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2'�'��,�,��/�	*)0.	/�,+'E/<-/�)-��02,)-4/�	,2/2�0��/�'+)-2�*1�'�/�	'/�)�'-�,1�/0�,�,M1�,)-/)(/73?;/�'*,�'�/(*)+/
�	'/7@:/�*)�'22/12/1/�1*–*'()*+,-./�1�1��2�/�)/'-	1-�'/�	'/)�'*1��/�'*()*+1-�'/)(/�	'/7@:/�*)�'22E///
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,-/�	,2/*'2�'��/,2/�	'/.'-'*1�,)-/)(/�1*/�	1�/,2/122)�,1�'�/�,�	/�	'/.12,
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'�'-�01���/�'�'-�'-�/)-/�	'/'-�02'/1���,�1�,)-2/)(/�	'/�*)�0��/.12/12/
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)�'*1�,)-1�/ �*)D�'+2/�	'-/ �	'�/ �)-�'-2'/ )-/ �)��/ 20*(1�'2/ ()*+,-./
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1-�/ �0*D,-'2C/1-�/ 2�-�	'2,2/0-,�2/ �'E.E4/�1�1���,�/ *'1��)*2C/1-�/�102'2/
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021.'/1*'/�'22/�	1-/IG4/K4/1-�/GEK–K/+./+−I/()*/.12/�0*D,-'24/+'�	1-)�/
2�-�	'2,24/1-�/?,2�	'*–8*)�2�	/2�-�	'2,24/*'2�'��,�'��/RH4�SE/;2/1/*'20��4/
�1*/*'+)�1�/,2/'22'-�,1�/,-/+)2�/D,)+122/.12,B�1�,)-/�*)�'22'2/RW–KGSE/
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+'�	)�2/RWSE/U	�2,�1�/.12/��'1-,-./,-��0�'2/0-,�/)�'*1�,)-2/20�	/12/B�
�'*24/ 2�*0DD'*24/ 1-�/ �'�/ '�'��*)2�1�,�/ �*'�,�,�1�)*24/ �	,�'/ �	'+,�1�/
+'�	)�2/20�	/12/�	'*+1�/�*1��,-./1-�/�1�1���,�/*'()*+,-./�1-/1�2)/D'/
1���,'�E/;+)-./�	'2'/+'�	)�24/'(B�,'-�/.12/��'1-,-./�*)�'22'2/�	1�/�1-/

� 3)**'2�)-�,-./10�	)*E/
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�8E/9'*��	)-.C4/.0'-�'*E2�	'((�-'�	��,(�E0-,2�0��.1*�E�'/�:E/7�	'((�-'�	�CE//

3)-�'-�2/�,2�2/1�1,�1D�'/1�/7�,'-�'�,*'��/

A,)+122/1-�/A,)'-'*.�/
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+I/	−K/1�/>8UC/B6'�/1�/'�'*�/�)-�,�,)-E/8	'/
)�/*1�'/)(/�1**,'*/.12/>N/
�12/1��'*'�/ �)/+1,-�1,-/ �	'/21+'/ �)�1�/
)�/ *1�'/�Y>8UC/1��)*�,-./ �)/
�,(('*'-�/�)�0+'/(*1��,)-2/)(/2�'1+/1-�/	��*).'-E/NEQI/�+IV+I/��1/KG/./
+−IC/RNIS/�12/2'�/12/�	'/,-,�,1�/�)�0'-'/�)-�'-�*1�,)-/�)/2,+0�1�'/�	'/
1�'*1.'/�1*/�)-�'-�*1�,)-/1(�'*/�	'/7@:/�*)�'224/*'.1*�,-./81D�'/KE/

;2/73?;/*'1��'�/�,�	/2�'1+/1-�/20D2'�0'-���/�*)�''�'�/�,�	/�	1*/
.12,B�1�,)-/�0*,-./�)�0'-'/*'()*+,-.4/.12/�)-�'-�*1�,)-2/�'*'/-)�/2�1
D�'/ ,-/ �	'/D'.,--,-.E/8	'/ �,+'/+'120*'�/ ()*/ '1�	/ �)�0'-'/ *'()*+,-./
'6�'*,+'-�/)�'*/73?;/�12/�G/+,-E/8	'/�,+'/*1-.'/2'�'��'�/()*/�1��0
�1�,-./�)�0'-'/�)-�'*2,)-4/2'�'��,�,�,'24/1-�/�,-'�,�2/�12/(*)+/�	'/IG�	/
+,-/�)/QG�	/+,-E/<-/�	,2/�,+'/*1-.'4/.12/�)-�'-�*1�,)-2/1�/1��/�)-�,�,)-2/
�'*'/ 2�1D�'4/ 1-�/ �	'/ ,-
0'-�'/ )(/ �	1*/ .12,B�1�,)-/ �12/ -'.�'��'�/
�'6��1,-'�/,-/2'��,)-/IEHEKCE/3	1-.'/)(/73?;/�*)�'*��/�0'/�)/.12,B�1�,)-/
�0*,-./�)�0'-'/*'()*+,-./�12/-)�/�)-2,�'*'�/()*/�	'/�1��0�1�,)-/)(/�	'2'/
D12,�/ ,-�,�1�)*2/1�/�,(('*'-�/�)-�,�,)-2E/�)�'�'*4/ �	'/ ,-�'��	/'6��)
*1�,)-/)(/�	'/�)--'��,)-/D'��''-/�	'/�*)�'*��/�	1-.'/)-/�	'/20*(1�'/)(/
73?;/1-�/�)�0'-'/*'()*+,-./2'�'��,�,��/,2/�,2�022'�/,-/7'��,)-/IEHEIE/

/070 8������
�	
�	���	�
5
�����	

A�/ ?)0*,'*–�*1-2()*+/ ,-(*1*'�/ 2�'��*)2�)��/ 1-1��M'*/ �?8<&–:12/
1-1��M'*4/ :;75=8/ �ZQGGGC4/ �)�0'-'/ �)-�'-�*1�,)-2/ �'*'/ *'�)*�'�/
�)-�,-0)02��E/3���4/3@4/3@N4/1-�/3�Q/�'*'/1�2)/�*1-2('**'�/�,�	/�	'/
�*1-2+,��,-./�,�'/)(/?8<&/ �H/+/ �'-.�	C/1�/KJG/ ◦3/1-�/	1�/ �	',*/�)-
�'-�*1�,)-2/�'�'��'�E/8	'/,-,�,1�/�)-�'-�*1�,)-/�12/1�2)/*'�)*�'�/1�/�	'/
D'.,--,-./)(/'1�	/�'2�E/

/090 :���������	���	����������;���
�	���
��	

=�'+'-�1�4/0��,+1�'/1-1��2'24/1-�/+'�1�/)6,�'/�)+�)2,�,)-2/)(/73?;/
�'*'/�'*()*+'�/()��)�,-./2�1-�1*�/+'�	)�2/�<>/��	'/:'*+1-/<-2�,�0�'/
()*/7�1-�1*�,M1�,)-C/=>/<7@/KJKIQ–I4/KJKNN4/KJKNI4/K�FQJ4/K�F�W4/1-�/
K�FFQ/RIKSE/8	'*+1�/.*1�,+'�*,�/1-1��2,2/�8:;C/�12/�'2�'�/,-/�	'/21+'/
�)-�,�,)-/�'2�*,D'�/D�/3	'-/'�/1�E/RINSE/8	'/�1*�,��'/2,M'/�,2�*,D0�,)-/
1-�/ �	'/ A=8/ 20*(1�'/ 1*'1/�'*'/+'120*'�/ D�/ 512�'*2,M'*/ IGGG/ �12'*/
�,((*1��,)-/ �1*�,��'/ 2,M'/ 1-1��M'*/ 1-�/ 5,�*)+'*,�,�2/ ;7;UNGNG4/

������ 7�	'+1�,�/�,1.*1+/)(/�	'/�)�0'-'–*'()*+,-./2�2�'+E//

������
@�'*1�,-./�)-�,�,)-2/)(/'1�	/'6�'*,+'-�/�,�	/Y>8U/= GEI/+I/	−KE/�8X/&'()*+,-./
�'+�'*1�0*'�/�,X/�)�0+'/(*1��,)-/)(/�)+�)-'-�/,/�,/= �N@/1-�/�NC/,-/,-�'�/
)�CE//
8/ ��N@/ ��N/ �3W�J4,-/
◦3/ L/ L/ �+IV+I/

WHG/ KH/ G/ NEQI/
JHG/ KH/ G/ NEQI/
FGG/ KH/ G/ NEQI/
JHG/ H/ G/ NEQI/
JHG/ IG/ G/ NEQI/
JHG/ H/ NEH/ NEQI/
JHG/ H/ H/ NEQI/
JHG/ H/ KG/ NEQI/
JHG/ KG/ KG/ NEQI/
JHG/ NG/ KG/ NEQI/
JHG/ KH/ KH/ NEQI//
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�

*'2�'��,�'��E/
<-/ �	,2/ 2�0��4/ 1/ 2�1--,-./ '�'��*)-/ +,�*)2�)�'/ �7=5C/ ��=@�/ B'��/

'+,22,)-/ +,�*)2�)�'/ �75–WNGG?C/ '�0,��'�/ �,�	/ '-'*.�/ �,2�'*2,�'/
Z–*1�/2�'��*)2�)��/�=�ZC/�Y01-�16/Z?�12	�V�G4/A*0�'*/>1-)/:+D�C/
�12/02'�/�)/,+1.'/�	'/2�*1�/�	1*/1-�/+1�/�	'/'�'+'-�1�/�)+�)2,�,)-/)(/
�	'/20*(1�'E/8	'/*'2)�0�,)-/)(/7=5/()*/2�'�,B�/�	1*/20*(1�'/,-/73?;/�12/
KG/μ+E/

/0<0 �
�����	���
����	����	����	���	����
���	
���	��=:	

51-�/ �1*1��'�/ 1-�/ �)-2'�0�,�'/ *'1��,)-2/ )��0*/ �0*,-./ �)�0'-'/
*'()*+,-./)�'*/73?;/RF4II4IQSE/;��)*�,-./�)/�	'/.�)D1�/2�'1+/*'()*+,-./
*'1��,)-4/�)�0'-'/*'1��2/�,�	/2�'1+/�)/.'-'*1�'/�N/1-�/3@/�&KCX/
C7H8 + 7H2O → 7CO + 11H2; ΔH900 ◦C

∘ = 928 kJ mol−1 �&KC/
8	'/O1�'*–:12/7	,(�/*'1��,)-/1�2)/�1�'2/��1�'/2,+0��1-')02��/�&NCX/

CO + H2O ↔ CO2 + H2; ΔH900 ◦C
∘ = −33 kJ mol−1 �&NC/

8�)/*'1��,)-2/1*'/)��0**,-./,-/2'*,'2/()*/&KX/8	'/2)�,�/�1*D)-1�')02/
�'�)2,�,)-/)-/ �	'/2)�,�/ 20*(1�'/D�/ �1*/�)��+'*,M1�,)-/1-�/�)�'/1��0
+0�1�,)-/()��)�'�/D�/�	'/2�'1+/.12,B�1�,)-V*'()*+,-./)(/�	'/�1*D)-1
�')02/2)�,�/RNQSE/<�/,2/�)*�	/+'-�,)-,-./�	1�/�1*D)-/�'�)2,�,)-/*'1��,)-2/
1*'/	,.	��/�'�'-�'-�/)-/�	'/*'1��,)-/�'+�'*1�0*'/1-�/���'2/)(/)6,�,M,-./
1.'-�E/O	'-/�	'/*'1��,)-/�'+�'*1�0*'/,2/�)�4/)*/�	'/)6,�,M,-./1.'-�/�)'2/
-)�/�)-�1,-/'-)0.	/ 2�'1+/�0*,-./ 2�'1+/*'()*+,-.4/�)�'/�,��/�0,����/
1��0+0�1�'/ )-/ �	'/ 2)�,�/ 20*(1�'/ RIHSE/ 7'�'*1�/ 2�0�,'2/ )D2'*�'�/ �	'/
.12,B�1�,)-/�	'-)+'-)-/)(/D,)�	1*2/�,�	)0�/�)�'/1��0+0�1�,)-/�	'-/
�)-�0��,-./*'()*+,-./)(/�1*/+)�'�/�)+�)0-�2/1�/�	'/�)-�,�,)-/)(/)�'*/
JHG/◦3/1-�/1/2�'1+/�)�0+'/(*1��,)-/)(/KHL/RKF4NQSE/

O,�	/ �	'/�*'2'-�'/)(/ 2�'1+/1-�/	��*).'-4/)�	'*/ *'1��,)-2/ 2	)0��/
1�2)/D'/�)-2,�'*'�/�0*,-./ �)�0'-'/ *'()*+,-.E/8)�0'-'/�1-/ *'1��/�,�	/
2�'1+/ �)/ �*)�0�'/ D'-M'-'4/ 3@4/ 1-�/�N/ �(*)+/ �	'/ *'1��,)-/ )(/ 2�'1+/
�'1����1�,)-/�&ICC/)*/�,�	/	��*).'-/�)/()*+/D'-M'-'/1-�/3�Q/)�,-./�)/
�	'/	��*)�'1����1�,)-/*'1��,)-/�&QC/RI�SX/
C7H8 + H2O → C6H6 + CO + 2H2; ΔH900 ◦C

∘ = 174 kJ mol−1 �&IC//

C7H8 + H2 → C6H6 + CH4; ΔH900 ◦C
∘ = −53 kJ mol−1 �&QC/

7�*1�/ �	1*/ +1�/ 1�2)/ .)/ �	*)0.	/ 2�'1+/ *'()*+,-./ �.12,B�1�,)-C/
�)-�0**'-���/�,�	/�)�0'-'X/
C ∗ (char) + H2O → CO + H2; ΔH900 ◦C

∘ = 136 kJ mol−1 �&HC//

/0>0 ����
�����	�������
��	

8	'/.'-'*1�/()*+0�12/02'�/�)/�1��0�1�'/�)�0'-'/�)-�'*2,)-4/�1*D)-/
�,2�*,D0�,)-4/1-�/ 2'�'��,�,��/1*'/ �,2�'�/D'�)�/ RKJ4IWSE/ <-/ �	,2/ 2�0��4/1/
�)-2�1-�/ �)�1�/ �)�0+'/
)�/ *1�'/ ,2/ 1220+'�E/ ;/ 2	)*�/ 2�1�'/ �,+'/�12/
1���,'�/ ,-/�	,2/2�0��4/*'20��,-./,-/�	'/-'.�,.,D�'/
)�/)(/�*)�0��2/1-�/
*'1��1-�24/1-�/,+�*)�'�/�	'/1��0*1��/)(/*'20��2/D12'�/)-/�	'/1220+��,)-/
)(/1/�)-2�1-�/
)�E/

8)�0'-'/�)-�'*2,)-/�Z3W�JC/�12/�1��0�1�'�/02,-./=�E/�KCE/

XC7H8( − ) � = �
QC7H8,in − QC7H8

QC7H8, in
= Qin × yC7H8,in − Q× yC7H8

Qin × yC7H8,in

≈ yC7H8,in − yC7H8

yC7H8,in
, �KC//

�	'*'/Z3W�J/= �)�0'-'/�)-�'*2,)-4/Y3W�J4/,-/= ,-�'�/�)�0'-'/�)�0+'/
)�/
*1�'4/Y3W�J/= )0��'�/�)�0'-'/�)�0+'/
)�/*1�'4/Y,-/= ,-�'�/�)�1�/�)�0+'/

)�/*1�'4/Y/= )0��'�/�)�1�/�)�0+'/
)�/*1�'4/�3W�J4/ ,-/= ,-�'�/�)�0'-'/
�)�0+'/�)-�'-�*1�,)-4/1-�/�3W�J/= )0��'�/ �)�0'-'/�)�0+'/�)-�'-�*1
�,)-E/�;220+��,)-X/Y,-/= Y/= Y>8UCE/

31*D)-/�,2�*,D0�,)-/��3�,C/,2/�'B-'�/,-/=�E/�NC/12/�	'/*1�,)/)(/�1*D)-/
�)-�'-�/,-/'1�	/+1,-/�1*D)-–�)-�1,-,-./�*)�0��/�,/= 3W�J4/3���4/3@4/
3@N4/1-�/3�QC/�)/�	'/�1*D)-/�)-�'-�/,-/�)�0'-'/1�/�	'/,-�'�E/8	'/�1*D)-/

�,2�*,D0�,)-2/)(/�	'2'/�)+�)-'-�2/�'*'/20++'�/0�/ ()*/�,(('*'-�/�)-
�,�,)-2/ )(/ �)�0'-'/ *'()*+,-./ 1*'/ D'��''-/ FJL/ 1-�/ KG�L/ '6	,D,�,-./
�*'�,D�'/ �1*D)-/ D1�1-�'/ 1220+,-./ �	1�/ �	'/ +1,-/ �1*D)-–�)-�1,-,-./
2�'�,'2/ )-��/ ,-�)��'/ 3W�J4/ 3���4/ 3@4/ 3@N/ 1-�/ 3�Q/ �0*,-./ �)�0'-'/
*'()*+,-./)�'*/73?;E/

DC_i � ( − ) = ri × yi

7× yC7H8,in
, �NC//

�	'*'/*,/ *'�*'2'-�2/�	'/-0+D'*/)(/�1*D)-/1�)+24/1-�/�,/ *'�*'2'-�2/�	'/
)0��'�/�)�0+'/�)-�'-�*1�,)-/()*/�	'/�)+�)-'-�/,/�,/= 3���4/3@4/3@N4/
1-�/3�QCE/

8	'/2'�'��,�,��/�7,4/=�E/�ICC/)(/�1*D)-–�)-�1,-,-./�*)�0��2/,2/)D�1,-'�/
D�/�1��0�1�,-./�	'/�3/)(/�*)�0��/,/�)/1/�)�0'-'–(*''/D12,2E/

Si ( − )= DC i∑
iDC i

�IC//

�� ���
�����		���
�����

7010 ����������;���
�	
�	��=:	

8	'/D12,�/�*)�'*�,'2/)(/2�*1�/�'��'�2/1-�/73?;/1*'/2	)�-/,-/81D�'/QE/
8	'/�1*�,��'/2,M'/)(/2�*1�/�	1*/�12/,-/�	'/*1-.'/)(/GEGK–GEI/++E/8	'/
,-�'*�'��2/)(/�1*�,��'/2,M'2/()*/KG4/HG4/1-�/FGL/+122/��KG4/�HG4/1-�/�FGC/
(*)+/1-/7–�0*�'/)(/�0+0�1�,�'/+122/*'�1,-'�/1.1,-2�/2,'�'/+'2	/2,M'/
�'*'/GEGKK4/GEGWG4/1-�/GENIF/++4/*'2�'��,�'��4/,-�,�1�,-./1/()*+/)(/B-'/
�1*�,��'2/,-/73?;E/;��)*�,-./�)/�	'/'�'+'-�1�/1-1��2,2/)(/73?;4/12/�*'
2'-�'�/,-/81D�'/Q4/73?;/	12/1/2,.-,B�1-�/�1*D)-/+122/(*1��,)-/)(/N�L/
1(�'*/7@:4/�	,�'/�	'/	,.	'2�/+122/(*1��,)-/,2/12	/�,�	/�JLE/<�/�12/()0-�/
�	1�/�)�122,0+/)��0�,'�/�	'/+)2�/�)-�'-�/ ,-/�	'/12	/)(/2�*1�/�'��'�2E/
�)�'�'*4/ �	'/12	/�)+�)-'-�/ 1-1��2,2/ 2	)�2/ �	1�/ 7,@N/ ,2/ �	'/	,.	'2�/
�)+�)-'-�/D'��''-/1��/+'�1�/)6,�'2/,-/73?;/�,�	/1/+122/(*1��,)-/)(/
IJL/+0�	/+)*'/�	1-/�	'/+122/(*1��,)-/)(/�EHL/()*/9N@/1+)-./�	'/�)�1�/
12	/�)-�'-�/)(/�JL4/20..'2�,-./1/�)-�*,D0�,)-/)(/2,�,�1/21-�/1��*,�,)-E/
;��)*�,-./�)/A�)��/'�/1�E/RIJS4/�	'/2�'�,B�/20*(1�'/1*'1/)(/�01*�M/21-�2/,2/
,-/�	'/*1-.'/)(/KEG–QEG/+N/.−KE/�)�'�'*4/1/+0�	/	,.	'*/20*(1�'/1*'1/)(/

