7/ 65+/716++/5+.$ L/ ):9.G :F2+90/ .)4+6*=+/1)*7/::/ 4 7282:2 A9/ :/ .(.+-1/

3*1)*7+/ 0/ 5*1I7/9D *.36::4+/97. 65068609/:. 3*5096.45+ E 95/ 3*1):/D6+2 09 )7*3/..9.

34+4:(+6A9/ *.36::45+$ M5 7/8453,/G :F4))7*3,/ :*34:/ 724:6.2/ 4)7-. :4 16./ /5 2860/53/ 0F95/

02)/50453/ .)4+6*=+/1)*7/::/ 09 .(.+-1/ 5F4 )4. )/716. 0F60/5+6N/7 3:467/1/5+ :4 )72./53/

0/ 3,4*. 02+/71656.+/ 0/ I4../ 061/5.6*554:6+2$ BF2+90/ 0/ .(.+-1/ 34+4:(+6A9/ *.36::45+

045. 95 7243+/97 0/ +46::/ 72096+/ )*97746+ O+7/ 65+27/..45+/ )*97 .F4H7453,67 /P343/1/5+

0/. /H/+. .)4+6*=+/1)*7/:. 7/53*5+72.$ L/ ):9.G 6: ./746+ 65+27/..45+ 0F2+906/7 :/. /H/+. +,/7=

16A9/. 045. :F2)46../97 09 :6+ 34+4:(+6A9/ /+ 5*5 ):9. E :4 .97C43/ )*97 +/5+/7 0F( /D):6A9/7

:/. ),25*1-5/. 02+/3+2. E :4 .97C43/$

Q: 7/.+/G +*9+/C*6.G A9/:A9/. A9/.+6*5. .45. 72)*5./. R

& S9/::/ /.+ :4 54+97/ 0/. /.)-3/. 3,616.*7I2/. 49 3*97. 0/ 3/. *.36::4+6*5. T

U5/ +/3,56A9/ .)/3+7*.3*)6A9/ +/::/ A9/ :F65C747*9@/ E 72V/D6*5 06H9./  # $ %& )*97746+

O+7/ 0F95 @7450 65+27O+ )*97 60/5+6N/7 :/. /.)-3/. 40.*7I2/.$

& S9/:. .*5+ :/. ),25*1-5/. /D):6A945+ :4 0972/ 0/ 3/. *.36::4+6*5. T

B4 )276*0/ 0/. *.36::4+6*5. 0/ :F*707/ 0/ :4 06W465/ 0/ ./3*50/. ./1I:/ 7282:/7 A9/ :/.

),25*1-5/. 0/ 06H9.6*5 .*5+ 61)*7+45+. 045. 5*+7/ .(.+-1/$ M5 /H/+G :/ +/1). 0/

.2X*97 0/. 1*:239:/. 0F6=>7;' .97 :4 .97C43/ 09 34+4:(./97 ?/;2 /.+ 0F/5867*5  Y"



 !"! #$%&'()*$%) +, -*)&())*$%)  ! 

"#$ %& '()")#*+,-)*. /0 '0# "*12'310# 0#- 3. ,(2.*"4.0 05*-(0+")6307 3.0 /)83#)*.

-(0+")630 9 1& #3+:&'0 /3 '&-&1;#03+ 0#- ,&+ '*.#2630.- ,+*<&<10"0.- ,+2#0.-0$ =*3#

,*3>*.# /*.' 0.>)#&?0+ 3. ,*##)<10 1)0. 0.-+0 10 -0",# /0 /)83#)*. -(0+")630 0- 1&

1)<2+&-)*. /0# *5;?4.0# #-+3'-3+&35 /0 1@*5;/0 /0 '2+)3" 63) .*3# 1@&>*.# >3 ,+2'2A

/0""0.- 0#- /@3.0 )",*+-&.'0 ,+)"*+/)&10 /&.# 1@*<#0+>&-)*. /0 '0 '*",*+-0"0.-

*#')11&.-$ B. 080-7 .*3# ,*3>*.# 0. 6301630 #*+-0 ,&+10+ /@C&''3"31&-)*.C /0 '(&103+

9 1& #3+:&'0 /3 "&-2+)&3 D9 1@2'(0110 /0 1& #0'*./0E ,*3>&.- ,0+"0--+0 /@&"21)*+0+ 1&

+2/3'-)<)1)-2 /0 1@*5;/0 /0 '2+)3" D:*+-0 /2,0./&.'0 &>0' 1& -0",2+&-3+0E$

F*3+ ,*3>*)+ '*.G+"0+ '0--0 (;,*-(4#07 1& /2-0+").&-)*. /0 1& /)83#)>)-2 -(0+")630

/3 "&-2+)&3 ,&+ '&1)<+&-)*. -(0+")630 /3 #;#-4"0 ,*3++&)- H-+0 0.>)#&?20$ I0 ,13#7

3.0 2-3/0 1*'&10 /0# 0#,4'0# '()")#*+<20#7  !"! ,&+ #,0'-+*#'*,)0 JKLM #$ %#&'7 -*3-

0. /2-0'-&.- 1& -0",2+&-3+0 1*'&10 /3 "&-2+)&3 D !"! ,&+ -(0+"*?+&,()0 ).:+&+*3?0

*3 -(0+"*'*3,10E ,*3++&)- ,0+"0--+0 /@2-3/)0+ 1@).N30.'0 /0 1& 63&.-)-2 /@0#,4'0#

'()")#*+<20# #3+ 1& -0",2+&-3+0 1*'&10 /3 '&-&1;#03+$

O0--0 2-3/0 ,0+"0- /@&P*3-0+ 9 1& 1)#-0 /2P9 '*.#2630.-0 3. .*3>0&3 '&# "*.-+&.- 3.