������
A12,�/�*)�'*�,'2/)(/+1�'*,1�2E//
;-1��2'2/ 3)+�)2,�,)-2/ 73?;/ 7�*1�/

�'��'�/
U*)6,+1�'/;-1��2,21/�+122/(*1��,)-4/
LC/

?,6'�/�1*D)-/ NGEQ/ KWEN/
�)�1�,�'/+1��'*2/ JEF/ WKEW/
;2	/ �WEJ/ HE�/
=�0,�,D*,0+/
+),2�0*'D/

IEG/ HEH/

T��,+1�'/;-1��2,21/�+122/(*1��,)-4/
LC/

3/ NHEW/ QQEG/
�/ GEW/ �EI/
@�/ GEH/ IWEN/
>/ GEQ/ GEJ/
7/ GEH/ GEN/
3�/ KEH/ GEQ/

;2	/�)+�)-'-�21/�+122/(*1��,)-4/
LC/

;�N@I/ NE�/ GEH/
A1@/ GEK/ GEK/
31@/ JE�/ KNEW/
?'N@I/ NEG/ GEH/
9N@/ �EH/ QHEG/
5.@/ KEH/ QEK/
5-@N/ GEK/ GEK/
>1N@/ GEN/ GEN/
UN@H/ NEK/ KEJ/
7@I/ KEQ/ QEW/
7,@N/ IJEG/ IGEK/
7*@/ – GEK/
8,@N/ GEK/ – 

A=8/�)�1�/20*(1�'/1*'1/�+N/.−KC// KK�E�/ –  

1 <-/�'�/D12,2E/
D =�0,�,D*,0+/+),2�0*'/�)-�'-�/)(/�	'/21+��'/,-/1,*E/
� A1�1-�'/)(/34/�4/>4/74/3�4/'�0,�,D*,0+/+),2�0*'4/1-�/12	E/
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�

KK�E�/+N/.−K/()*/73?;/,2/)D2'*�'�4/�)+�1*'�/�)/�	'/21-�E/;2/D,)�	1*/	12/
D''-/�)-B*+'�/�)/�)22'22/1/	,.	'*/20*(1�'/1*'1/�	1-/+,-'*1�/+1�'*,1�2/
RKFS4/ 2�*1�/�	1*/+,.	�/	1�'/1/�)+,-1-�/�,2�*,D0�,)-/ ,-/73?;4/�	,�	/
�)-�*,D0�'2/�	'/+)2�/)(/�	'/20*(1�'/1*'1E/&'.1*�,-./�	'/B-�,-.2/1D)�'4/
73?;/�12/+1,-��/1/+,6�0*'/)(/2�*1�/�	1*/1-�/2,�,�1/21-�E/

O	'-/1����,-./73?;/12/1/�1�1��2�4/ �	'/�1*D)-/,-2,�'/�'�)+�)2'�/
�0'/�)/	,.	/�'+�'*1�0*'2E/8:;/*'20��2/)(/73?;/2	)�-/,-/?,.E/N/�*'2'-�/
�	'/+122–�)22/ *1�'/�0*,-./��*)��2,2/ (*)+/ QGG/ �)/ FGG/ ◦3E/�0*,-./ �	'/
.12,B�1�,)-/ �*)�'224/ +)2�/ 	'+,�'��0�)2'/ 1-�/ �'��0�)2'/ ��)�1�,�'2C/ ,-/
2�*1�/�'*'/*'+)�'�/RINS4/�102,-./�	'/8:;/+122/�)22/)��0**,-./,-/�	'/
	,.	–�'+�'*1�0*'/ *1-.'4/ *)0.	��/�GG/ ◦3E/ 8	'/ �'+�'*1�0*'/ *1-.'/ ()*/
73?;/�)/�'�)+�)2'/�	02/�)�'*2/�	'/�'+�'*1�0*'/()*/�)-�0��,-./�)�0'-'/
*'()*+,-./,-/�	,2/2�0��/(*)+/WHG/�)/FGG/◦3E/8	'/*'2,�01�/+122/(*1��,)-/
�5&C/)(/73?;/�'�*'12'2/.*1�01���/�)/GEW/1�/FGG/◦34/�	,�	/,2/��)2'/�)/�	'/
12	/�)-�'-�/�WGLC/)-/1/�*�/D12,2/)(/73?;E/

7=5/�,1.*1+2/.,�'/'�,�'-�/,-()*+1�,)-/)-/�	'/'�'+'-�1�/�)+�)2,
�,)-/ 1-�/ �	'/ 20*(1�'/�*)�'*��/ )(/ 73?;/�1*�,��'2E/ 7=5–=�Z/1���,'�/ 1/
�)�)*/ �,2�*,D0�,)-/ ()*/ '6	,D,�,-./ �	'/ �*'2'-�'/ )(/ �	'/ '�'+'-�/ )-/ �	'/
+1�'*,1�’2/20*(1�'E/8	'/2	1�'2/)(/�	'/�)�)*2/)-/7=5/�,1.*1+2/�)**'2�)-�/
�)/�	'/�01-�,��/)(/�	'/�1*�,�0�1*/'�'+'-�4/�	,�'/1/�''�'*/�)�)*/*'('*2/�)/1/
	,.	'*/�)-�'-�*1�,)-/)-/�	'/20*(1�'E/?,.E/I/�1C/1-�/�DC/�'+)-2�*1�'/1-/
'�'-��/�,2�*,D0�'�/�1*D)-/1-�/2,�,�1/�,�	/�	'/�)�)*2/)(/.*''-/1-�/�,.	�/
D�0'4/ *'2�'��,�'��4/ )-/ 1/
1�/ )(/ 73?;/ �1*�,��'24/ �*)�,-./ 1/ �	1*V2,�,�1/
2�*0��0*'E/7,-�'/�	1*/�1-/�)-�*,D0�'/+0�	/D'��'*/�1�1���,�/1��,�,��/�	1-/
2,�,�1/21-�/RIGS4/�	'/7=5/�,1.*1+/,-/?,.E/I/��C/2�'�,B�1���/�'�,��2/�	'/
�	1*/20*(1�'/)(/73?;/()*/(0*�	'*/,-�'2�,.1�,)-E/70D–�,1.*1+2/��C4/�'C4/�(C4/
1-�/�.C/,��02�*1�'/�	'/7=5–=�Z/*'20��2/)(/34/94/314/1-�/7,4/*'2�'��,�'��4/
�,�	/�)�)*2/)(/.*''-4/�'��)�4/D�0'4/1-�/�,.	�/D�0'/�)/2	)�/�	'/�,2�*,D0�,)-/
)(/�	'2'/'�'+'-�2E/8	'/20*(1�'/)(/�	'/�	1*/	12/-)/*'.0�1*/2�*0��0*'4/1-�/
+)2�/�)+�)-'-�2/1*'/�1*D)-/)-/�	'/20*(1�'/D'�102'/)(/�	'/�1*.'/'6��,�,�/
.*''-/1*'14/�,�	/)-��/1/('�/�,2�'*2,)-/)(/9/1-�/31/*'.1*�,-./?,.E/I/�'C/
1-�/�(CE/�,.	/12	/�)-�'-�/,-/�	'/2�*1�/�	1*/+,.	�/D'/�)�'*'�/D�/�1*D)-4/
�	,�	/�1-/+,.*1�'/�)/�	'/20*(1�'/�	*)0.	/�	'*+1�/�*'1�+'-�/RIFSE/7)+'/
7,�,�1/�0+�2/(*)+/2,�,�1/21-�/1��*,�,)-/�1-/1�2)/D'/)D2'*�'�/,-/?,.E/I/�.C/,-/
�	'/*'�/�,*��'E/

70/0 �
�����	���
����	����	����	
���	��=:	��	���	�������	
�	3/	

73?;/�12/B*2�/�'2�'�/�,�	/�,(('*'-�/2�'1+/�)-�'-�*1�,)-2/�)/'�1�01�'/
,�2/ �1�1���,�/ 1��,�,��/ )(/ �)�0'-'/ *'()*+,-.E/ 7,-�'/ �'+�'*1�0*'/ ,2/ 1-/
'22'-�,1�/ �1*1+'�'*/ ()*/ �	'/ �)�0'-'/ �)-�'*2,)-/ RKG4KFS4/ �)�0'-'/
*'()*+,-./1�/�,(('*'-�/�'+�'*1�0*'2/�12/B*2�/�)-�0��'�/,-/1/B6'�/��N@/
= KHLE/8	'/�)�0'-'/�)-�'*2,)-/1-�/2'�'��,�,�,'2/)(/3���4/3@4/3@N4/1-�/
3�Q/ �0*,-./ �)�0'-'/*'()*+,-./1�/WHG4/JHG4/1-�/FGG/ ◦3/1*'/2	)�-/,-/
?,.E/QE/<�/�12/()0-�/�	1�/Z3W�J/,-�*'12'�/1�)-./�,�	/*,2,-./�'+�'*1�0*'4/

�	'*'/�	'/	,.	'2�/Z3W�J/,-/�	,2/�'2�/�12/GENK/1�/�	'/	,.	'2�/�'+�'*1�0*'/
)(/FGG/◦3E/A'�102'/)(/�	'/2	)*�/2�1�'/�,+'/)(/GEJ/./	/+−I4/�)-�'*2,)-2/
�'*'/-)�/�*)+,-'-�/,-/�	'/'6�'*,+'-�1�/�'2�E/�)�'�'*4/D�/�'�'�)�,-./
�	'/�,-'�,�/+)�'�/(*)+/�	'/*'20��4/�	'/�1�1���,�/1��,�,��/)(/73?;/�1-/2�,��/
D'/ �)+�1*'�/�,�	/ )�	'*/ *'2'1*�	E/ ?,.E/ Q/ 1�2)/ ,��02�*1�'2/ �	1�/ �)�0'-'/
+1,-��/�)-�'*�2/ ,-�)/3@/1-�/3@N4/ ,-�,�1�,-./ �	1�/&K/1-�/&N/1*'/ �	'/
+1P)*/*'1��,)-2/�,�	/73?;/12/�	'/�1�1��2�E/7,-�'/&I/1�2)/	1��'-2/1�/	,.	/
�'+�'*1�0*'24/73���/ .*1�01���/,-�*'12'2/(*)+/G/�)/GEKF/1�)-./�,�	/�	'/
,-�*'12,-./�'+�'*1�0*'E/<-/�)+�1*,2)-/�)/�	'/*'('*'-�'/RKJS4/73���/1-�/
73@N/	1�'/2,+,�1*/�*'-�2/�)/�	)2'/)D�1,-'�/(*)+/�,-'/D1*�/D,)�	1*/�1*
*,'�/)0�/�,�	/1/*'�1�,�'��/ �)-./2�1�'/�,+'/)(/GEGF/�./	/+−IE/73�Q/�'
�*'12'2/(*)+/GEGW/1�/WHG/◦3/�)/GEGI/1�/FGG/◦34/12/�	'/21+'/*'('*'-�'/	12/1/
2,+,�1*/�'��,-'/1�/1/	,.	–�'+�'*1�0*'/*1-.'/(*)+/JGG/�)/FGG/◦3E/;�/FGG/
◦34/�)�0'-'/*'()*+,-./�*'('*2/�)/()*+/3@/*1�	'*/�	1-/3@N/D'�102'/�	'/
*'�'*2'/�1�'*–.12/2	,(�/*'1��,)-/�1�'2/��1�'/1�/'6�*'+'��/	,.	/�'+�'*
1�0*'2/)�'*/JHG/◦3/RQGSE/

&'()*+,-./�)-�'*2,)-/1-�/2'�'��,�,��/)�'*/73?;/�,�	/�,(('*'-�/��N@/
1�/JHG/◦3/�12/1�2)/�'�,��'�/,-/?,.E/HE/;��	)0.	/-)/2,.-,B�1-�/�	1-.'/)(/
�)�0'-'/�)-�'*2,)-/)��0**'�/D�/1��,-./+)*'/2�'1+4/��N@/	1�/1-/,+�1��/
)-/�	'/2'�'��,�,��/)(/�)�0'-'/*'()*+,-.E/;��)*�,-./�)/?,.E/H4/73@/ *,2'2/
1�)-./�,�	/�	'/,-�*'12,-./��N@/1-�/�	'-/�0*-2/)0�/�)/D'/	,.	'*/�	1-/�	'/
73@N/1�/��N@/= KHL/,-/?,.E/Q4/20..'2�,-./�	1�/&N/,2/.*1�01���/�'1�'-'�/
D�/,-�*'12,-./��N@E/@-/�	'/)�	'*/	1-�4/D'-M'-'/�'-�2/�)/D'/�'�)+�)2'�/
1�/	,.	/��N@/�0'/�)/*',-()*�'�/&K/�,�	/+)*'/*'1��1-�/2�'1+E/73���/�'
�*'12'2/(*)+/GEKQ/�)/1�+)2�/G/0-�,�/��N@/*'1�	'2/IGLE/8	,2/*'20��/20.
.'2�2/�	1�/�)�0'-'/*'()*+,-./)�'*/73?;/,2/D'��'*/�)/D'/�1**,'�/)0�/1�/	,.	/
2�'1+/�)�0+'/(*1��,)-/2,-�'/�	'/,-�'*+'�,1�'4/D'-M'-'4/�1-/D'/(0*�	'*/
�*1-2()*+'�/ ,-�)/ �,.	�/ .12/ �)+�)-'-�2/ �0'/ �)/ '-	1-�'�/ *'1��,)-/ )(/
2�'1+/*'()*+,-.E/5)*')�'*4/2'�'��,�,��/)D�1,-'�/(*)+/2�'1+/*'()*+,-./
)(/ �)�0'-'/)�'*/73?;/,2/'-�,*'��/�,(('*'-�/ (*)+/�	1�/)�'*/21-�/�,�	/1/
�*,+1*�/2'�'��,�,��/�)/3���/RIWSE/;/+1P)*/()*+1�,)-/)(/3@/1-�/3@N/)�'*/
73?;/ 20..'2�2/ 2�*1�/ �	1*/ �)0��/ 	1�'/ 1/ 2,.-,B�1-�/ �)-�*,D0�,)-/ �)/
�)�0'-'/*'()*+,-./1-�/ �	'/�'�)+�)2,�,)-/)(/ �	'/1*)+1�,�/ *,-.E/7,-�'/
2�*1�/�	1*/�*)�,�'2/�	'/+1,-/20*(1�'/1*'1/,-/73?;4/1��,�'/2,�'2/)-/2�*1�/
�	1*/�1-/�*)+)�'/2�'1+/*'()*+,-./)(/�)�0'-'/1-�/,-
0'-�'/�	'/+'�	
1-,2+/)(/�)�0'-'/*'()*+,-.4/�'1�,-./�)/1/�)�/D'-M'-'/2'�'��,�,��E/
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7,-�'/�N/ ,2/)-'/)(/�	'/+1,-/.12/�)+�)-'-�2/(*)+/�	'/7@:/�*)�'224/
�	'/'(('��/)(/	��*).'-/�)-�'-�*1�,)-/)-/�)�0'-'/*'()*+,-./)�'*/73?;/
�12/�'�'��'�E/?,.E/�/2	)�2/�)�0'-'/�)-�'*2,)-/1-�/*'1��,)-/2'�'��,�,��/
�0*,-./�)�0'-'/*'()*+,-./)�'*/73?;/1�/�1*,)02/��N/(*)+/G/�)/KGL/�JHG/
◦3�/��N@/B6'�/1�/HLCE/Z3W�J/	12/-)/2,.-,B�1-�/�,(('*'-�'/�	'-/��N/= G4/
NEH4/H4/1-�/KGL/,-/�	,2/*'2'1*�	E/<�/,2/�)*�	/+'-�,)-,-./�	1�/	��*).'-/
	12/1-/'-)*+)02/,-
0'-�'/)-/�	'/2'�'��,�,��/)(/�)�0'-'/*'()*+,-./D12'�/
)-/�	'/*'20��E/73���/1-�/73�Q/,-�*'12'/(*)+/GEKQ/�)/GEQQ/1-�/(*)+/GEGI/�)/
GEGW4/ *'2�'��,�'��4/ 1�)-./ �,�	/ *,2,-./ ��N4/ ,-�,�1�,-./ �	1�/ �)�0'-'/
	��*)�'1����1�,)-/��1�2/1/+1P)*/*)�'E/8	'*'()*'4/1�/1/	,.	/*1-.'/)(/��N/
�1D)�'/ HLC4/ 3���/ �12/ �	'/ +1P)*/ �)+�)-'-�/ ()*+'�/ (*)+/ �)�0'-'/
*'()*+,-.4/1+)-./)�	'*/�1*D)-–�)-�1,-,-./2�'�,'2E/<-/�	'/�*'2'-�'/)(/
�N4/2�'1+/*'()*+,-./)(/�)�0'-'/�12/20��*'22'�4/1-�/	'-�'/�'22/1-�/�'22/
3@/1-�/3@N/�'*'/�*)�0�'�E/;��)*�,-./�)/?,.E/�4/73@/1-�/73@N/�'�*'12'/
(*)+/GEIW/ �)/GENJ/1-�/ (*)+/GEQ�/ �)/GENK4/ *'2�'��,�'��4/�	'-/��N/ ,-
�*'12'2/�)/KGLE/8	,2/*'20��/20..'2�2/�	1�/&K/�12/�*12�,�1���/�'1�'-'�/D�/
,-�*'12,-./��N/D'�102'/�	'/�*,+1*�/*'1��,)-/�12/2�,��	'�/�)/&QE/8	,2/
'(('��/+,.	�/1�2)/�'1�/�)/�	'/�	1-.'/)(/Z3W�J/�	'-/	��*).'-/,2/�*'2'-�E/
;/B6'�/��N/= KGL/�12/1�2)/�'2�'�/�,�	/�	*''/�,(('*'-�/��N@/= HL4/KGL4/
1-�/NGL/ �)/ ,-�'2�,.1�'/ �	'/ ,-
0'-�'/)(/ �	'/2�'1+/ �)/	��*).'-/�)�0
+'�*,�/ *1�,)/���N@V��NC/)-/ �	'/2'�'��,�,��E/73���/ 1-�/73@/ 1�/�,(('*'-�/
��N@V��N/1*'/,��02�*1�'�/,-/?,.E/W4/20..'2�,-./�	1�/��N@V��N/	12/1/2,.
-,B�1-�/ ,-
0'-�'/ )-/ �	'/ 2'�'��,�,��E/ �,.	'*/ ��N@V��N/ �'1�2/ �)/ �	'/
�*'('*'-�'/)(/2�'1+/*'()*+,-./)(/�)�0'-'/*1�	'*/�	1-/	��*)�'1����1�,)-/
)(/ �)�0'-'E/;2/ 1/ *'20��4/ 73@/ 2,.-,B�1-���/ ,-�*'12'2/�	,�'/ 73���/ �*)�2/
1�)-./�,�	/��N@V��N/ ,-�*'12,-./ ,-/ �	'/ *1-.'/ (*)+/GEH/ �)/NE/;�/	,.	/
��N@V��N/= N4/73?;/'6	,D,�'�/D'��'*/1��,�,��/)-/�	'/D*'1��)�-/)(/�	'/

������ 8:;/�,1.*1+/)(/�	'/*'2,�01�/+122/(*1��,)-/�5&C/�2E/�'+�'*1�0*'/�8C/)(/
73?;/��)-�0��'�/�,�	/1/>N/
)�/*1�'/)(/H⋅KG−H/+I/+,-−KCE/
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1*)+1�,�/*,-.4/�	,�	/,2/)-'/)(/�	'/+1,-/�	1��'-.'2/,-/�1*/*'()*+,-.4/�,�	/
1/�)�'*/73���/D'�)�/GEIH/�)+�1*'�/�)/73���/)(/GEQH/1�/��N@V��N/= GEHE/
3	'-/ '�/ 1�E/ 1�2)/ )D2'*�'�/ �	1�/ �	'/ 73���/ )(/ �)�0'-'V-1�	�	1�'-'/
*'()*+,-./ 1�/��N@V��N/= N/ )�'*/�,(('*'-�/ D,)�	1*2/	1�/ 1/ �)�/�1�0'/
D'�)�/GEN/RKFSE/8	'/B-�,-./	'*'/20..'2�2/�	1�/�	'/�)-�'*2,)-/(*)+/1*
)+1�,�2/�)/�,.	�/.12/�)+�)-'-�2/)�'*/73?;/�1-/D'/'-	1-�'�/�,�	/1-/
1��,�,)-1�/2�'1+/
)�/()*/*1,2,-./�	'/�1�0'/)(/��N@V��N/ ,-/*1�/2�-.12E/
O,�	/�,(('*'-�/��N@V��N/ )(/2�-.12/�'*,�'�/(*)+/�1*,)02/D,)+122/.12,
B�1�,)-/ �*)�'22'24/ �	'/ 2'�'��,�,��/ )(/ �1*/ *'()*+,-./ +,.	�/ 1�2)/ 	1�'/
�,(('*'-�/�*'-�2E/

7090 ��������	

O,�	/ �)�0'-'/ �)-�'*2,)-2/ 1-�/ *'1��,)-/ �'+�'*1�0*'24/�,-'�,�/ �)-
2�1-�2/ �1-/ 1�2)/ D'/ �1��0�1�'�/ 02,-./�,-'�,�/+)�'�2E/ <-/ �	,2/�)*�4/ �	'/
B*2�–)*�'*/�,-'�,�/+)�'�4/�	,�	/,2/.'-'*1���/()��)�'�/D�/�1*/*'()*+,-./
)�'*/�	1*4/�12/02'�/,-/�	,2/2�0��/RKJ4IGSE/T-�'*/��0./
)�/�)-�,�,)-24/
�	'/1��1*'-�/�,-'�,�/*1�'/�)-2�1-�/��C/,2/2	)�-/D'�)�4/

k = ln(1− XC7H8)
τNTP

�QC/

A�/ 20D2�,�0�,-./ *'2�'��,�'/ �/ 1-�/ *'()*+,-./ �'+�'*1�0*'/ �8*C/ ,-�)/
;**	'-,02’ �1�/�HC4/�	'/1��,�1�,)-/'-'*.�/�=1C/�1220+'�/�)/D'/�)-2�1-�/,-/
�	'/2�0�,'�/�'+�'*1�0*'/*1-.'C4/1-�/�	'/1��1*'-�/�*'–'6�)-'-�,1�/(1��)*/

������ �1C/7=5–=�Z/1-1��2,2/)(/3/)-/1/
1�/)(/73?;/�1*�,��'2/�DC/7=5–=�Z/1-1��2,2/)(/7,/)-/1/
1�/)(/73?;/�1*�,��'2/��C/7�'�,B�/7=5/1-1��2,2/)(/�	1*/,-/73?;/��C/
7�'�,B�/7=5–=�Z/1-1��2,2/)(/�	1*/,-/73?;/�,�	/3/�,2�*,D0�,)-/�'C/7�'�,B�/7=5–=�Z/1-1��2,2/)(/�	1*/,-/73?;/�,�	/9/�,2�*,D0�,)-/�(C/7�'�,B�/7=5–=�Z/1-1��2,2/)(/
�	1*/,-/73?;/�,�	/31/�,2�*,D0�,)-/�.C/7�'�,B�/7=5–=�Z/1-1��2,2/)(/�	1*/,-/73?;/�,�	/7,/�,2�*,D0�,)-E/
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��GC/�1-/D'/�1��0�1�'�E/8	'-/D)�	/�,-'�,�/�1*1+'�'*2/�1-/D'/�)+�1*'�/
�,�	/�	'/*'20��2/)(/)�	'*/2�0�,'2/�)/'�1�01�'/�	'/1��,�,��/)(/�	'/1���,'�/
�1�1��2�2/()*/�1*/*'()*+,-.E/
k = k0 × e(−Ea/RTr ), �HC//

�	'*'/&/,2/�	'/,�'1�/.12/�)-2�1-�/�JEIKQ/�/9−K/+)�−KCE/
9,-'�,�/�)-2�1-�2/)(/�,(('*'-�/D,)�	1*2/1-�/+,-'*1�/+1�'*,1�2/(*)+/

�,(('*'-�/*'2'1*�	'2/1*'/�,2�'�/,-/81D�'/HE/<-/�	,2/*'2'1*�	4/�	'/.12/2�1�'/
�,+'/()*/73?;/,2/+0�	/2	)*�'*/�	1-/)�	'*/2�0�,'24/2)/1/*'�1�,�'��/ �)�/
�)�0'-'/�)-�'*2,)-/,2/'6�'��'�E/�)�'�'*4/�,�	/��)/�1*1+'�'*2/=1/1-�/
�G/ �81D�'/HC4/ �	'/�'*()*+1-�'/)(/�,(('*'-�/�1�1��2�2/1�/JHG/ ◦3/�1-/D'/
'12,��/�)+�1*'�/D�/�)-2�*0��,-./�	'/*'�1�,)-2	,�/D'��''-/�	'/2�1�'/�,+'/
1-�/�	'/�)-�'*2,)-/)(/�1*/�)+�)0-�2/�ZC/)(/�	'2'/�1�1��2�2E/7,-�'/73?;/,2/
B-'/ �1*�,��'2/�,�	/ 1/ �1*�,��'/ 2,M'/ D'�)�/ GEH/ ++4/ D,)�	1*2/�,�	/ �	'/
2,+,�1*/2,M'/ �,2�'�/ ,-/81D�'/H/1*'/�	'-/�)+�1*'�/�,�	/73?;/,-/?,.E/J4/
1��	)0.	/�	'/*'()*+,-./�*)�'22'24/�)-�,�,)-24/1-�/�'2�'�/�1*/�)+�)0-�2/
,-/ �,(('*'-�/ *'2'1*�	/ 1*'/ �,2�,-��E/ ;�/ JHG/ ◦34/ 1��/ �	1*2/ 	1�'/ 	,.	/ Z/
'6�''�,-./GEJ/�,�	/2�1�'/�,+'/1D)�'/GEK/�./	/+−I4/�	,�'/)-��/73?;/1-�/
21��02�/D,)�	1*/RJS/*'1�	/�)+��'�'/�)-�'*2,)-/)(/�	'/�1*/�)+�)0-�/1�/
GEGH/�./	/+−I4/ �)-B*+,-./ �	1�/ 73?;/ �1-/ D'/ *'.1*�'�/ 12/ 1/ 20,�1D�'/
�1�1��2�/ ()*/ �1*/*'�0��,)-/12/�'+)-2�*1�'�/D�/	,.	/�)-�'*2,)-/*1�'/,-/
2	)*�/2�1�'/�,+'E/
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8	'/.12,B�1�,)-/)(/73?;4/�)�0'-'/�)-�'*2,)-4/1-�/D'-M'-'/2'�'��,�,��/
�0*,-./ K–	/ �)�0'-'/ *'()*+,-./ ,-/ 1/ 2,+0�1�'�/ 7@:/�'*,�'�/ �)-�,�,)-/
�'*'/,-�'2�,.1�'�/	'*'E/<-/�	,2/2�0��4/�	'/21+��'/.12/()*/2,+0�1�,-./7@:/
�'*,�'�/2�-.12/�12/+1�'/0�/)(/�	'/+1,-/.12/�)+�)2,�,)-/(*)+/�	'/7@:/
�*)�'224/�N@/1-�/�N4/�,�	/�	'/�)�0+'�*,�/*1�,)/= K/�KHLVKHLC/*'('**,-./
�)/81D�'/KE/3@N/1-�/)�	'*/.12/�)+�)-'-�2/�'*'/-'.�'��'�/,-/�	'/2,+0
�1�'�/'-�,*)-+'-�/*'.1*�,-./�	'/�'2�*,��,)-/,-/7'��,)-/KE/73?;/2�'1+/
.12,B�1�,)-/�,�	)0�/�)�0'-'/1-�/�	'/2�'1+/*'()*+,-./)(/�)�0'-'/)�'*/
73?;/,-/�	'/1D2'-�'/)(/	��*).'-/1*'/1�2)/�'+)-2�*1�'�E/

70<010 ��=:	����@����
�	������	�
�����	���
����	
3	1*/.12,B�1�,)-/�0*,-./�1*/*'()*+,-./,2/D1*'��/()0-�/,-/�,�'*1�0*'4/

1-�/�	02/�	,2/*'2'1*�	/*'('**'�/�)/�	'/+'�	)�/�'�'�)�'�/D�/3	'-/'�/1�E/
RKFS/�)/'�0�,�1�'/�	'/,-
0'-�'/)(/�)�0'-'/1-�/�N/)-/73?;/.12,B�1�,)-/D�/
�	'/ .12,B�1�,)-/ *1�'/ 1�/ �	'/ 21+'/ �'+�'*1�0*'E/ 8	'/ *'�*'2'-�1�,�'/
'6�'*,+'-�1�/�)-�,�,)-2/1*'/12/()��)�2X/�KC/8/= JHG/◦3/1-�/��N@/= KHL�/
�NC/8/= JHG/◦34/��N@/= KHL4/�3W�J/= NEQI/�+IV+I/1-�/�IC/8/= JHG/◦34/
��N@/= KHL4/��N/= KHL4/�3W�J/= NEQI/�+IV+IE/3)-�,�,)-/ �IC/ ,2/ 1/
2,+0�1�'�/.12/�)+�)2,�,)-/�,�	/��N@V��N/= K/*'('**,-./�)/7@:/�'*,�'�/
2�-.12E/

8	'/.12,B�1�,)-/*1�'/�*:C/)(/73?;/,-/�)-�,�,)-/�KC/�1-/D'/�1��0�1�'�/
�,�	/=�E/��C/D�/�'B-,-./*:/'�01�2/�)/�	'/�*)�0��,)-/*1�'/)(/�1*D)-/,-/3@/
1-�/3@N/2�'++,-./(*)+/73?;/)-/�	'/D12,2/)(/.12,B�1�,)-/*'1��,)-2/&N/
1-�/&H/RQIS4/�	'*'/;3�3@/1-�/;3�3@N/1*'/�	'/1��0+0�1�'�/�)-�'-�*1�,)-/
)(/�1*D)-/(*)+/3@/1-�/3@N/�	,�	/1*'/1*,2,-./(*)+/73?;/.12,B�1�,)-/
��:�3@/1-�/�:�3@NC/�0*,-./�,+'/�E/<-/�)-�,�,)-/�KC4/�:�3@/1-�/�:�3@N/1*'/
'�01�/ �)/ �	'/ )0��'�/ �)�0+'/ �)-�'-�*1�,)-/ )(/ 3@/ 1-�/ 3@N/ �'�'��'�/
�,*'����/D�/?8<&/��3@/1-�/�3@N/,-/?,.E/FC4/*'2�'��,�'��4/2,-�'/73?;/,2/�	'/
)-��/*'1��1-�/()*/2�'1+/.12,B�1�,)-E/

������ 8)�0'-'/�)-�'*2,)-/1-�/2'�'��,�,��/(*)+/�)�0'-'/*'()*+,-./)�'*/73?;/1�/
�,(('*'-�/�'+�'*1�0*'2/���N@/= KHLCE/�Z3W�J4/ AX/Z3W�J/)(/D�1-�/�'2�,-.CE/

������ 8)�0'-'/�)-�'*2,)-/1-�/2'�'��,�,��/(*)+/�)�0'-'/*'()*+,-./)�'*/73?;/1�/
�,(('*'-�/2�'1+/�)�0+'/(*1��,)-2/�8/= JHG/◦3CE/

���� �� =(('��/ )(/ �)�0+'/ (*1��,)-/ )(/ 	��*).'-/ )-/ 2'�'��,�,��/ �0*,-./ �)�0'-'/
*'()*+,-./)�'*/73?;/�8/= JHG/◦3�/��N@/= HLCE/

���� �� =(('��/ )(/ 2�'1+/ �)/ 	��*).'-/ �)�0+'�*,�/ *1�,)/ )-/ 2'�'��,�,��/ �0*,-./
�)�0'-'/*'()*+,-./)�'*/73?;/�8/= JHG/◦3CE/
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�

rG(–)= d(AC CO + AC CO2)
dt

��C/

;3�3@/1-�/;3�3@N/1�/�,+'/�/1*'/�)+�0�'�/D�/�	'/,-�'.*1�,)-/)(/�:�3@/
1-�/�:�3@N/�,�	/�/,-/=�2E/�WC/1-�/�JCX/

AC CO = 10−3⋅

∫ t

0

yG COdt, �WC//

AC CO2 = 10−3⋅

∫ t

0

yG CO2dt �JC/

?,-1���4/*:/�1-/D'/�1��0�1�'�/D�/�,(('*'-�,1�,)-/)(/;3�3@/ 1-�/;3�3@N/
�,�	/*'2�'��/�)/�/2	)�-/,-/=�E/��CE/

O	'-/,�/�)+'2/�)/.12,B�1�,)-/)(/73?;/,-/�)-�,�,)-/�NC4/�:�3@/ 1-�/
�:�3@N/�1-/-)�/D'/�,*'����/)D�1,-'�/(*)+/�3@/1-�/�3@N/D'�102'/�)�0'-'/
*'()*+,-./1�2)/�)-�*,D0�'2/�)/3@/1-�/3@N/�*)�0��,)-/�0'/�)/&K/1-�/&NE/
;2/1/ *'20��4/ �	'�/ 1*'/ '-0+'*1�'�/ D�/�3@/ 1-�/�3@N/ �'�,��'�/ ,-/?,.E/F/
20D�*1��,-./ �)-�'-�*1�,)-2/ )(/ 3@/ 1-�/ 3@N/ (*)+/ �)�0'-'/ ��8�3@/ 1-�/
�8�3@NC/1�/�,+'/�4/�*'2'-�'�/12/=�E/�FCE/O,�	/�	'/21+'/1220+��,)-/12/3	'-/
'�/1�E/ RKFS4/�8�3@/ 1-�/�8�3@N/ �1-/D'/�1��0�1�'�/D�/ (*1��,)-2/)(/3/(*)+/
*'1��'�/�1*/+)�'�/�)+�)0-�/�'�0��,-./�	)2'/(*)+/3�Q/1-�/3���/�=�E/
�KGCCE/*:/)(/73?;/1�/�,+'/�/,-/�)-�,�,)-/�NC/,2/�	'-/�1��0�1�'�/D�/=�2E/��C– 

�JC/1-�/,2/�*'2'-�'�/,-/?,.E/KGE/
yG CO+ yG CO2 = yCO + yCO2 −

(
yT CO+ yT CO2

) �FC/

������
3)+�1*,2)-/)(/B*2�–)*�'*/*1�'/�)-2�1-�2/()*/�)�0'-'/*'()*+,-./02,-./73?;/12/�1�1��2�/��3W�J/= NEQI/�+IV+I�/��N@/= KHLC/�,�	/�	'/�,�'*1�0*'E//
31�1��2�/���'/ &'1��1-�2/ 8/�◦3C/ Z/�−C/ =1/���V+)�C/ �G/�+I/�.−K/	−KC/ τNTP��./	/+−IC// U'��'�/2,M'/�++C/

73?;/��	,2/*'2'1*�	C/ 8)�0'-'4/�N@/ WHG–FGG/ GEG�–GENK/ WJ/ JEW⋅KGH/ GEGGGJ/ GEGK–GEI/
7�*1�/�	1*1/RKFS/ 8)�0'-'/�>1�	�	1�'-'4/�N@4/�N/ JIG–JJG/ GENK–GEH�/ N�G/ NEI⋅KGKI/ GEGN/ N–H/
U1�+/2	'��/�	1*1/RKFS/ 8)�0'-'/�>1�	�	1�'-'4/�N@4/�N/ JHG–FGG/ GEIK–GEJK/ IKF/ WEJ⋅KGKH/ GEGI/ N–H/
O))�/�	1*1/RKFS/ 8)�0'-'/�>1�	�	1�'-'4/�N@4/�N/ WIG–JJG/ GEN�–GEWG/ JF/ KEI⋅KG�/ GEGK/ N–H/
U,-'/D1*�/D,)�	1*/RKJS/ 8)�0'-'4/�N@/ �HG–FGG/ GEKF–GEFQ/ FK/ NE�⋅KGH/ GEGF/ GENKN–GEQN/
3)++'*�,1�/D,)�	1*/RIGS/ >1�	�	1�'-'4/�N@/ WGG–FGG/ �GEWH–KEG/ �K/ WE�⋅KGQ/ GEGQ/ GEH–GEJ/
3)1�/�	1*1/RNQS/ 8)�0'-'/��>1�	�	1�'-'4/�N4/�N@/ WHG–FHG/ – FK/ QEG⋅KG�/ GEGKQD/ K–NEJ/
3)�)-0�/�	1*1/RNQS/ 8)�0'-'/��>1�	�	1�'-'4/�N4/�N@/ WHG–FHG/ – WH/ NEJ⋅KGH/ GEGQQD/ K–NEJ/
�*,'�/2'�1.'/2�0�.'/�	1*1/RNQS/ 8)�0'-'/��>1�	�	1�'-'4/�N4/�N@/ WHG–FHG/ – JJ/ �EG⋅KGH/ G/EGQJD/ N–NEJ/
71��02�/D,)�	1*/RK�S/ 81*/(*)+/��*)��2,2/)(/D,)+1224/�N@/ �HG–JGG/ GEJK–GEF�/ IH/ KEJ⋅KGQ/ �GEGGF/ GEKH–GENH/
KJEWL/?'–D,)�	1*/RQKS/ 8)�0'-'4/�N@/ QHG–FGG/ – QJ/ HEQ⋅KGI/ GEGF/ GEN–GEQ/
@�,�,-'/RQNS/ >1�	�	1�'-'4/�N@4/3@N4/3@4/�N/ JNH–FGG/ �GEI–GEWH/ KQK/ KEW⋅KGW/ – – 

>,V)�,�,-'/RFS/ 8)�0'-'4/�N@/ H�G–JHG/ GEI–KEG/ KF�/ IEK⋅KGKI/ – GENH–GEIKH/
31@1/RKFS/ 8)�0'-'/�>1�	�	1�'-'4/�N@4/�N/ WHG–FGG/ GEKQ–GEFJ/ NKJ/ KEH⋅KGKK/ GEKIH/ N–H//
1 �1�1/(*)+/�)�0'-'/�)-�'*2,)-E/
D 31��0�1�'�/D�/D0��/�'-2,��/��./+−IC/1-�/*'2,�'-�'/�,+'/�2CE/

���� � 8	')*'�,�1�/�)-�'*2,)-/)(/ �	'/ �1*/�)+�)0-�/)�'*/�,(('*'-�/B-'/�	1*/
D12'�/+1�'*,1�2/12/1/(0-��,)-/)(/.12/2�1�'/�,+'/1�/JHG/◦34/�1��0�1�'�/(*)+/�	'/
�,-'�,�2/.,�'-/,-/81D�'/HE/

����!� �)�0+'/(*1��,)-2/)(/�1*D)-/+)-)6,�'/1-�/�1*D)-/�,)6,�'/12/1/(0-��,)-/
)(/�,+'/�0*,-./�'2�,-./1�/�	'/()��)�,-./�)-�,�,)-2/�KC/8/= JHG/◦3/1-�/��N@/=
KHL4/�NC/8/= JHG/◦34/��N@/= KHL4/�3W�J4/,-/= NEQI/�+IV+I4/1-�/�IC/8/= JHG/◦34/
��N@/= KHL4/��N/= KHL4/�3W�J4,-/= NEQI/�+IV+IE/