'*",*+-0"0.- '&-&1;-)630 *#')11&.- #&.# -*3-0:*)# ,*3>*)+ 10 /2'+)+0 0.-)4+0"0.-$ %& '*"A

,+2(0.#)*. '*",14-0 /0 '0# #;#-4"0# ,*3++&)-7 /&.# 1@&>0.)+7 ,&##0+ ,&+ 10 /2>01*,,0"0.-

/0 .*3>0&35 *3-)1# /0 '&+&'-2+)#&-)*. #$ %#&' 0- ,&+ 1& +2&1)#&-)*. /0 "*/410# -(2*+)630#

,13# '*",1050# ,*3>&.- /2'+)+0 '0 -;,0 /0 #;#-4"0$
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 !"#!$%&'()!*

 !" #$ %$ &'()*+,-./,,$ 012,*3,4 5,67,3 8'(.1 *9,3(+,*-.$  !"#$ %"&'$ (&)" **+: !;< =>?@A

>?;: !B?C$

 @" D$ E$ 05,4'+( (-3 D$ #$ F4'G,+H$ I.4,55(+,*-. ,- +'1 *9,3(+,*- *J 4(2)*-KG*-*9,31 *-

( 85(+,-7G J*,5$ ,-./01&# 23403..5034 ,!//)301&60!37: >LCK;M =>N<A>BN: !B<B$

 >" O$ P$ E72-12: Q$ R$ F(51.: (-3 %$ Q$ %(851$ I.4,55(+*2S *9,3(+,*- *J 4* *T12 83 (-3

,2 4(+(5S.+.$ *)58&1. *10.31.: !UBL>M =;B!A?UC: !BN!$

 C" D$ F*+* F*+* (-3 V$ W,41-+1$ I.4,55(+,*-. *- 4* *9,3(+,*- ,- ( 83 H1*5,+1 4(+(5S.+ =

PX14+ *J 3,X7.,*- (-3 8*,.*-,-Y *J 21(4+,T1 .,+1.$ 93')7650&# 23403..5034 ,-./0765:

+.7.&51-: 8(Y1. -755A-755$

 ;" V7,. Z$ D(H*-: F'1(-K%,-Y R'(-Y: (-3 D*Y12 #$ F4'G,+H$ R'(*. 372,-Y +'1 *9,3(+,*-

*J 4(2)*- G*-*9,31 *- 85(+,-7GA19812,G1-+. (-3 (-(5S.,.$ ,-./01&# 23403..5034

*10.31.: C!L?M =!;?!A!;<?: !BN?$

 ?" Z$ F4'7+': Q$ P$ [1-2S: (-3 V$ \$ F4'G,3+$ I.4,55(+*2S 21(4+,*-. ,- '1+12*Y1-1*7.

4(+(5S.,.$ ]- %';&31.7 03 ,&6&#:707< =!# >?: T*57G1 >B *J %';&31.7 03 ,&6&#:707: 8(Y1.

;!A!@<$ !BB>$

 <" O$ %$ E(+,)*71+: F$ %121+: ^$ %(5/(: O$ F(7..1S: O$ R$ V(T(551S: (-3 %$ R'1$ I.4,55(+*2S

)1'(T,*2 372,-Y G1+'(-*5 *9,3(+,*- *- G*K4(K*_.,*@4(+(5S.+$ @!)53&# !8 ,&6&#:707:

!?!L@M =N<>AN<B: !BB?$

 N" Z1-Y `,- (-3 P37(23* P$ a*5J$ ]-J2(213 +'12G*Y2(8'S .+73,1. *J 7-.+1(3SK.+(+1

82*41..1. 372,-Y 4* *9,3(+,*- *- .788*2+13 4(+(5S.+.$ ,-./01&# 23403..5034 *10.31.:

CBL@C: 0(2+ !M =C@?>AC@?<: !BBC$

 B" F$ V(3(.: D$ ]G),'5: (-3 b$ P2+5$ ^,-1+,4 *.4,55(+,*-. (-3 J(41++,-Y 372,-Y +'1 4(+(5S+,4

4* *9,3(+,*- *- 8+L!!UM$ *)58&1. *10.31.: !BNL!K@M =C@A?N: !BNN$

 !U" [$ a12-12: \$ [121,-: b$ F4'75H: c$ a,53: (-3 D$ F4'5*Y5$ D1(4+,*- 8(+'d(S. ,- G1K

+'(-*5 *9,3(+,*- = /,-1+,4 *.4,55(+,*-. ,- +'1 4*8812_*9SY1- .S.+1G$ ,&6&#:707 A.66.57:

CBL!K@M =!UBA!!B: !BB<$

 !!" W5(3,G,2 0$ &'3(-*T$ %*-+1 4(25* .,G75(+,*-. *J *.4,55(+,*-.: 4'(*. (-3 8(++12- J*2G(K

+,*- ,- '1+12*Y1-1*7. 4(+(5S+,4 21(4+,*-.$ *)58&1. *10.31. +.B!567: C;L<KNM =@>!A>@?:

@UU@$

 !@" b$ P,Y1-)12Y12$ ^,-1+,4 ,-.+(),5,+,1. ,- '1+12*Y1-1*7.5S 4(+(5SH13 21(4+,*-. $@$ *.K

4,55(+*2S ,-.+(),5,+,1. d,+' 5(-YG7,2K+S81 /,-1+,4.$ ,-./01&# 23403..5034 *10.31.:

>>LBM =!@?>A!@?N: !B<N$

!B>



 !"  !"#!$%&'()!*

# $% &' (' )*+,-*./ 0' 0' 1+23456/ &' 7' 8296:;*356/ -3< 0' =' 1+23456' >3:*? 6@ 6:A2++-?263
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