�����"� 3)+�1*,2)-/)(/.12,B�1�,)-/*1�'/1-�/�1*D)-/�)-�'*2,)-/)(/73?;/(*)+/
�1��0�1�,)-/�0*,-./K–	/�'2�,-./�,+'/1�/�	'/()��)�,-./�)-�,�,)-2/�KC/8/= JHG/◦3/
1-�/��N@/= KHL4/�NC/8/= JHG/◦34/��N@/= KHL4/�3W�J4/,-/= NEQI/�+IV+I4/1-�/�IC/
8/= JHG/◦34/��N@/= KHL4/��N/= KHL4/�3W�J4,-/= NEQI/�+IV+IE/
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�

yT CO+ yT CO2= 7 ⋅
(
yC7H8, in − yC7H8

)− 6 ⋅ yC6H6 − yCH4 �KGC/
<-/�	'/�,.	�/)(/?,.E/KG4/*:/ ,-/�	'/�)-�,�,)-/�KC/,2/+0�	/	,.	'*/,-/�	'/

D'.,--,-./0-�,�/1��*)6,+1�'��/�/= IG/+,-/�	1-/*:/,-/�)-�,�,)-/�NC4/�	,�	/
�)-B*+2/ �	'/�	'-)+'-)-/ )(/ ,-	,D,�,)-/ )(/ �	1*/ .12,B�1�,)-/�,�	/ �	'/
�*'2'-�'/)(/�)�0'-'E/8	,2/*'20��/�)**'2�)-�2/�)/�*'�,)02/*'2'1*�	4/�	,�	/
1�2)/�*)�'2/�	1�/�	'/�*'2'-�'/)(/�1*/,-	,D,�2/�	'/.12,B�1�,)-/)(/D,)�	1*/
RNHSE/;(�'*/IG/+,-4/*:/)(/�)-�,�,)-/�KC/1-�/�NC/�'�*'12'/�)/�1�0'2/D'�)�/
K⋅KG−I/(*)+/QEJ⋅KG−I/1-�/NEW⋅KG−I/��/= H/+,-C4/*'2�'��,�'��4/,-�,�1�,-./
�	1�/�	'/B*2�/IG/+,-/,2/�	'/�*,+'/�,+'/()*/73?;/.12,B�1�,)-/�	'�	'*/�,�	/

�)�0'-'/ )*/ -)�E/ ;(�'*/ IG/+,-4/ .12/ �*)�0��/ 2�'+2/+)2���/ (*)+/ 2�'1+/
*'()*+,-./ )(/ �)�0'-'4/�	'*'/�3@/ 1-�/ �3@N/ D)�	/ 2�1D,�,M'/ 1�/ 1��*)6,
+1�'��/K/�+IV+IE/

A�/02,-./�	'/21+'/+'�	)�4/�	'/*:/)(/�)-�,�,)-/�IC/,2/1�2)/,��02�*1�'�/,-/
?,.E/KGE/8	'/�*)�0��,)-/)(/3@/1-�/3@N/�,�	/�N/�*'2'-�/,2/+0�	/�)�'*/
�	1-/�	1�/�,�	)0�/�N/�0*,-./�	'/�	)�'/�'2�,-./�'*,)�4/*'�)*�,-./�	1�/�N/
	,-�'*2/�	'/2�'1+/*'()*+,-./*'1��,)-2/&N/1-�/&HE/;��)*�,-./�)/?,.E/KG4/
*:/,-/�)�0'-'/*'()*+,-./�,�	/	��*).'-/,2/+0�	/�)�'*/�	1-/�	1�/�,�	)0�/
	��*).'-/1-�/*'+1,-2/*)0.	��/�)-2�1-�/D'�)�/K⋅KG−I4/,-�,�1�,-./�	1�/
�	'/�*'2'-�'/)(/	��*).'-/�1-/2�*)-.��/,-	,D,�/�	'/.12,B�1�,)-/)(/73?;/
�0*,-./�)�0'-'/*'()*+,-.E/

8	'/�1*D)-/+)�'�0�1*/�)-�'*2,)-/�Z3C/)(/73?;/�1-/1�2)/D'/�1��0
�1�'�E/8	*)0.	/�)-�,�,)-/�KC4/�	'/�1*D)-/,-/73?;/�12/1�+)2�/�)-�'*�'�/
,-�)/3@/1-�/3@N/��1*D)-/�)-�'-�/< 1/+122/(*1��,)-/)(/GEGNL/2	)�-/,-/
81D�'/�C/,-/�G/+,-E/8	'/�1�0'/)(/;3�3@/+ ;3�3@N/�;3�516C/1�/�/= �G/+,-/,-/
�)-�,�,)-/�KC/,2/�)-2,�'*'�/12/�	'/+16,+0+/�*)�0��,)-/)(/3@/1-�/3@N/
(*)+/1��/73?;/�1*D)-E/;��)*�,-./�)/;�).1�*)’2/�1�4/1220+,-./1��/.12/
�)+�)-'-�2/ 1(�'*/ �)�0'-'/ *'()*+,-./ )�'*/ 73?;/ 1*'/ ,�'1�/ .12'24/ �	'/
+)�'�0�1*/*1�,)/)(/�1*D)-/,2/*'.1*�'�/�)/D'/�*)�)*�,)-1�/�)/�)�0+'/*1�,)4/

������
3)+�1*,2)-/)(/.12,B�1�,)-/*'�1�'�/�1*1+'�'*2/,-/�,(('*'-�/�)-�,�,)-2E//
3)-�,�,)-2/ *:�KG/ 133/

�KG−IC/ L/
KE/JHG/◦3�/��N@/= KHL�/K/	/ IE�/ <GEGN/
NE/JHG/◦3�/��N@/= KHL�/�3W�J4,-/= NEQI/�+IV+I�/K/	/ KEF/ NEW/
IE/JHG/◦3�/��N@/= KHL�/��N/= KHL�/�3W�J4,-/= NEQI/�+IV+I�/K/	/ GENN/ KHEH//
1 31*D)-/�)-�'-�/(*)+/�	'/'�'+'-�1�/1-1��2,2/)-/1/�'�/D12,2E/

������� �1C/7=5/1-1��2,2/�DC/7=5–=�Z/1-1��2,2/)(/3/�,�	/.*''-/�,2�*,D0�,)-/��C/7=5–=�Z/1-1��2,2/)(/9/�,�	/�'��)�/�,2�*,D0�,)-/��C/7=5–=�Z/1-1��2,2/)(/31/�,�	/
D�0'/�,2�*,D0�,)-/�'C/7=5–=�Z/1-1��2,2/)(/7,/�,�	/�,.	�/D�0'/�,2�*,D0�,)-/)(/73?;/.'-'*1�'�/(*)+/K–	/2�'1+/*'()*+,-./)(/�)�0'-'/1�/�	'/�)-�,�,)-/)(/��N@/= KHL/1-�/
8/= JHG/◦3E/�?)*/,-�'*�*'�1�,)-/)(/�	'/*'('*'-�'2/�)/�)�)*/,-/�	,2/B.0*'/�'.'-�4/�	'/*'1�'*/,2/*'('**'�/�)/�	'/O'D/�'*2,)-/)(/�	,2/1*�,��'EC/
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2)/Z�/1�/�,+'/�/�1-/D'/�1��0�1�'�/D�/=�E/�KKC/1-�/,��02�*1�'�/,-/?,.E/KG4/
�	,�	/,-�,�1�'2/�	1�/�1*D)-/,-/73?;/�1-/D'/.12,B'�/,-/K–	/�'2�,-./�,�	/
Z3/ = GEWG/ 1-�/ GENN/ ,-/ �	'/ �)-�,�,)-2/ �NC/ 1-�/ �IC/ �0*,-./ �)�0'-'/
*'()*+,-.E/

XC ≈ AC CO + AC CO2

AC Max
�KKC/

81D�'/ �/ �,2�2/ ��)/ .12,B�1�,)-/ *'�1�'�/ �1*1+'�'*2/ �)/ �)+�1*'/ �	'/
1���,�1�,)-/)(/73?;/12/�	'/�1*–*'()*+,-./�1�1��2�/,-/�,(('*'-�/�)-�,�,)-2E/
8)�0'-'/ 1-�/ 	��*).'-/ �1-/ *'�0�'/ �	'/ .12,B�1�,)-/ *1�'/ )(/ 73?;/ 1�
�)*�,-./�)/*:/)(/73?;/1�/�/= KG/+,-/�*:�KGCE/���*).'-/2�*)-.��/,-	,D,�'�/
�	1*/.12,B�1�,)-4/1-�/1/�)�/�)-2�1-�/*:/�12/�	02/)D2'*�'�/�	*)0.	)0�/
�	'/�	)�'/*'()*+,-./�,+'/,-/�)-�,�,)-/�ICE/8	'/+122/(*1��,)-/)(/�1*D)-/
�)-�'-�/,-/73?;/�33C/(*)+/�	'2'/�	*''/�)-�,�,)-2/1�2)/�*'2'-�2/1��1*'-�/
�,(('*'-�'2E/ O,�	)0�/ 	��*).'-/ ,-/ �)�0'-'/ *'()*+,-.4/ .12,B�1�,)-/ )(/
73?;/�'�)+�)2'2/+)2�/)(/ �	'/�1*D)-/ �33/= NEWLC/ (*)+/ �	'/)*,.,-1�/
73?;/�,�	/33/= N�L4/�	,�'/�1*D)-/�,�	/1/+122/(*1��,)-/)(/KHL/*'+1,-2/
)-/�	'/73?;/1(�'*/�)�0'-'/*'()*+,-./,-/�	'/�*'2'-�'/)(/�NE/;2/2�'1+/	12/
D''-/�'*,B'�/�	1�/,�/	12/1/�)2,�,�'/'(('��/)-/,-�*'12,-./�	'/.12,B�1�,)-/

*1�'4/ ��N@V��N/ )(/ 2�-.12/ +,.	�/ D'/ 1-/ ,+�)*�1-�/ �1*1+'�'*/ ()*/ �	'/
.12,B�1�,)-/)(/�	1*–D12'�/�1�1��2�2/,-/�1*/*'()*+,-./1-�/1�),�,-./�1*
D)-/�'�)2,�,)-E/<-/�)-��02,)-4/�	'-/1����,-./73?;/12/�	'/�1�1��2�/()*/
�)�0'-'/ *'()*+,-./1�/JHG/ ◦34/.12,B�1�,)-/)(/73?;/�12/ ()0-�/ �)/D'/1/
2�)-�1-')02/ *'1��,)-4/ ,-�,�1�,-./ 1/ �)22,D�'/ '-	1-�'+'-�/ )(/ �1*D)-/
�)-�'*2,)-/,-/�	'/7@:/�*)�'22/)(/2�*1�/�'��'�2/�	'-/02,-./*'����'�/73?;/
12/�	'/�1*–*'()*+,-./�1�1��2�E/

70<0/0 �!�	�������	
�	����	�������	
�	��=:	�����	�
�����	���
����	
7=5/�,1.*1+2/ 2	)�-/ ,-/ ?,.E/ KK/�),-�/ )0�/ �	1�/�0*,-./K–	/ 2�'1+/

*'()*+,-./)(/�)�0'-'/)�'*/73?;/1�/JHG/◦3/1-�/��N@/= KHL4/�1*D)-/�1-/
*'+1,-/)-/�	'/�	1*/20*(1�'2/20**)0-�'�/D�/�1*.'/1..�)+'*1�'�/,-)*.1-,�/
.*)0�2/12/�1-/D'/2''-/,-/?,.E/KK/�DC4/��C4/��C4/1-�/�'C/D'�102'/)(/73?;/
.12,B�1�,)-E/ <-/ �)-�*12�4/ 2)�'/ �	1*/ .12,B�1�,)-/ �,�	)0�/ �)�0'-'/ 1-�/
	��*).'-/1�/JHG/◦3/1-�/��N@/= KHL/�)-20+'�/1�+)2�/1��/�	'/�1*D)-4/
1-�/ �	02/ �1*D)-/ �)-�'-�*1�,)-/�12/ 2)/ �)�/ �	1�/ 7=5–=�Z/ �)0��/ -)�/
�'�'��/�	'/�,2�*,D0�,)-/)(/�1*D)-/)-/�	'/20*(1�'/�-)�/2	)�-CE/

7=5/�,1.*1+2/)D�1,-'�/,-/K–	/�)�0'-'/*'()*+,-./1�/��N@/= KHL4/
��N/= KHL4/1-�/8/= JHG/◦3/20..'2�/�	1�/+)*'/�1*D)-/*'+1,-2/)-/�	'/

������� �1C/7=5/1-1��2,2/�DC/7=5–=�Z/1-1��2,2/)(/3/�,�	/.*''-/�,2�*,D0�,)-/��C/7=5–=�Z/1-1��2,2/)(/9/�,�	/�'��)�/�,2�*,D0�,)-/��C/7=5–=�Z/1-1��2,2/)(/31/�,�	/
D�0'/�,2�*,D0�,)-/�'C/7=5–=�Z/1-1��2,2/)(/7,/�,�	/�,.	�/D�0'/�,2�*,D0�,)-/)(/73?;/.'-'*1�'�/(*)+/K–	/�)�0'-'/*'()*+,-./1�/�	'/�)-�,�,)-/�,�	/��N@/= KHL4/��N/=
KHL4/1-�/8/= JHG/◦3E/�?)*/,-�'*�*'�1�,)-/)(/�	'/*'('*'-�'2/�)/�)�)*/,-/�	,2/B.0*'/�'.'-�4/�	'/*'1�'*/,2/*'('**'�/�)/�	'/O'D/�'*2,)-/)(/�	,2/1*�,��'EC/
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��

�	1*/20*(1�'/�)+�1*'�/�)/�	'/�)-�,�,)-/,-/�	'/1D2'-�'/)(/�NE/;��	)0.	/
?,.E/ KN/ 2	)�2/ �	1�/ �1*D)-/ )��0�,'2/ �	'/ �1*.'/ 1*'14/ 1..�)+'*1�,)-/ )(/
+'�1�/,2/()0-�/1�/2)+'/2�*'��	'2/)-/�	'/20*(1�'4/'2�'�,1���/)-/�	'/'�.'/)(/
�	'/�	1*/20*(1�'E/7,/1��'1*2/'�,�'-���/)-/�	'/20*(1�'/)(/73?;/2	)�-/,-/
?,.E/KN/�'CE/A)�	/B-�,-.2/,-�,�1�'�/�	1�/�	'/�1*D)-�)�'*'�/12	/,-/�	'/
�	1*/+,.*1�'�/)-/ �	'/ 20*(1�'/�0*,-./ �)�0'-'/ *'()*+,-.4/�	,�	/+,.	�/
*'20��/ ,-/ 1-/ ,-
0'-�'/ )-/ �	'/�'*()*+1-�'/ )(/ �)�0'-'/ *'()*+,-.E/ 8	'/
,-)*.1-,�2/�,2�'*2,)-/)-/�	'/�	1*/,2/1/�*,�,�1�/(1��)*/�	1�/,-
0'-�'2/�	'/
�1�1���,�/1��,�,��/)(/�	'/�	1*E/O,�	/�	'/�,21��'1*1-�'/)(/�1*D)-/1-�/�1*.'/
1..�)+'*1�,)-/)(/+'�1�2/)-/�	'/20*(1�'4/1/�'�*'12'/,-/�	'/�1�1���,�/1�
�,�,��/)(/�	1*2/�1-/D'/'6�'��'�/RIFSE/

70<070 ���	������	
�	�
�����	�
������
�	���	���;���	�����������	���
���	���	
���	

A�/�'2�,-./�	'/2,+0�1�'�/7@:/�'*,�'�/'-�,*)-+'-�/�,�	/1/�N/�)�0+'/
(*1��,)-/)(/KHL4/1/2�'1+/�)�0+'/(*1��,)-/)(/KHL4/1-�/NEQI/�+IV+I/)(/
�)�0'-'4/�	'/Z3W�J/ 1-�/2'�'��,�,�,'2/)(/�	'/�1*D)-–�)-�1,-,-./�*)�0��2/
�0*,-./K–	/ *'()*+,-./1*'/�,2��1�'�/ ,-/?,.E/KIE/3	1*/.12,B�1�,)-/�12/
-'.�'��'�/	'*'/�0'/�)/1/�)�/�)-2�1-�/*:/�	*)0.	/�	'/K–	/�'2�E/8	'/+0�	/
	,.	'*/Z3W�J/ 2	)�-/,-/?,.E/KI/�	1-/�	1�/,-/�	'/D�1-�/�'2�/�?,.E/QC/�)-
B*+2/ �	1�/ �)�0'-'/ �1-/ D'/ �1�1���,�1���/ *'()*+'�/ )�'*/ 73?;/ ,-/ �	'/
2,+0�1�'�/7@:/'-�,*)-+'-�E/A'�102'/)(/1/ �)�/��N@V��N/ *1�,)/,-/�	,2/
�)-�,�,)-4/	,.	/73���/�1-/D'/()0-�/,-/?,.E/KIE/<-/�)+�1*,2)-/D'��''-/�	'/
�)-�,�,)-/	'*'/1-�/�	'/�)-�,�,)-/1D2'-�/)(/�N/���N@/= KHL4/�3W�J4,-/=
NEQI/�+IV+I4/1-�/8/= JHG/◦3C4/1/2,.-,B�1-�/�,(('*'-�'/)(/�	'/*'()*+,-./
2'�'��,�,��/�12/)D2'*�'�/1�/ �	'/21+��'�1�'-/ �,+'/*1-.'/()*/,-�,�1�)*/
�1��0�1�,)-2E/ 8	'/�*'2'-�'/ )(/	��*).'-/ �'�/ �)/ �	'/	,.	/ 2'�'��,�,��/ )(/
D'-M'-'/�73���/= GEHNC4/�	,�'/�,.	�/.12/�)+�)-'-�2/�,�'/3@/�73@/= GEQ�C/
1*'/�	'/+1,-/�*)�0��2/�	'-/�N/,2/1D2'-�E/

?,.E/KI/,��02�*1�'2/�	1�/Z3W�J/�'�*'12'2/(*)+/GEI/�)/1*)0-�/GEN/�	'-/
�,+'/ ,-�*'12'24/ 1-�/ 73���/ 	12/ 1/ .*1�01�/ *,2'/ (*)+/ GEQG/ �)/ GEHHE/ 8	'/
�	1-.'/,-/�	'/�)-�'*2,)-/1-�/2'�'��,�,��/,2/	,.	��/*'�1�'�/�)/�	'/1��'*
-1�,)-/)(/�	'/20*(1�'/�*)�'*��/)(/73?;/�'*,B'�/(*)+/2'��,)-2/IEHEK/1-�/
IEHENE/7�)-�1-')02/.12,B�1�,)-/)(/�	1*/�102'�/�	1*/�'�*'12,-./1-�/12	/

1..�)+'*1�,)-/)-/�	'/20*(1�'/)(/73?;E/5)*'/,-�'-2,�'/,-)*.1-,�/1*'12/
�)�'*'�/)-/�	'/20*(1�'/�'*'/�,2�)�'*'�/ ,-/?,.E/KN/�,�	/1/�'�*'12'/,-/
�1*D)-/�)-�'-�/(*)+/1/+122/(*1��,)-/)(/NHE�/�)/KHEHLE/<�/	12/D''-/�*)�'-/
�	1�/ �	'/ �	'*+1�/ �*'1�+'-�/ )(/ �	1*/ �102'2/ ,-)*.1-,�2/ �)/+,.*1�'/ 1-�/
1..�)+'*1�'/)-/�	'/20*(1�'4/1-�/�	'/1��,�,��/,2/�	02/2,.-,B�1-���/*'�0�'�/
RIFSE/8	,2/�	'-)+'-)-/+,.	�/1�2)/1(('��/�	'/2'�'��,�,��/�0*,-./�)�0'-'/
*'()*+,-./1��)*�,-./ �)/ �	'/)D2'*�1�,)-/ ,-/ �	,2/2�0��E/8	'/ ,-�*'12'/)(/
73���/1-�/73�Q4/1�)-./�,�	/�	'/�'�*'12'/)(/73@/1-�/73@N/�	*)0.	/�	'/�,+'/
,-�,�1�'�/ 	��*)�'1����1�,)-/ D'�1+'/ +)*'/ �)+,-1-�/ �	1-/ )�	'*/ *'
1��,)-2E/8	024/�)-�,-0)02/*'��1�'+'-�/)(/�'1��,�1�'�/73?;/�,�	/(*'2	/
73?;/,2/'22'-�,1�/,-/1/�)-.–�'*+/�*)�'22/()*/+1,-�1,-,-./	,.	/�)-�'*2,)-/
*1�'/1-�/�'2,*'�/2'�'��,�,��/)(/�1*/*'()*+,-.E/

�� #����
�����

7�*1�/�	1*/�)-�1,-,-./
�/12	/�73?;C/�*)�0�'�/(*)+/2�'1+–)6�.'-/

0,�,M'�/D'�/.12,B�1�,)-/'6	,D,�2/�*)+,2,-./�1�1���,�/1��,�,��/()*/2�'1+/
*'()*+,-./)(/ �)�0'-'/�)+�1*'�/ �)/)�	'*/�	1*2/�'*,�'�/ (*)+/�,(('*'-�/
�)-�,�,)-2E/3	1*/20*(1�'4/�	,�	/�*)�,�'2/�	'/+1,-/20*(1�'/1*'1/,-/73?;4/
��1�2/1/D,./*)�'/,-/�)�0'-'/*'()*+,-.E/73?;/.12,B�1�,)-/1-�/2'�'��,�,��/)(/
�)�0'-'/*'()*+,-./)�'*/73?;/1*'/	,.	��/*'�1�'�/�)/�	'/2�'1+/�)/	��*).'-/
�)�0+'�*,�/*1�,)/,-/�	'/21+��'/.12E/;��	)0.	/�)�0'-'/�1-/D'/�1�1���,�1���/
*'()*+'�/)�'*/73?;/1��)+�1-,'�/�,�	/�	'/2�)-�1-')02/.12,B�1�,)-/,-/1/
2,+0�1�'�/ 7@:/ '-�,*)-+'-�/�,�	/ ��N@V��N/ = K4/ 1��,-./ 1��,�,)-1�/
2�'1+/,-�)/�	'/7@:/�'*,�'�/2�-.12/D'()*'/�	'/�1*/*'()*+'*/2	)0��/D'/
�)-2,�'*'�/ ()*/ ()*+0�1�,-./ ��N@V��N/ �1*.'*/ �	1-/ K/ �	'-/ 1����,-./
*'����'�/73?;/12/�1*–*'()*+,-./�1�1��2�E/8	'/*'�0��,)-/)(/�	'/1*)+1�,�/
2�*0��0*'/1-�/'-	1-�'+'-�/)(/�	'/.12,B�1�,)-/*1�'/D�/,-�*'12,-./��N@V/
��N/1*'/D'-'B�,1�/()*/�	'/�)�-2�*'1+/0�,�,M1�,)-/1-�/�	'/�)�1�/�1*D)-/
�)-�'*2,)-/)(/�	'/(0'�E/8	,2/2�0��/20..'2�2/�	1�/�)�0'-'/*'()*+,-./)�'*/
73?;/2	)0��/D'/�)-�0��'�/,-/�	'/'-�,*)-+'-�/�,�	/	,.	/��N@V��N/�>NC/
1-�/*'2,�'-�'/�,+'/)�'*/GEGH/�./	/+−I/1�/�'+�'*1�0*'2/)�'*/JHG/◦3/�)/
1�	,'�'/	,.	/�)�0'-'/�)-�'*2,)-/�,�	/'6�'��'-�/2'�'��,�,��/)(/�,.	�/.12/
�)+�)-'-�2E/5)*')�'*4/�	'/1��'*-1�,)-/)(/�	'/20*(1�'/�*)�'*��/�0'/�)/
�	'/.12,B�1�,)-/ ,2/	,.	��/ *'�1�'�/ �)/ �	'/�'1��,�1�,)-/)(/73?;/1-�/ �	'/
�	1-.'/)(/�	'/*'()*+,-./2'�'��,�,��4/20..'2�,-./�	1�/�	'/*'��1�'+'-�/)(/
�	'/�'1��,�1�'�/73?;/()*/1/�)-.–�'*+/�1*/*'()*+,-./,2/-'�'221*�E/8	,2/
*'2'1*�	/ .,�'2/ 1/ �*,-�,��'/ �)-�'��/ ()*/ 02,-./ *'����'�/ 73?;/ 12/ 1/
�1*–*'()*+,-./�1�1��2�/,-/�	'/)*,.,-1�/7@:/�*)�'22E/;/B'��/�'2�/2	)0��/D'/
�)-�0��'�/ ()*/ �*'1�,-./1��01�/ 2�-.12/,-/ �	'/(0�0*'/D�/�)-2�*0��,-./1-/
)��,+,M'�/�1*/*'()*+'*/�	1�/�1-/*'1�,M'/�	'/'6�*1/2�'1+/,-(02,)-/�,�	/1/
�)-�'-,'-�/2�2�'+/�)/20D2�,�0�'/(*'2	/73?;/()*/�'1��,�1�'�/73?;E/

$�%��&��	������

8	'/ 10�	)*2/ .*1�'(0���/ 1��-)��'�.'/ �	'/ 20��)*�/ (*)+/ �;;�/
�:'*+1-/ ;�1�'+,�/ =6�	1-.'/ 7'*�,�'C/ 1-�/ �	'/ �*)P'��/ >03;/
�GINQIQN;C/ (0-�'�/D�/ �	'/:'*+1-/5,-,2�*�/)(/=�)-)+,�/;((1,*2/1-�/
=-'*.�/�A5O,CE//

'��������
��

τ6��	 7�1�'/�,+'/�./	/+−I/)*/�./	/+−IC/
;3�3@/1-�/;3�3@N 8	'/1��0+0�1�'�/�)-�'-�*1�,)-/)(/�1*D)-/(*)+/3@/1-�/3@N/�	,�	/1*'/1*,2,-./(*)+/2�*1�/�	1*/.12,B�1�,)-/�0*,-./�,+'/�/�+IV/

+I⋅+,-C/
;3�516/ ;3�3@/+ ;3�3@N/�8/= JHG/◦3/1-�/��N@/= KHLC/1�/�/= �G/+,-/�+IV+I⋅+,-C/
33/ 5122/(*1��,)-/)(/�1*D)-/�)-�'-�/�LC/
�3�,/ 31*D)-/�,2�*,D0�,)-/)(/�)+�)-'-�/,/�−C/
=1/ ;��,�1�,)-/'-'*.�/���V+)�C/
=&/ 8	'/'�0,�1�'-�'/*1�,)/�+)�V+)�C/
�/ ;��1*'-�/�,-'�,�/�)-2�1-�/�+I/�.−K/	−KC/
�G/ ;��1*'-�/�*'–'6�)-'-�,1�/(1��)*/�+I/�.−K/	−KC/

������� 3)-�'*2,)-/1-�/2'�'��,�,�,'2/)(/�)�0'-'/*'()*+,-./�0*,-./K–	/�'2�,-./,-/
�	'/�)-�,�,)-X/8/= JHG/◦34/��N@/= KHL4/��N/= KHL4/�3W�J4,-/= NEQI/�+IV+IE/
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��

5&/ &'2,�01�/+122/(*1��,)-/�−C/
Y/ @0��'�/�)�1�/�)�0+'/
)�/*1�'/�+I/	−KC/
Y/3W�J4/ ,- <-�'�/�)�0'-'/�)�0+'/
)�/*1�'/�+I/	−KC/
Y/3W�J/ @0��'�/�)�0'-'/�)�0+'/
)�/*1�'/�+I/	−KC/
Y/,-/ <-�'�/�)�1�/�)�0+'/
)�/*1�'/�+I/	−KC/
Y/>8U/ 3)-2�1-�/�)�1�/
)�/*1�'/�GEI/+I/	−KC/
&/ 8	'/,�'1�/.12/�)-2�1-�/�JEIKQ/�/9−K/+)�−KC/
*:/ :12,B�1�,)-/*1�'/)(/73?;/�−C/
*:�KG/ :12,B�1�,)-/*1�'/)(/73?;/1�/�/= KG/+,-/�−C/
*,/ 8	'/-0+D'*/)(/�1*D)-/1�)+2/)(/�)+�)-'-�/,/�−C/
7V3/ 8	'/2�'1+/�)/�1*D)-/*1�,)/�+)�V+)�C/
7,/ 7'�'��,�,��/)(/�)+�)-'-�/,/�−C/
8/ &'1��,)-/�'+�'*1�0*'/�◦3C/
8*/ &'()*+,-./�'+�'*1�0*'/,-/;**	'-,02’ �1�/�9C/
�/ &'1��,)-/�,+'/�+,-C/
�,/ �)�0+'/(*1��,)-/)(/�)+�)-'-�/,/�,/= �N@/1-�/�NC/,-/,-�'�/
)�/�LC/
Z/ 3)-�'*2,)-/)(/�	'/�1*/+)�'�/�)+�)0-�/�−C/
Z3W�J/ 8)�0'-'/�)-�'*2,)-/�−C/
Z3/ 31*D)-/+)��0�1*/�)-�'*2,)-/�−C/
�3W�J/ @0��'�/�)�0'-'/�)�0+'/�)-�'-�*1�,)-/��+IV+IC/
�3W�J4/ ,-/ <-�'�/�)�0'-'/�)�0+'/�)-�'-�*1�,)-/��+IV+IC/
�:�3@/1-�/�:�3@N �)�0+'/(*1��,)-2/)(/3@/1-�/3@N/1*,2,-./(*)+/.12,B�1�,)-/)(/73?;/��+IV+IC/
�,/ @0��'�/�)�0+'/�)-�'-�*1�,)-/)(/�)+�)-'-�/,/��+IV+IC/
�8�3@/1-�/�8�3@N �)�0+'/(*1��,)-2/)(/3@/1-�/3@N/(*)+/�)�0'-'/*'()*+,-./��+IV+IC//

:���������
�	
;;=52/ ;��1�,/1-�/1��1�,-'/'1*�	/+'�1�2/
�<>/ 8	'/:'*+1-/<-2�,�0�'/()*/7�1-�1*�,M1�,)-/
?8<&/ ?)0*,'*–�*1-2()*+/,-(*1*'�/2�'��*)2�)��/1-1��M'*/
73?;/ 7�*1�/�	1*/�)-�1,-,-./
�/12	/
7=5/ 7�1--,-./'�'��*)-/+,�*)2�)�'/
=�Z/ =-'*.�/�,2�'*2,�'/Z–*1�/2�'��*)2�)��/
7=5–=�Z 7�1--,-./'�'��*)-/+,�*)2�)�'–'-'*.�/�,2�'*2,�'/Z–*1�/2�'��*)2�)��/
7@:/ 7�'1+–)6�.'-/.12,B�1�,)-/
8:;/ 8	'*+1�/.*1�,+'�*,�/1-1��2,2/

��(�������
RKS OE�E/�1-/�'/91+�4/UE�E/�'/O,��4/�E;E5E/9-)'(4/�EUE;E/>''(�4/�E�E;E/9,'�4/81*/

5'120*'+'-�/,-/A,)+122/:12,B�1�,)-4/7�1-�1*�,21�,)-/1-�/70��)*�,-./&��4/
&'2'1*�	/3'-�*'/)(/�	'/>'�	'*�1-�24/NGG�/*'�)*�/=3>3—G�GQ�E/

RNS �EUE;E/>''(�4/�E;E5E/9-)'(4/:E�E/A0(B-.14/TE/�,'��'4/9E/7P)̈2�*)̈+4/3E/A*1.'4/
UE/�12�'*4/UE;E/7+'��4/5E/70)+1�1,-'-4/5E;E/�)**,-.�)-4/3E/:*',�4/:0,�'�,-'/()*/
21+��,-./1-�/1-1��2,2/)(/�1*/1-�/�1*�,��'2/,-/D,)+122/�*)�0�'*/.12'24/,-X/;E/
�E/A*,�.�1�'*/�=�EC4/U*).*'22/,-/8	'*+)�	'+,�1�/A,)+122/3)-�'*2,)-4/A�1���'��/
7�,'-�'/���4/@6()*�4/NGGK4/�E/K�N4/	���2XVV�),E)*.VKGEKGGNVFWJGQWG�FQFHQE�	KKE/

RIS 8E;E/5,�-'4/&E�E/=�1-24/>E/;D1�M).�)04/A,)+122/:12,B'*/“81*2”X/8	',*/>1�0*'4/
?)*+1�,)-4/1-�/3)-�'*2,)-4/>1�,)-1�/&'-'�1D�'/=-'*.�/�1D)*1�)*�4/3)�)*1�)4/
KFFJE/&'�)*�/>)E/>&=�V8UHWGNHIHWE/

RQS �E/�1��)-4/;/&'�,'�/)(/�	'/�,�'*1�0*'/)-/31�1���,�/A,)+122/81*/�'2�*0��,)-4/
>1�,)-1�/&'-'�1D�'/=-'*.�/�1D)*1�)*�4/3)�)*1�)4/NGGNE/&'�)*�/>)E/>&=�V8U/
HKGINJKHE/

RHS �E7E/7,�1*�1*4/5E/�	1)4/UE/3�)0.	4/�E/�1)4/ZE/�	)-.4/5E�E/5'+)-4/>E/7	1	4/=E/
�E/;-�	)-�4/UE7E/?'--'��4/;-/)�'*�,'�/)(/1��1-�'2/,-/D,)+122/.12,B�1�,)-4/=-'*.�/
=-�,*)-E/7�,E/F/�KGC/�NGG�C/NFIF–NFWW4/	���2XVV�),E)*.VKGEKGIFV3�==GGFIHAE/

R�S ;E�E/A*,�.�1�'*4/8	'/�'�	-,�1�/1-�/'�)-)+,�/('12,D,�,��/)(/D,)+122/.12,B�1�,)-/()*/
�)�'*/.'-'*1�,)-4/?0'�/WQ/�HC/�KFFHC/�IK–�HI4/	���2XVV�),E)*.VKGEKGK�VGGK�/
NI�K�FHCGGGGK�E/

RWS 7E/;-,24/�E;E/�1,-1�4/81*/*'�0��,)-/,-/D,)+122/�*)�0�'*/.12/�,1/+'�	1-,�1�4/
�1�1���,�/1-�/�	'*+1�/+'�	)�2X/1/*'�,'�4/&'-'�E/702�1,-E/=-'*.�/&'�E/KH/�HC/
�NGKKC/NIHH–NIWW4/	���2XVV�),E)*.VKGEKGK�VP22'*ENGKKEGNEGKJE/

RJS �E/;D0/=�&0D4/=E;E/A*1+'*4/:E/A*'+4/&'�,'�/)(/�1�1��2�2/()*/�1*/'�,+,-1�,)-/,-/
A,)+122/.12,B�1�,)-/�*)�'22'24/<-�E/=-.E/3	'+E/&'2E/QI/�NNC/�NGGQC/�FKK–�FKF4/
	���2XVV�),E)*.VKGEKGNKV,'GQFJQGIE/

RFS �E/7�,'*�M�-2�,4/7E/�,D24/3E/3)0*2)-4/;E/9,'--'+1--4/7�'1+/*'()*+,-./)(/�1*/(*)+/1/
D,)+122/.12,B�1�,)-/�*)�'22/)�'*/>,V)�,�,-'/�1�1��2�/02,-./�)�0'-'/12/1/+)�'�/
�)+�)0-�4/;���E/31�1�E4/A/WQ/�I–QC/�NGGWC/NKK–NNN4/	���2XVV�),E)*.VKGEKGK�VPE/
1��1�DENGGWEGKEGKWE/

RKGS &E/3)��4/�E/71��1�)4/ZE/?1**,)�4/�E/5)-�1-'4/7�'1+/*'()*+,-./+)�'�/�)+�)0-�2/)(/
D,)+122/.12,B�1�,)-/�1*2X/�)-�'*2,)-/1�/�,(('*'-�/)�'*1�,-./�)-�,�,)-2/1-�/
�'-�'-��/�)�1*�2/�)�'/()*+1�,)-4/?0'�/U*)�'22E/8'�	-)�E/WQ/�KC/�NGGKC/KF–IK4/
	���2XVV�),E)*.VKGEKGK�V7GIWJIJNG�GKCGGNKQQE/

RKKS �E/?'-.4/�E/�	1)4/�E/�	1-.4/7E/70-4/7E/5'-.4/�E/:0)4/�E/�01-.4/=(('��2/)(/9/1-�/31/
)-/*'()*+,-./)(/+)�'�/�1*/�)+�)0-�2/�,�	/��*)��2,2/D,)�	1*2/0-�'*/�N@/)*/3@N4/
3	'+E/=-.E/�E/IG�/�NGK�C/QNN–QIN4/	���2XVV�),E)*.VKGEKGK�VPE�'PENGK�EGWEG�HE/

RKNS �E/?'-.4/�E/�	1)4/�E/�	1-.4/�E/�	1-.4/�E/3	'4/7E/70-4/=6�'*,+'-�1�/�)+�1*,2)-/)(/
D,)�	1*/2�'�,'2/)-/,-2,�0/D,)+122/�1*/�N@/*'()*+,-./)�'*/D,)�	1*4/<-�E/�E/
���*).'-/=-'*.�/QN/�IJC/�NGKWC/NQGIH–NQGQ�4/	���2XVV�),E)*.VKGEKGK�VPE/
,P	��'-'ENGKWEGJEGKIE/

RKIS �E/?'-.4/�E/�	1)4/�E/�	1-.4/�E/�	1-.4/7E/70-4/&)�'2/1-�/(1�'2/)(/9/1-�/31/2�'�,'2/)-/
D,)�	1*/2�*0��0*'/�0*,-./,-2,�0/�1*/�N@/*'()*+,-./)�'*/-12�'-�/D,)�	1*4/<-�E/�E/
���*).'-/=-'*.�/QN/�IQC/�NGKWC/NK�J�–NK�F�4/	���2XVV�),E)*.VKGEKGK�VPE/
,P	��'-'ENGKWEGWEGF�E/

RKQS �E/7	'-4/�E/?04/;��1-�'2/,-/,-/2,�0/1-�/'6/2,�0/�1*/*'()*+,-./�,�	/D,)�	1*/�1�1��2�2/
()*/��'1-/'-'*.�/�*)�0��,)-4/702�1,-E/=-'*.�/?0'�2/N/�NC/�NGKJC/IN�–IQQ4/	���2XVV/
�),E)*.VKGEKGIFV�W2'GGHHI1E/

RKHS UE>E/A	1-�1*,4/;E/90+1*4/�E�E/A'��+'*4/&E�E/�0	-�'4/7�-�	'2,2/1-�/'�1�01�,)-/)(/
D,)�	1*�'*,�'�/�1�1��2�2/()*/*'+)�1�/)(/�)�0'-'/�+)�'�/�1*C/(*)+/D,)+122/
.'-'*1�'�/�*)�0�'*/.124/&'-'�E/=-'*.�/��/�NGKQC/IQ�–IHI4/	���2XVV�),E)*.V/
KGEKGK�VPE*'-'-'ENGKIEKNEGKWE/

RK�S �E/?'-.4/�E/�	1)4/�E/�	1-.4/�E/�	1-.4/�E/�	1-.4/7E/70-4/<-2,�0/2�'1+/*'()*+,-./)(/
D,)+122/�1*/)�'*/21��02�/D,)�	1*/,-/+,��/�1�1���,�/�'+�'*1�0*'4/A,)+122/A,)'-'*.�/
KGW/�NGKWC/N�K–NWG4/	���2XVV�),E)*.VKGEKGK�VPED,)+D,)'ENGKWEKGEGGWE/

RKWS >EAE/9�,-.	)(('*4/5E�E/312�1��,4/;E/>M,	)04/31�1��2�/�*)�'*�,'2/1-�/�1�1���,�/
�'*()*+1-�'/)(/�	1*/(*)+/D,)+122/.12,B�1�,)-4/<-�E/=-.E/3	'+E/&'2E/HK/�QGC/
�NGKNC/KIKKI–KIKNN4/	���2XVV�),E)*.VKGEKGNKV,'IGKQGJNE/

RKJS 7E/51-,4/�E&E/912�-'*4/;E/�0-'P14/31�1���,�/�'�)+�)2,�,)-/)(/�)�0'-'/02,-./1/
D,)+122/�'*,�'�/�1�1��2�4/?0'�/U*)�'22E/8'�	-)�E/KKQ/�NGKIC/KKJ–KNH4/	���2XVV�),E/
)*.VKGEKGK�VPE(0�*)�ENGKIEGIEGKHE/

RKFS �E�E/3	'-4/5E/7�	+,�4/3E3E/3	1-.4/3E�E/3	1-.4/:E/7�	'((�-'�	�4/�1D2�1�'/
,-�'2�,.1�,)-/)(/�1�+/2	'��/�	1*/12/�1*/*'()*+,-./�1�1��2�4/31�1��2�2/KG/�HC/�NGNGC/
QW�4/	���2XVV�),E)*.VKGEIIFGV�1�1�KGGHGQW�E/

RNGS UE/A*1-��4/=E/�1*2'-4/TE/�'-*,�2'-4/�,.	/�1*/*'�0��,)-/,-/1/��)2�1.'/.12,B'*4/
=-'*.�/?0'�2/KQ/�QC/�NGGGC/JK�–JKF4/	���2XVV�),E)*.VKGEKGNKV'(FFGKJN+E/

RNKS :E/&1�'--,4/;���,�1�,)-/)(/A,)+122/3	1*/�)/81*/3)-�'*2,)-/1-�/U*)�0�'*/:12/
T�.*1�,-./�)/7�-.124/U	E�E/8	'2,24/8'�	-,�1�/T-,�'*2,��/)(/�'-+1*�4/9.24/��-.D�4/
NGKJE/

RNNS :E/&1�'--,4/@E�E/=�	1+,4/�E/;	*'-('���4/TEAE/�'-*,�2'-4/�E/>'0D10'*4/;�2)*��,)-/
1-�/�'�)+�)2,�,)-/)(/�1*/+)�'�/�)+�)0-�2/)�'*/�	'/20*(1�'/)(/.12,B�1�,)-/�	1*/
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1-�/1��,�'/�1*D)-/�,�	,-/�	'/�'+�'*1�0*'/*1-.'/NHG–JGG/◦34/;���E/=-'*.�/NQK/
�NGKFC/KIF–KHK4/	���2XVV�),E)*.VKGEKGK�VPE1�'-'*.�ENGKFEGIEGINE/

RNIS 5E/7�	+,�4/5E/A',*)�4/�E/7�	�',�M'*4/:E/O1,M+1--4/&E/7�)̈*�4/:E/7�	'((�-'�	�4/
U*)�0��/.12/�)+�)2,�,)-/()*/2�'1+)6�.'-/
0,�,M'�/D'�/.12,B�1�,)-/)(/�*,'�/
2'�1.'/2�0�.'4/2�*1�/�'��'�2/1-�/�))�/�'��'�2/1-�/�	'/,-
0'-�'/)(/�,+'2�)-'/12/D'�/
+1�'*,1�4/A,)+122/A,)'-'*.�/KKW/�NGKJC/WK–WW4/	���2XVV�),E)*.VKGEKGK�VPE/
D,)+D,)'ENGKJEGWEGKKE/

RNQS �E/?0'-�'231-)4/;E/:)+'MA1*'14/7E/>,�22)-4/UE/@��'*)4/�'�)+�)2,�,)-/�,-'�,�2/)(/
+)�'�/�1*/�)+�)0-�2/)�'*/�	1*2/�,�	/�,(('*'-�/,-�'*-1�/2�*0��0*'/�)/+)�'�/	)�/�1*/
*'+)�1�/,-/D,)+122/.12,B�1�,)-4/3	'+E/=-.E/�E/NNJ/�NGKIC/KNNI–KNII4/	���2XVV�),E/
)*.VKGEKGK�VPE�'PENGKIEGIEKIGE/

RNHS 3E/?02	,+,4/8E/O1�14/;E/820�20+,4/<-	,D,�,)-/)(/2�'1+/.12,B�1�,)-/)(/D,)+122/�	1*/
D�/	��*).'-/1-�/�1*4/A,)+122/A,)'-'*.�/IH/�KC/�NGKKC/KWF–KJH4/	���2XVV�),E)*.V/
KGEKGK�VPED,)+D,)'ENGKGEGJEGKWE/

RN�S 5E/A1**,)4/AE/:D'�4/�E/&,+'24/TE/�'-*,�2'-4/�E=E/�02�1�4/�E�E/7*'-2'-4/7�'1+/
.12,B�1�,)-/)(/�))�/�	1*/1-�/�	'/'(('��/)(/	��*).'-/,-	,D,�,)-/)-/�	'/�	'+,�1�/
�,-'�,�24/,-X/;E�E/A*,�.�1�'*/�=�EC4/U*).*'22/,-/8	'*+)�	'+,�1�/A,)+122/
3)-�'*2,)-4/A�1���'��/7�,'-�'/���4/@6()*�4/NGGK4/�E/INE/

RNWS �E/?'-.4/�E/�	1)4/�E/�	1-.4/7E/70-4/=(('��2/)(/�N@/1-�/3@N/)-/�	'/	)+).'-')02/
�)-�'*2,)-/1-�/	'�'*).'-')02/*'()*+,-./)(/D,)+122/�1*/)�'*/D,)�	1*4/<-�E/�E/
���*).'-/=-'*.�/QN/�KJC/�NGKWC/KIGWG–KIGJQ4/	���2XVV�),E)*.VKGEKGK�VPE/
,P	��'-'ENGKWEGQEGKJE/

RNJS 3E/:0,M1-,4/5E/�'.0,*,+4/&E/:1�,)04/?E�E/=2�0�'*)/71-M4/7E/71��1�)*4/A,)+122/�	1*/
.12,B�1�,)-/D�/�N@4/3@N/1-�/�	',*/+,6�0*'X/'�)�0�,)-/)(/�	'+,�1�4/�'6�0*1�/1-�/
2�*0��0*1�/�*)�'*�,'2/)(/�	'/�	1*24/=-'*.�/KKN/�NGK�C/KII–KQH4/	���2XVV�),E)*.V/
KGEKGK�VPE'-'*.�ENGK�EG�EG�HE/

RNFS �E/A)'**,.�'*4/&EOE&E/��1*�4/=EUE/�'0*�11*�'*4/3E5E/�1-/�'*/5',P�'-4/7E�EAE/�1-/
U112'-4/U*)�0��,)-/)(/7�-�	'�,�/>1�0*1�/:12/�7>:C/(*)+/A,)+122—�'�'�)�+'-�/
1-�/@�'*1�,)-/)(/1-/<-�'.*1�'�/A,)7>:/7�2�'+—>)-3)-B�'-�,1�/�'*2,)-4/
&'2'1*�	/3'-�*'/)(/�	'/>'�	'*�1-�24/NGG�/*'�)*�/=3>=—G�GKJE/

RIGS �E/;D0/=�&0D4/=E;E/A*1+'*4/:E/A*'+4/=6�'*,+'-�1�/�)+�1*,2)-/)(/D,)+122/�	1*2/
�,�	/)�	'*/�1�1��2�2/()*/�1*/*'�0��,)-4/?0'�/JW/�KG–KKC/�NGGJC/NNQI–NNHN4/	���2XVV/
�),E)*.VKGEKGK�VPE(0'�ENGGJEGKEGGQE/

RIKS 8	'/:'*+1-/<-2�,�0�'/()*/7�1-�1*�,M1�,)-4/�<>/=>/<7@/KJKIQI4/KJKNN4/KJKNI4/
K�FQJ4/K�F�W4/1-�/K�FFQ/RNGKFSE/;�1,�1D�'/(*)+X/	���2XVV���E�,-E�'V�'E/

RINS �E�E/3	'-4/3E3E/3	1-.4/3E�E/3	1-.4/5E�E/�01-4/�E&E/�,4/�E�E/7	,'4/3E�E/�''4/�,/
�E/3	'-4/OE&E/3	1-.4/8E�E/�1-.4/8E3E/�204/5E/�01-.4/3E�E/O04/?E3E/�,-4/3E/

�E/9)4/U*)�0��,)-/)(/1/2)�,�/D,)(0'�/(*)+/�12�'/D1+D))/�	)�2�,��2/D�/�)**'(1��,)-/
()*/�)B*,-./�,�	/�)1�4/�E/;-1�E/;���E/U�*)��2,2/KN�/�NGKWC/IKH–INN4/	���2XVV�),E/
)*.VKGEKGK�VPEP11�ENGKWEGHEGKHE/

RIIS :E/81*1�124/5E:E/9)-�)+,-124/9,-'�,�/+)�'��,-./)(/�@3/�1�1���,�/2�'1+/��*)��2,2/
()*/�1*/1D1�'+'-�/�	'-)+'-1/,-/.12,B�1�,)-V��*)��2,2/�'�	-)�).,'24/?0'�/JI/�FC/
�NGGQC/KNIH–KNQH4/	���2XVV�),E)*.VKGEKGK�VPE(0'�ENGGIEKKEGKGE/

RIQS :E/81*1�124/5E:E/9)-�)+,-124/>0+'*,�1�/+)�'�,-./)(/�1*/2�'�,'2V�@3/�,22)�,1�,)-/
()*/��'1-/1-�/,-�'��,.'-�/'-'*.�/�*)�0��,)-4/=-'*.�/?0'�2/KF/�KC/�NGGHC/JW–FI4/
	���2XVV�),E)*.VKGEKGNKV'(GQGGQJ)E/

RIHS �E/7	'�	1�1�4/�E�E/7�,�'�4/�E;E/A'**�/�=�2EC4/?0'�/3'��2X/8'�	-)�).,'2/()*/?0'�/
U*)�'22,-.4/B*2�/'�E4/=�2'�,'*/7�,'-�'4/�)-�)-4/NGKKE/

RI�S :E/81*1�124/5E:E/9)-�)+,-124/ZE/91�1�2,)24/5)�'�,-./�	'/�	'*+1�/�'2�*0��,)-/)(/
�)�0'-'/�3W�JC/12/�1**'�1�'�/2�'�,'2/()*/(0'�/.12/��'1-0�4/=-'*.�/?0'�2/KW/�NC/
�NGGIC/INF–IIW4/	���2XVV�),E)*.VKGEKGNKV'(GNGKHIIE/

RIWS 5E/5)*,-4/ZE/>,�2�	4/7E/U'�1�'4/5E/�'+1�,4/81*/�)-�'*2,)-/)�'*/)�,�,-'/1-�/21-�/,-/
1/
0,�,M'�/D'�/*'1��)*/02,-./�)�0'-'/12/+)�'�/�)+�)0-�4/?0'�/NGF/�NGKWC/NH–IQ4/
	���2XVV�),E)*.VKGEKGK�VPE(0'�ENGKWEGWEGJQE/

RIJS 7E�E/A�)��4/;E5E/;��)021*,4/9E/U�'4/7E=E/71�'4/8	*''�,+'-2,)-1�/�	1*1��'*,M1�,)-/
)(/21-�/.*1,-/2	1�'/1-�/20*(1�'/�'6�0*'/02,-./1/-,�*).'-/.12/1�2)*��,)-/�'�	-,�0'4/
�E/7'�,+'-�E/&'2E/WQ/�KC/�NGGQC/KH�–KHF4/	���2XVV�),E)*.VKGEKIG�V/
GHNQGIWQGKH�E/

RIFS >EAE/9�,-.	)(('*4/5E�E/312�1��,4/;E/>M,	)04/<-
0'-�'/)(/�	1*/�)+�)2,�,)-/1-�/
,-)*.1-,�2/)-/�1�1���,�/1��,�,��/)(/�	1*/(*)+/D,)+122/.12,B�1�,)-4/?0'�/KHW/�NGKHC/
IW–QW4/	���2XVV�),E)*.VKGEKGK�VPE(0'�ENGKHEGQEGI�E/

RQGS ?E/A02�1+1-�'4/&E5E/=-,��4/;E�E/30.,-,4/&EUE/9,��+'�'*4/AE�E/�)�1*�4/9E/
7E/&)�	'-D'*.'*4/5E�E/3,)��)4/AE�E/5)**'1�'4/7E/3	1��)�1�	�1�4/7E/7	,4/�,.	/
�'+�'*1�0*'/�,-'�,�2/)(/�	'/	)+).'-')02/*'�'*2'/�1�'*.12/2	,(�/*'1��,)-4/;<3	=/�E/
HG/�HC/�NGGQC/KGNJ–KGQK4/	���2XVV�),E)*.VKGEKGGNV1,�EKGGFFE/

RQKS �E&E/912�-'*4/7E/51-,4/;E/�0-'P14/31�1���,�/�'�)+�)2,�,)-/)(/�1*/02,-./,*)-/
20��)*�'�/D,)�	1*4/?0'�/U*)�'22E/8'�	-)�E/KIG/�NGKHC/IK–IW4/	���2XVV�),E)*.V/
KGEKGK�VPE(0�*)�ENGKQEGFEGIJE/

RQNS �E/�'�,4/31�1���,�/*'+)�1�/)(/D,)+122/�1*2X/)�,�,-'/12/�*)2�'��,�'/,-D'�/�1�1��2�/()*/

0,�,M'�D'�/D,)+122/.12,B'*24/8'�	-,2�	'/T-,�'*2,�',�/=,-�	)�'-4/8	'/
>'�	'*�1-�24/NGGH4/	���2XVV�),E)*.VKGE�KGGV<&HJIF�GE/

RQIS 7E/>,�22)-4/;E/:)+'MA1*'14/�E/?0'-�'2/31-)4/:12,B�1�,)-/*'1��,�,��/)(/�	1*/(*)+/
�*,'�/2'�1.'/2�0�.'/,-/1/
0,�,M'�/D'�4/?0'�/FN/�KC/�NGKNC/IQ�–IHI4/	���2XVV�),E/
)*.VKGEKGK�VPE(0'�ENGKKEGWEGIKE/
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Abstract: This research investigated the application of palm shell char as a catalyst for the catalytic
steam reforming of tar after the sorption enhanced gasification (SEG) process. The catalytic activities
of palm shell char and metal-supported palm shell char were tested in a simulated SEG derived
syngas with tar model compounds (i.e., toluene and naphthalene) at a concentration of 10 g m−3

NTP. The results indicated that palm shell char had an experimentally excellent catalytic activity for
tar reforming with toluene and naphthalene conversions of 0.8 in a short residence time of 0.17 s at
900 ◦C. A theoretical residence time to reach the complete naphthalene conversion was 1.2 s at 900 ◦C
for palm shell char, demonstrating a promising activity similar to wood char and straw char, but
better than CaO. It was also found that potassium and iron-loaded palm shell chars exhibited much
better catalytic activity than palm shell char, while the parallel reaction of gasification of K-loaded
palm shell char influenced the conversion with its drastic mass loss. Moreover, contrary to CaO, palm
shell char presented relatively low selectivity to benzene, and its spontaneous gasification generated
extra syngas. In summary, the present study demonstrated that the low-cost material, palm shell char,
can successfully be used as the tar-reforming catalyst after SEG process.

Keywords: biomass gasification; tar reduction; cost-effective catalytically active biochar; catalytic
steam reforming

1. Introduction

Steam gasification is one of the gasification processes for syngas production. An enhanced
process, so-called sorption enhanced gasification (SEG), is regarded as an attractive process for
hydrogen-rich syngas generation. This process runs in a dual fluidized bed system and is based on
a sorption-desorption cycle using calcined limestone (CaO) as the sorbent. In the SEG, the sorbent
removes CO2 from the syngas produced in the gasification reactor at a low-temperature range from
600 ◦C to 700 ◦C, resulting in a high hydrogen content in the syngas which hence matches much better
for a downstream synthesis (e.g., to produce CH4 or other products). In a second reactor, the sorbent
is regenerated to CaO by heating it via combustion of the remaining char from the gasifier or the
additional fuel. The sensible heat of the sorbent that is recycled to the gasifier and the reaction enthalpy
of the exothermic CO2 sorption reaction provide the required reaction heat for the endothermic
gasification reactions. The SEG process, covering lab-scale and pilot-scale facilities, has been studied
for several years at the Institute of Combustion and Power Plant Technology (IFK), University of
Stuttgart [1–3]. In this process, tar production is still a problem because the tar concentration on a dry
basis in raw syngas still can reach around 10 g m−3

dry, STP [4]. However, downstream units, such as gas
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engines or turbines require a reduction of the tar content down to 30 mg m−3
dry, STP, or even lower [5].

Tar can be firmly adsorbed on the surface of catalysts for syngas synthesis, inhibiting the production of
other chemicals [6–8]. Hence, further tar reduction is necessary, particularly where the syngas is used
in synthesis.

Since the raw syngas is produced at a high temperature of 600–700 ◦C in the SEG process with a
high steam concentration, an additional tar reformer loaded with tar cracking catalysts is suitable for
coupling with SEG process for tar reduction by steam reforming. This efficient gas cleaning process
that can be operated at high temperatures is seen as energetically beneficial. Excessive gas cooling,
that is required for condensing and scrubbing of tar in heated syngas, can be avoided. Moreover, tars
can be converted into H2 and CO by steam reforming, promoting the quality of syngas. This study
aimed to examine the catalytic steam reforming of tar model compounds, carried in simulated SEG
derived syngas, by using low-cost biochars as catalysts that have the potential to be applied in the tar
reformer after SEG process.

Although the gas composition from SEG process is dependent on different operation conditions,
the ratio of steam volume fraction to hydrogen volume fraction (VH2O/VH2, -) = 2 in the simulated
syngas was chosen in this study, referring to the typical product gas composition in Table 1. Further,
gas components, such as CO, CO2, methane, and other hydrocarbons were not considered for the
tar reforming reaction as the main components in SEG syngas are steam and hydrogen with up to
90 vol %. With a high content of steam in the raw syngas, steam reforming of tar might become the
dominant reaction for tar reduction. The composition of tar from the SEG process can be found in
Armbrust’s research indicating that phenol, toluene, and naphthalene are the major tar components
in raw syngas [9]. As phenol is able to be decomposed at high temperatures above 800 ◦C without
any catalysts [10], this study examined the tar reforming with toluene and naphthalene, representing
also secondary and tertiary tars [4], of circa 10 g m−3

NTP based on the typical tar concentration in
SEG syngas. Naphthalene concentration around 250 ppmv was considered in this study based on a
representative SEG derived tar fraction [8].

Table 1. Typical SEG product gas composition (N2 free).

Component Unit [11,12] [13]

H2O vol % 50–60 60
H2 vol % 55–71 a 26
CO vol % 5–11 a 2.4
CO2 vol % 7–20 a 3
CH4 vol % 8–13 a 5.6
Tar g m−3

NTP 0.3–3 a 1–5
a On the dry basis.

Ni-based catalysts have been known as commercial catalysts for tar cracking [14,15]. Basically,
they are highly efficient in tar conversion. However, Ni-based catalysts are more expensive than active
natural materials, and their deactivation occurs easily because of sulfur and heavy tar content in the
feed [15,16]. As a result, it is necessary to find other cheap materials that can substitute commercial
catalysts, or can used as a protector to eliminate most of the heavy tar before them. So far, there have
been studies indicating that biochars generated by pyrolysis have the ability to decompose organic
compounds [17]. These char-based catalysts are comparably low cost and easily available from the
biomass fuel and waste by pyrolysis or spent char produced in industrial processes. Moreover, the
deactivated char catalyst is easy to handle because of the similar property to the spent char from the
gasification process. After the application of tar reduction for SEG process, the replaced char catalysts
can be combusted in the regenerator with spent char from the gasifier. On the other hand, char catalysts
could be gasified spontaneously during tar reforming, which benefits the syngas production. Based on
the above advantages, it is worth studying the application of char-based catalysts for tar reforming
after the gasification process.
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In this study, palm shell (PS) was considered a potential biomass for producing tar-cracking active
biochar by pyrolysis. The production of palm oil has more than doubled in the past two decades,
given it is the most widely traded edible oil. In obtaining edible oils from palms, a large amount
of PS waste is produced. In recent years, PS waste has been a commercial and cheap biomass to
be used as fuel in Asia [18–20]. In addition, activated carbon with high surface area, which is also
preferable for tar reforming, can be obtained from palm shell [21]. Consequently, with high production
and good properties following carbonization, it is worth investigating the catalytic activity of palm
shell char for the special issue of tar reforming and then comparing the catalytic activity with other
biochars. According to several references, biochars were manufactured by similar methods for the
purpose of tar reforming. For example, (1) biochar was prepared by pyrolyzing pine bark at 950 ◦C
for 2 h with nitrogen [22]; (2) pyrolysis of sawdust was carried out in 2.0 L min−1 Ar atmosphere at
a slow heating rate of 10 ◦C min−1 and a final pyrolysis temperature of 800 ◦C with the residence
time 30 min [23]; (3) rice husk was then pyrolyzed with a slow heating rate of 10 ◦C min−1 to a final
pyrolysis temperature of 800 ◦C. The hold time was 10 min [24]. This study then established a pyrolysis
procedure for the manufacturing of palm shell char according to the above methods.

The mechanism of tar cracking on biochars has also been studied recently. Feng et al. pointed out
that the main factors of tar reforming are highly related to alkali and alkaline earth metal (AAEMs)
contents, and the surface area of biochar [24–26]. The reaction mechanism of tar reforming with
AAEMs species on biochar is comprehensively explained in their research. The presence of K and Ca
elements, which lead to repeated bond-forming and bond-breaking of tar fragments, contributes to
tar decomposition and the formation of light hydrocarbons and small–molecule gases. Apart from
AAEM groups, Klinghoffer et al. also found that Fe sites on the char surface react obviously as active
sites for the catalytic reaction. The high carbon deposition was found on the Fe site on char after
applying char as a decomposing catalyst for organic compounds [27]. Kastner et al. [28] also pointed
out that iron might be reduced to metallic iron (Fe) or other forms of more reduced iron (e.g., FeO) via
hydrogen during steam reforming of toluene over Fe supported biochar, which is beneficial to toluene
reforming as it has been already confirmed that iron in reduced forms can catalytically decompose
tar [29]. This study investigated the reforming ability of potassium in tar and iron-loaded palm shell
chars. Another low-cost material, CaO, which is used as the sorbent in the SEG process, was also tested
here as the reference catalyst, as compared with biochar catalysts. Since Chen et al. found that CaO
performed well on toluene cracking through steam reforming [30], CaO might be applicable as the
tar-reforming catalyst in a downstream reformer after SEG process. For better understanding the role
of individual catalysts, sole catalyst-sorbents were examined. This information provides the basic
knowledge for further testing the possibility of using mixed catalyst-sorbents, which would complicate
the preparation of catalysts.

2. Results

2.1. Characteristics of Palm Shell Char (PSC), 5%K-Loaded Palm Shell Char (5%K-PSC), 5%Fe-Loaded Palm
Shell Char (5%Fe-PSC), Wood Char (WC), and Straw Char (SC)

All bio-chars were manufactured by the pyrolysis process described in Section 3.1. According to
Table 2, after the pyrolysis of PS, its contents of equilibrium moisture and volatile matters decreased
significantly, while that of fixed carbon content increased, as expected. Since the higher volatile matter
makes biomass more susceptible to tar formation during steam reforming, the low content of only
3.4 wt.% in PSC is suitable for the following tar-reforming catalyst usage. Fixed carbon and carbon
content increased from 4.7 to 89.7 wt.%, and from 38.8 to 89.8 wt.%, respectively, proving that the
carbonization during pyrolysis increased carbon content. According to Klinghoffer et al. [31], the
presence of carbon in biochar promoted the catalytic activity. After intense carbonization by pyrolysis,
the performance of tar reforming over PSC and WC might be enhanced. It was also found that PSC
had much lower oxygen content of 1.82 wt.% compared to that of PS of 35.3 wt.%, suggesting that
more hydrophobic solid was formed after pyrolysis [32].
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Both K and Fe-supported PSC had higher ash contents of 16.9 wt.%, and 17.8 wt.%, respectively,
than PSC with 4.61 wt.%. After PSC was impregnated with potassium and iron-containing solutions,
11.0 wt.% of K2O and 12.1 wt.% of Fe2O3 were observed by metal analysis in 5%K-PSC and 5%Fe-PSC,
respectively, while PSC had only 0.532 wt.% of K2O and 0.939 wt.% of Fe2O3 in ash. These results
verify that the metal loading method used in this study can successfully load potassium or iron on
the PSC. Although ash content had a significant rise after PS was soaked with K and Fe, the major
component in both, metal-loaded PSC is still carbon, as can be seen in Table 2.

Among three biochars produced from palm shell, wood, and straw, SC had the highest ash content
of 31.1 wt.% resulting in the lowest carbon content among three biochars. In comparison to PSC and
WC, SC possessed more AAEM contents, which can promote the activity of biochars for gasification
and tar reforming [24,33]. Moreover, the equilibrium moisture content of PSC was only 2.0 wt.% much
lower than those of WC and SC with a value of around 7 wt.%, which was better for storage and
transportation when applying it as catalysts.

PSC possessed a much higher BET surface area (469.6 m2 g−1) compared to that of CaO with only
8.8 m2 g−1. However, a negative effect of potassium was found in the pyrolysis process for producing
char catalysts. Char lumps were formed from the individual pellet, which might be caused by the
agglomeration of potassium. At such a high temperature as in this case, excessive impregnation of
potassium on biochar can lead to agglomeration during pyrolysis [34]. A blockage in the pyrolyzer was
observed, causing the difficulty of manufacturing K-loaded PSC. According to the surface area analysis
of three PSCs, 5%K-PSC has a tiny surface area of 6.9 m2 g−1, which might be due to agglomeration,
resulting in the disappearance of the porous structure, while the surface areas of 5%Fe-PSC and PSC
are both above 200 m2 g−1 shown in Table 2.

Table 2. Characteristics of PS, PSC, 5%K-PSC, 5%Fe-PSC, WC, and SC.

Analyses Compositions PS c PSC 5%K-PSC 5%Fe-PSC WC SC

Proximate
Analysis a

(wt.%)

Fixed carbon 4.73 89.7 59.8 69.3 77.54 53.5
Volatile matters 80.21 3.38 13.4 7.32 10.50 8.09

Ash 2.64 4.61 16.9 17.8 5.36 31.1
Equilibrium moisture b 12.42 2.00 9.94 5.58 6.58 7.30

Ultimate
Analysis a

(wt.%)

C 38.8 89.8 67.5 75.3 83.8 56.7
H 6.00 0.708 1.70 0.974 1.23 1.15
O 35.3 1.82 d 3.02 d - 2.57 d 1.81 d

N 0.298 0.905 0.873 0.745 0.428 1.02
S 0.038 0.075 0.017 0.047 0.009 0.345
Cl 0.044 0.079 0.047 0.028 0.020 0.579

Ash
components a

(wt.%)

Al2O3 - 1.72 0.014 0.058 0.095 0.407
BaO - 0.004 0.0001 0.0001 0.019 0.008
CaO - 0.215 0.430 2.08 2.03 1.62

Fe2O3 - 0.939 0.021 12.1 0.059 0.656
K2O - 0.532 11.0 0.340 1.24 4.24
MgO - 0.054 0.057 0.087 0.342 1.10
MnO2 - 0.002 0.004 0.020 0.255 0.525
Na2O - 0.060 0.033 0.016 0.014 0.685
P2O5 - 0.028 0.029 0.045 0.215 0.731
SO3 - 0.17 0.031 0.071 0.008 0.803
SiO2 - 3.22 1.74 2.68 0.656 18.1
SrO - 0.008 0.001 0.002 0.006 0.005
TiO2 - 0.077 0.001 0.00 0.004 0.028

BET total
surface area
(m2/g) - 469.6 6.93 220.7 - -
a In wet basis. b Equilibrium moisture content of sample in air. c Data of the report [35]. d Balance of C, H, N, S, Cl,
equilibrium moisture, and ash.

It is essential to predict the remaining mass from the pyrolysis of PS for catalyst production.
Therefore, thermal gravimetric analysis (TGA) and derivative thermal gravimetric analysis (DTG)
of PS, in an N2 environment, were carried out to analyze weight loss with increasing temperature.
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Since metal impregnation might influence the pyrolysis rate of biomass, it is also worth understanding
the effect of K and Fe on the pyrolysis of PS. Generally, hemicellulose has a sharp pyrolysis rate of
around 277–312 ◦C [32]. As soon as arriving at 355 ◦C, the intense decomposition of cellulose can be
observed. However, decomposition of lignin would be difficult to be identified because of overlapping
temperatures with cellulose. Figure 1 presents the temperature variation of the residual mass fraction
(MR) of PS, 5%K-PS, and 5%Fe-PS in TGA curves. It shows K and Fe reduce the required temperature
for the decomposition of PS while Fe-impregnated PS starts to have apparent weight loss at a much
lower temperature of around 206 ◦C than K-impregnated PS at 254 ◦C. The first and second peaks
(P1 and P2) of DTG curves of 5%K-PS and 5%Fe-PS are all at lower temperatures (temperatures of P1
and P2 of 5%K-PS = 266 ◦C and 332 ◦C; temperatures of P1 and P2 of 5%Fe-PS = 277 ◦C and 341 ◦C)
compared to those of PS (temperatures of P1 and P2 of PS = 284 ◦C and 361 ◦C), indicating that the
pyrolysis temperature of iron- and potassium-loaded PS can be conducted at lower temperatures for
converting the hemicellulose and cellulose of PS into liquids and gases. The TGA results indicate
that PS, through the first step pyrolysis at 450 ◦C in the manufacturing process of this study, had a
significant mass loss, and most volatiles was removed at this stage. Then, the increase in temperature
to 850 ◦C caused only a little drop in the mass. Eventually, TGA curves tend to MR = 0.3–0.4 at 850 ◦C
for three types of PSs, which gives a rough concept for PSC production by pyrolysis of PS.

 
Figure 1. TGA and DTG diagrams from pyrolysis of PS, 5%K-PS, and 5%Fe-PS of residual mass fraction
(MR) and -dMR/dT vs. temperature at heating rate = 30 ◦C min−1 in N2.

2.2. Tar Reforming over PSC, WC, and SC

2.2.1. Conversions of Tar and Gasification Rates of PSC at Different Temperatures

In 90 min reforming of tar model compounds over PSC, the trends of toluene (XT, -) and
naphthalene conversion (XN, -) at 850 ◦C and 900 ◦C are depicted in Figure 2. It is apparent that higher
XT and XN of roughly 0.8 can be reached at 900 ◦C at the end of testing. However, conversions needed
some time to approach the stable state from low conversions. This phenomenon was also observed
when using WC and SC as catalysts (shown in Section 2.2.2). For example, XN at 900 ◦C in Figure 2,
increases from 0.24 to 0.80 during the initial 15 min, which suggests that the catalytic activity can
be enhanced in this time range. After pyrolysis, high porosity is not accessible as the pores fill from
disorganized carbon from the deposited tar, which reduces the surface area and pore distribution
on the char surface [36]. However, with a high content of steam and high temperature during tar
reforming, the gasification of char can take place and change the surface property of chars. According
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to Fuentes-Cano et al. [37], when the rate of carbon (char and soot) gasification is higher than that of
coking during tar reforming, the surface area and porosity of the char are increased, resulting in a
better activity of the char. Consequently, with high steam content in SEG derived syngas, the steam
activation process (gasification) for more surface area of chars might be directly carried out at elevated
temperatures during tar reforming. In order to verify this phenomenon, a method was established
here, for presenting the gasification of palm shell char during the reforming of tar model, compounds.
The gasification rate (rG, g min−1) of the char was then calculated here during 90 min reforming.
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Figure 2. Conversions during 90 min tar reforming over PSC.

rG of PSC is defined as the rate of reacted carbon from PSC, while rG can also be assumed equal to
the rate of production of CO and CO2 stemming from PSC presented in Equation (1) on the basis of
gasification reactions as shown in Equations (13) and (18) (Reactions are described in Section 3.5) [38],
where mC*, mC_CO, and mC_CO2 (g) are the mass of carbon in the char, in the produced CO, and in the
produced CO2 at time t, respectively:

rG =
−dmC∗

dt
=

d(mC_CO + mC_CO2)

dt
. (1)

mC_CO and mC_CO2 at time t are computed by the integration of volume fractions of CO and CO2

arising from PSC gasification (yG_CO and yG_CO2, ppmv) with t, which is substituted into the ideal gas
Equation at NTP (assuming CO and CO2 are ideal gases), according to Equations (2) and (3):

mC_CO =
PMV

RT
=

PM
RT

× (
.

QNTP ×
∫ t

0
yG_COdt) (2)

mC_CO2 =
PMV

RT
=

PM
RT

× (
.

QNTP ×
∫ t

0
yG_CO2dt), (3)

where P is pressure (assumed at 101.3 kPa), M is the molar mass of carbon (12 g mol−1), R is the ideal
gas constant (8.314 Pa·m3·K–1·mol–1), temperature (T) is 298 K here, and QNTP = 0.3 m3 h–1 = 5 L min–1

at NTP.
yG_CO and yG_CO2 can not be directly obtained from the outlet volume concentration of CO and

CO2 (yCO and yCO2, ppmv) detected by FTIR because toluene and naphthalene also contributed to
CO and CO2 production due to Equations (11), (12), and (13). As a result, they are enumerated by



Catalysts 2020, 10, 476 7 of 25

yCO and yCO2 subtracting concentrations of CO and CO2 from tar model components (yT_CO and
yT_CO2, ppmv) at time t, presented as Equation (4). This method assumes that PSC only converted into
CO and CO2 (the main product of gasification of PSC from Equations (13) and (18)) during 90 min
reforming, and carbon-containing species of products from the conversion of tar model components
existed only as CO, CO2, C6H6, and CH4. Hence, C7H8, C10H8, CH4, and C6H6 analyzed by FTIR
were all assumed originating from the infused tar model compounds. yT_CO and yT_CO2 can be then
calculated by fractions of C from reacted toluene and naphthalene deducting those from CH4 and
C6H6 (Equation (5)). The gasification rate of PSC during reforming of tar model compounds at time t
is subsequently calculated by Equations (1), (2), and (3). Finally, rG of PSC at 850 and 900 ◦C against
time is then illustrated in Figure 3:

yG_CO + yG_CO2 = yCO + yCO2 − (yT_CO + yT_CO2) (4)

yT_CO + yT_CO2 = 7× (yC7H8, in − yC7H8) + 10× (yC10H8, in − yC10H8) − 6× yC6H6 − yCH4. (5)

� �
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Figure 3. Comparison of calculated rG and Xc during 90 min tar reforming over PSC.

The conversions of carbon mass (XC, -) of PSC is also calculated also by this method. By Equations (2)
and (3), the mass of carbon in PSC transforming to CO and CO2 (mC_CO +mC_CO2) is obtained, so XC at
time t can be calculated by Equation (6) and illustrated in also Figure 3, where MC is the initial carbon
mass in the biochar (g). The diagram shows that carbon in PSC is gasified apparently in 90 min test with
XC = 0.20 and 0.40 at 850 and 900 ◦C, respectively. The error of this method is estimated by the difference
between XC calculated from this method and real XC. The real XC after 90 min reforming (XC,real, -) is
calculated by the mass loss (Δm, g) of PSC measured after the experiment divided by MC (Equation (7)).
XC at 90 min (= 0.20 and 0.40) has an excellent compromise to XC,real (= 0.20 and 0.45) at 850 and 900 ◦C
suggesting this method can be used for constructing the first concept of mass loss of carbon catalysts
during steam reforming of tar. This method is also helpful for the establishment of the change of the
residence time in the course of tar reforming:

XC =
mC_CO + mC_CO2

MC
(6)

XC_real =
Δm
MC

. (7)
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According to Figure 3, a higher gasification rate can be observed at 900 ◦C in 90 min reforming
with a constant rG = 0.039 higher than rG = 0.022 g min−1 at 850 ◦C. Hence, more surface area and pore
volume might be formed at 900 ◦C, while twice the loss of carbon mass occurs compared to 850 ◦C
in 90 min. In order to figure out the relationship between gasification and surface area, the result of
internal structure analyses is shown in Table 3. After 850 ◦C reforming, the surface area and micropore
area all increase. With strong gasification at 900 ◦C reforming, the surface area and the micropore
surface area become more than 850 ◦C reforming, which is consistent with the previous hypothesis
that gasification activates the char surface and high gasification rate leads to more surface area and
micropores. However, the ratio of micropore to mesopore area has a decrease from 5 to 2 after 900 ◦C
tar reforming, indicating a possible micropore collapsing through long-time strong gasification. This
phenomenon, which is related to the deactivation of char catalyst, was also found by Zeng et al. [39].

Table 3. The internal structure of PSC and PSCs after 90 min test.

Sample

BET Total
Surface
Area

(m2 g−1)

Micropore
Area

(m2 g−1)

Mesopore
Area

(m2 g−1)

The Ratio of
Micropore
to Mesopore

Area

Micropore
Volume
(cm3 g−1)

Pore
Average
Diameter
(nm)

PSC 469.6 331.8 66.1 5.0 0.199 2.5
PSC-850 532.6 430.1 82.0 5.2 0.2 2.13
PSC-900 813.7 511.3 253.1 2.0 0.26 2.68

2.2.2. Comparison of Conversions of Tar and Gasification Rates between PSC, WC, and SC

XN of naphthalene reforming over PSC, WC, and SC is depicted in Figure 4, which illustrates that
naphthalene reforming over wood char presenting the best activity of naphthalene reforming at 850 ◦C
in the whole 90 min. Here only XN is depicted in Figure 4 to avoid the interference of showing toluene
conversions. The toluene conversion trends, from each biochar, also indicated that WC had the best
catalytic activity at 850 ◦C. The method described in Section 2.2.1 was also adopted to 90 min reforming
of tar model compounds over WC and SC to compare the gasification rate and carbon conversion of
different biochars. Due to the difference in bulk density of different biochars, rG is then divided by
individual MC (rG/MC, min−1) of them for the comparable rate of gasification. Figure 5 shows that SC
has the most drastic gasification with XC = 0.60 in 90 min reforming, which may be due to the highest
ash content among these three biochars with abundant AAEM groups. Some research has confirmed
that AAEM groups enhance the gasification rate of biochars [40,41]. This surmise also agrees with
WC, which is more susceptible to steam for gasification with XC = 0.35 in 90 min reforming than PSC
because of a higher content of AAEM groups. With the least content of AAEM groups, rG/MC of PSC
remains almost constant during the whole time reforming range. At 850 ◦C, XC at 90 min of PSC (=0.21)
is much lower than those of WC and SC, demonstrating a stabilized characteristic at high temperature
and rich steam concentration environments.

In light of Figure 5, the primary gasification of WC and SC takes place in the beginning, and
rG/MC becomes constant afterward. The surface area might soar tensely in this gasification time range,
explaining the increase of activity of biochars at the starting time range, as can be seen in Figure 4. This
study also proves that biochar catalysts can be parallelly gasified to raise the amount of H2 and CO to
increase their contents in the bio-syngas during the reforming of tar model compounds.
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Figure 4. Naphthalene conversions during 90 min tar reforming over PSC, WC, and SC at 850 ◦C.

 
Figure 5. Comparison of calculated rG/MC and Xc during 90 min tar reforming over PSC, WC, and SC
at 850 ◦C.

2.3. Tar Reforming over 5%K-PSC and 5%Fe-PSC

Loading metal on biochars is a time-consuming process with extra cost, so quick mass loss of
biochar catalysts due to gasification should be avoided in a long-duration reaction. A drastic mass
loss also means a decrease in residence time. Therefore, tar conversion can drop. According to
reference [40], impregnated potassium and iron can significantly increase the gasification rate of
the biochar. A continuous three-stage tar reforming at three temperatures was thus conducted to
investigate the effect of T and rG/MC on tar conversion. At different stages, only nitrogen went through
the reformer. As soon as the stage temperature was reached and maintained constant, simulated syngas
with tar model compounds then flowed into the reformer for roughly 8 min reforming. rG/MC, XC, and
XN in three stages for 5%K-PSC and 5%Fe-PSC are depicted in Figure 6a,b. A significant difference in
the gasification rate between iron- and potassium-loaded chars was thus observed in this research.
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At each stage, steam activation of Fe-loaded PSC quickly occurs with an extremely high gasification
rate in the beginning, while the mass loss is much less than 5%K-PSC during long-term reforming on
account of a rapid drop of rG/MC. Regarding the reforming of tar model compounds at 840 ◦C as an
example, 5%Fe-PSC has a considerable decrease of rG/MC from 0.035 to 0.003 min−1, and the value
then maintains constant close to rG/MC of PSC depicted in Figure 5. According to Yu et al. [42], iron
in its reduced forms on the char surface can be oxidated into magnetite during short reforming time
with steam, which reduces the activity of char for reacting with steam and hence leads to a sink of
rG/MC. In contrast, with potassium on the surface of PSC, a high gasification rate, which is twelve
times greater than that of PSC at 850 ◦C, appears with nearly a constant value through the reforming.

(a) 

 
(b) 

Figure 6. The tendency of calculated rG/MC and XN during tar reforming over; (a) 5%K-PSC; and (b)
5%Fe-PSC at a continuous three-stage tar reforming.

XN has a rapid increase to 0.54 at the first stage due to the strong steam activation of 5%K-PSC.
At the second stage, conversion approaches a much higher value of 0.70. However, a considerable
drop of XN at 850 ◦C is found. This is not consistent with the general trend of K-loaded char in other
research [43], which suggests that conversion increases along with rising temperatures. Through three
stages, the carbon conversion of 5%K-PSC quickly reaches 0.5 in only 24 min. Therefore, the enormous
mass loss of 5%K-PSC through three-stage reforming might be the main reason for the conversion
drop with the need for fast replacement of the catalyst. According to the references [39,44], although
new micropores can be formed on biochars during gasification, it is found that micropores can further
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collapse to mesopore because of continuously intense gasification. Since the activity of tar reforming
is highly related to the micropore of biochar [39], in the long term or drastic gasification situation,
pore collapsing might also lead to deactivation. With the highest gasification rate at the final stage
where naphthalene conversion starts to decrease, an intense gasification rate might also result in the
collapse of micropores. In comparison to 5%K-PSC, the XC value of 5%Fe-PSC is only 0.19 at the end of
three-stage reforming without the decline of naphthalene conversion.

As a result, rapid mass loss of char catalysts because of gasification during tar reforming must be
avoided to maintain the activity of char catalysts. In the site of reforming at a low temperature of 750 ◦C,
the gasification rate of K-loaded PSC is still much faster than that of PSC at 850 ◦C. Consequently, the
proper temperature (below 750 ◦C) should be considered to reduce the severe mass loss of 5%K-loaded
PSC while applying them as a catalyst in tar reforming.

Although potassium has been commonly tested as a promoter for char catalyst, agglomeration in
pyrolysis for the catalyst production and strong gasification during tar reforming have to be considered
as problems. Iron is a relatively tender promoter on the biochar suitable for long-term operation with a
quick activation only at the very beginning during the reforming of tar model compounds. However,
this research only gives a general concept for applying metal-supported biochars in tar reforming.
Further investigation of these metal-loaded PSCs should still be carried out.

2.4. Catalytic Activities of Different Biochar at Different Temperatures

By sorting average conversions at different temperatures, the catalytic activities of the reforming
of tar model compounds over all biochars are compared here. As can be seen in Figure 7, conversions
of both, toluene and naphthalene over WC, SC, and PSC are observed at temperatures above 800 ◦C,
where WC has the best catalytic activity for tar reforming with the highest XT and XN of roughly 0.7 at
880 ◦C in τNTP = 0.17 s. On the other hand, XT and XN increase along with the temperature, suggesting
that naphthalene and toluene can be better reformed at high temperatures.
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Figure 7. XT and XN from tar reforming over PSC, WC, and SC at different temperatures.

The average conversions of 5%K- and 5%Fe-PSC from the tests in Figure 6 are depicted in
order to understand whether conversion can be enhanced in the presence of additional K and Fe.
Figure 8 shows that 5%K-PSC has an excellent catalytic activity with high XT and XN = 0.7 at
moderate temperature = 780 ◦C. However, both conversions decrease to 0.54, and 0.47, respectively,
at 840 ◦C, caused by rapidly decreasing char amount owing to drastic char gasification, which has
been explained in Section 2.3. With the iron on the surface, the catalytic activity was also promoted,
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giving higher conversions of toluene and naphthalene than PSC. These findings correspond to the
references [24–26,28] that potassium and iron enhance the ability of tar decomposition over biochars in
a steam-hydrogen rich environment.
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Figure 8. XT and XN from tar reforming over PSC, 5%K-PSC, and 5%Fe-PSC at different temperatures.

According to references [45,46], char-based catalysts have been reported that the content of
oxygen-containing functional groups on the surface enhanced its activity for tar reforming. These
groups were mainly in the acidic form and increased the acidity of the char-based catalyst [47].
Therefore, the acidity of the char-based catalyst is then regarded as an essential characteristic for
improving the removal efficiency of tar. Since the tar-reforming activity of PSC was enhanced after
dopped with K and Fe, the acidity on the surface of 5%K-PSC and 5%Fe-PSC might be higher compared
to PSC. Hazmi et al. also indicated that after moderate impregnation of K and Fe on the rice husk char,
a significant increase of the acidity was observed on its surface [48].

2.5. Benzene Selectivities of Different Biochars

Benzene has been known as an intermediate which is cracked mainly from aromatic tars through
dealkylation. With better catalysts, benzene can be further decomposed to light gas components
indicating that benzene selectivity (SC6H6, -) can also be regarded as a proper index to evaluate whether
tar tends to decompose to light gas components with certain catalysts or not. Figure 9 shows that
SC6H6 of three different PSCs are smaller than 0.2 compared to relatively high values between 0.20 and
0.54 obtained from CaO in the temperature range from 700 to 900 ◦C. Moreover, the reforming of tar
model compounds over WC and SC also exhibited similar selectivity of benzene with values below 0.2,
suggesting that biochars are inclined to break down benzene further and present high selectivity to
light components due to unique surface possessing AAEM groups. In addition, apparent drops of
SC6H6 of PSC and CaO occur at 850 ◦C to 900 ◦C, meaning that, at a high-temperature range above
850 ◦C, not only high conversion rate can be approached over PSC and CaO, but benzene is also much
easier to decompose.
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Figure 9. SC6H6 of PSC, 5%K-PSC, 5%Fe-PSC, and CaO at different temperatures.

2.6. Kinetics

Kinetic constants can be calculated using kinetic models, along with the relationship between
tar concentration and reaction temperature. In a recent review paper [17], the kinetics of tar model
compounds reforming over char catalysts were assessed from the previous publication. It indicated
that the research on reaction kinetics of tar removal is very scarce at present. Generally, for the typical
tar model compounds, such as phenol, toluene, and naphthalene, the first-order reaction model is
appropriate in describing the reaction process. By using the same model, it is also beneficial for
comparing the results with the literature [22,49]. As a result, the first-order kinetic model presented in
Equation (8) was then applied in this study,

− r = k·Ctar (8)

where r is the rate of model tar conversion (kmol m−3 s−1), k is the apparent kinetic constant (s−1)
and Ctar is the model tar concentration (kmol m−3). The validity of the model can be justified by the
R-square value (R2, -) of the model fitting with data.

Plug-flow behavior and negligible diffusion in the catalyst pellets are assumed for determining
the kinetic parameters. k is then integrated as below,

k =
ln(1−X)

τNTP
(9)

where X is the conversion of tar model compounds (-), and τNTP is the gas residence time (s) in the
catalytic bed based on gas flow rate. X of materials at different temperatures is based on Figures 7
and 8. For 5%K-PSC, the conversions at 840 ◦C were excluded due to the intense gasification of char.

By substituting respective k and reforming temperature (Tr, k) into Arrhenius’ law (Equation (9)),
the activation energy (Ea, kJ/mol) (assumed to be constant in the studied temperature range) and the
apparent pre-exponential factor (k0) can be computed. Then both kinetic parameters can be compared
with the results of other researchers to evaluate the activity of the applied catalysts for tar reforming,

k = k0·e
−Ea
R·Tr (10)

where R is the ideal gas constant (8.314 J K−1 mol−1).
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The apparent rate constant was varied with temperature by an Arrhenius-type relationship, as
shown in Figure 10. Linear regressions were then established for toluene and naphthalene reforming
over different materials based on the Arrhenius-type relationship. According to Table 4, high R2, which
are derived from these linear regressions, confirmed a good fit for the first-order kinetic model. With
two parameters Ea and k0, as listed in Table 4, the performance of different active materials, tested
in this study, can be easily compared by establishing the relationship between residence time and
conversion (Figures 11–13). 850 ◦C and 900 ◦C were selected as the standard temperatures for the
comparison of catalytic activity of natural materials because they have been regarded as effective
temperatures for tar reforming.
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Figure 10. Temperature dependency of the apparent reaction rate constant according to Arrhenius’ law.
Calculation by; (a) toluene conversions; and (b) naphthalene conversions.
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Table 4. Effect of temperature on fractional conversions and first-order rate constants for tar reforming
over different catalysts. Calculation by toluene conversions and naphthalene conversions.

Tar Model
Compound

Catalyst
Type Tr (◦C) XT (-) Ea (kJ/mol) k0

(s−1) R2 *

Toluene

PSC 850–900 0.31–0.81 318.9 1.44 × 1015 0.973
WC 730–880 0.26–0.70 89.0 7.66 × 104 0.999
SC 830–880 0.21–0.56 259.7 2.73 × 1012 0.995

5%K-PSC 740–780 0.51–0.70 116.3 4.22 × 106 -
5%Fe-PSC 740–850 0.26–0.52 82.7 3.26 × 104 0.999

CaO 750–950 0.14–0.98 218.0 4.06 × 1010 0.994

Naphthalene

PSC 850–900 0.15–0.77 478.9 1.76 × 1022 0.996
WC 730–880 0.22–0.68 97.2 1.51 × 105 0.963
SC 830–880 0.07–0.35 372.2 1.83 × 1017 0.999

5%K-PSC 740–780 0.54–0.70 99.1 5.88 × 105 -
5%Fe-PSC 740–850 0.18–0.43 100.6 1.74 × 105 0.999

CaO 750–950 0.15–0.68 130.1 1.56 × 106 0.986

*R2: The percentage of the response variable variation that is explained by a linear model. This value is derived
from Figure 10.

According to Figures 11 and 12, the theoretical residence time (τT, s) for the complete conversion
of naphthalene is longer than that of toluene, indicating that this tertiary tar with a stable structure is
harder to break down. At 850 ◦C, WC has the best catalytic activity for naphthalene reforming among
natural materials, and CaO demonstrates a better activity than PSC and SC.

As temperature increases to 900 ◦C, four low-cost materials are much more inclined to reform
toluene and naphthalene. XT and XN rapidly arrive at 100% conversion with less residence time than
at 850 ◦C. It is also found that biochars possess better catalytic activity for naphthalene reforming than
CaO at 900 ◦C, according to Figure 12. Among four materials, PSC exhibits an excellent activity for
naphthalene reforming at 900 ◦C, which reached complete conversion at τT = 1.2 s much shorter than
10.6 s at 850 ◦C. The temperature is then confirmed to be one of the most crucial parameters for tar
reforming regarding the result. The bulk volume of PSC with the value above 3.33 × 10−4 m3 per
m3 h−1 of SEG-derived syngas is theoretically required for tar reforming at 900 ◦C, based on the kinetic
constant of naphthalene reforming over PSC.

The advantage of loading with potassium and iron on biochar is that Ea for the reforming of tar
model compounds becomes much lower (shown in Table 4), meaning that tar reforming over K- and
Fe-PSC can be accomplished at more moderate temperatures compared to PSC. The energy consumption
thus decreases for a long-time reforming. In order to avoid considerable mass loss of PSC due to
gasification at high temperatures, metal-loaded PSC is, therefore, more suitable for low-temperature
tar reforming. 5%K-PSC and 5%Fe-PSC are hence compared to PSC at a low temperature of 750 ◦C
with the relationship between residence time and conversion, as can be seen in Figure 13. A complete
conversion of naphthalene for 5%K- and Fe-loaded PSC is reached with τT = 1.7 and 6.9 s, respectively,
while PSC shows a weak activity with XN = 0.06 at τT = 10 s. In comparison to required τT (10.6 s) for
complete conversion over PSC at 850 ◦C, 5%K-PSC and 5%Fe-PSC show still better catalytic activities
at 750 ◦C, proving potassium and iron are prominent promoters for not only reducing the reforming
temperature, but also significantly enhancing the catalytic activity of PSC.

On account of the above findings, PSC is applicable as tar-reforming catalysts at the
high-temperature range around 900 ◦C, which can theoretically achieve complete tar conversion
with short residence time. Besides, the catalytic activity of PSC can be enhanced after impregnated
with potassium and iron. For design purposes, the mass of active materials required in the reformer
for SEG derived syngas can be deduced from Figures 11–13 to approach the target conversion at
specific temperatures.
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(a) 

(b) 

Figure 11. (a) Toluene; and (b) naphthalene conversion as a function of theoretical residence time at
850 ◦C for different active materials.
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(a) 

(b) 

Figure 12. (a) Toluene; and (b) naphthalene conversion as a function of theoretical residence time at
900 ◦C for different active materials.
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(a) 

(b) 

Figure 13. (a) Toluene; and (b) naphthalene conversion as a function of theoretical residence time at
750 ◦C for PSC, 5%K-PSC, and 5%Fe-PSC.
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3. Material and Methods

3.1. Materials

PSs imported from Malaysia by Liang Xin Energy Co., Ltd. (New Taipei City, Taiwan) were
carbonized at 450 ◦C in the self-generated atmosphere for 30 min with nitrogen to remove most of the
volatiles. This range of temperature has also been applied as bio-oil production by pyrolysis of PSs.
The temperature then rose to 850 ◦C, reaching the temperature range of tar reforming to produce final
palm shell chars (PSCs). PSCs were then sieved to the size of 2–5 mm for tar reforming. Moreover, this
research adopted a low-cost impregnation method with K2CO3 (99.5%, SHOWA CHEMICAL CO.,
LTD., Nihombashihoncho, Tokyo, Japan) and Fe(NO3)3-9H2O (98%, VETEC, Merck KGaA, Darmstadt,
HE, Germany) to prepare K- and Fe-loaded PSC. Solutions of potassium and iron salt, prepared by
dissolving K2CO3 and Fe(NO3)3-9H2O in an appropriate amount of DI water, were mixed with PSs for
12 h under continuous intense agitation using a magnetic stirrer, and then dried at 105 ◦C for 24 h.
The amounts of K2CO3 and Fe(NO3)3-9H2O added in the solution were decided by making K and Fe
occupy 5 wt.% of the metal impregnated PS assuming that all potassium or iron ions in the solution
could evenly cover on the surface of PSs. The metal impregnated PSs were subsequently pyrolyzed in
a similar method as adopted for PSCs. K- and Fe-loaded PSC were named 5%K-PSC, and 5%Fe-PSC,
respectively. Tar reforming was also carried out with wood char (WC), straw char (SC), and CaO as
catalysts with similar pellet diameter (2–5 mm) to PSC to observe the difference of these materials
by using them as tar-reforming catalysts. The same pyrolysis method was adopted for straw pellets
(GIEE, National Taiwan University, Taipei, Taiwan) to manufacture SCs, while WCs were produced by
pyrolysis of wood pellets (SCHARR WÄRME, Stuttgart, BW, Germany) in a fluidized bed at a constant
temperature of 850 ◦C for 1 hr. The bed material of the SEG process, CaO, has been proved that it can
reduce tar production and convert heavy tar into light tar. CaO, which is obtained from the calcination
of limestone (Lhoist Germany Rheinkalk GmbH, Wülfrath, NW, Germany) at 900 ◦C, was also tested
here as the reference catalyst representing mineral rock catalyst. The calcined limestone, which is
regarded as “CaO” in this study, consisted of over 90% CaO.

3.2. Experiment Method

A high-temperature laboratory-scale catalytic tar reduction system capable of operating at various
conditions was developed in this study, as shown in Figure 14. Low-cost materials (PSC, 5%K-PSC,
5%Fe-PSC, WC, SC, and CaO) were tested as the catalysts filled in the reactor. All pipes were heated up
above 180 ◦C to avoid condensation of tar. A relevant test gas with 15 vol % H2O, 7.5 vol % H2 (99.9%,
Westfalen AG, Münster, NW, Germany), and tar model compounds was premixed in N2 (99.999%,
Westfalen AG, Münster, NW, Germany) simulating the essential components of the raw syngas from
the SEG process [2–4]. The tar model components were toluene (99.5%, Merck KGaA, Darmstadt,
HE, Germany) and naphthalene (Riedel-de Haën AG, Seelze, NI, Germany), amounting to total tar
concentration of circa 10 g m−3

NTP. The residence times of the gas (τNTP, s) over the biochars and CaO
were 0.17 and 0.51 s, respectively, calculated by the bulk volume of the catalyst bed (Vbed, m3) divided
by total flow rate (QNTP, m3 s−1). Long-term tests of PSC, WC, and SC with 90 min reforming were
conducted at different temperatures.
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Figure 14. Diagram of tar reforming system.

3.3. Detection of Gas Components

By Fourier–transform infrared spectroscopy analyzer (FTIR–Gas analyzer, GASMET DX4000,
Gasmet Technologies Oy, Mestarintie, Vantaa, Finland), continuous toluene and naphthalene
concentrations were recorded, and concentrations of C6H6, CO, CO2, and CH4 were also detected with
a transmitting pipe (5 m length) at 180 ◦C. The initial concentration was also recorded at the beginning
of every test.

3.4. Analytical and Characterization Methods

Elemental, ultimate analyses and metal oxide compositions of biochars were performed following
standard methods DIN (the German Institute for Standardization) EN ISO 18134–3, 18122, 18123, 16948,
16967, and 16994 [50]. Thermal gravimetric analysis (TGA) and derivative thermal gravimetric analysis
(DTG) were tested in the same condition described by Chen et al. [32]. The porous structure of the char
sample, including BET surface area, pore volume, and average pore diameter, was measured by an
automatic volumetric analyzer (Micromeritics ASAP 2420, Micromeritics Instrument Corp., Norcross,
GA, U.S.A.) using liquid N2 as the adsorption agent. The catalyst sample was degassed at 200 ◦C
to remove adsorbed contaminants and water vapor on the surface of the catalyst. The information
of micropore and mesopore was calculated by the approaches of t-plot and Barrett-Joyner-Halenda
(BJH) [51,52].

3.5. Toluene and Naphthalene Reforming

Many parallel and consecutive reactions can occur during toluene and naphthalene reforming
in the environment with high steam concentration [53–55]. According to the global steam reforming
reaction, toluene and naphthalene can react with steam to generate H2 and CO:

C7H8+7H2O→7CO+11H2 (11)

C10H8+10H2O→10CO+14H2. (12)

The Water-Gas-Shift reaction (WGS) takes place simultaneously:

CO+H2O↔CO2+H2. (13)
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Some work in the literature suggested that Equations (11) and (12) may be divided into two different
reactions in series: The solid carbonaceous deposition on the solid surface by tar polymerization
or coke accumulation followed by the steam gasification/reforming of the carbonaceous solid [37].
It is worth mentioning that carbon deposition reactions highly depend on the temperature and the
concentration of the oxidizing component (steam). When the reaction temperature is too low, or not
enough steam is present, coke can quickly accumulate on the solid surface [56].

In the presence of steam and hydrogen, also other reactions should be considered during tar
reforming. Toluene and naphthalene can react with steam to produce C6H6, CO, and H2 from the
reaction of steam dealkylation (Equations (14) and (15)) or with hydrogen to form C6H6 and CH4

owing to the hydrodealkylation reaction (Equations (16) and (17)) [57]:

C7H8+H2O→C6H6+CO+2H2 (14)

C10H8+4H2O→C6H6+4CO+5H2 (15)

C7H8+H2→C6H6+CH4 (16)

C10H8+7H2→C6H6+4CH4. (17)

Biochar can also go through steam reforming (gasification) during steam reforming of tar:

C*(carbon in biochar) + H2O→CO + H2. (18)

3.6. Calculation Formulas

The concentrations obtained from FTIR were able to quantify the present reagents and products.
AS biochar was simultaneously gasified during the reforming of tar model compounds, carbon balance
was hard to prove with the parallel production of carbon-containing species from biochar. As a result,
CaO was also used as a reference catalyst for confirming that the experimental process in this study
gave a credible carbon balance during the reforming. Figure 15 depicts the carbon balance of the
reforming of tar model compounds over CaO at 850 ◦C between reacted tar model mixture and majorly
produced carbon-containing species (CO, CO2, CH4, and C6H6). Since there is a good fit between
carbon conversed and carbon produced, a constant total volume flow rate before and after the reaction
was then assumed in this study. Here, gasification of biochar catalysts was also assumed to have no
influence on total volume flow.

Toluene conversion (XT, -) and naphthalene conversion (XN, -) were then computed using
Equations (19), and (20), respectively,

XT =
yC7H8,in − yC7H8, out

yC7H8,in
(19)

XN =
yC10H8,in − yC10H8,out

yC10H8,in
(20)

where yC7H8,in, ppmv = inlet toluene volume concentration, yC7H8,out, ppmv = outlet toluene volume
concentration, yC10H8,in, ppmv = inlet naphthalene volume concentration, and yC10H8,out, ppmv =
outlet naphthalene volume concentration.

Benzene selectivity (SC6H6, -) was defined by Equation (21), assuming that benzene all produced
from tar model compounds,

SC6H6 =
6·yC6H6

7·(yC7H8,in − yC7H8,out) + 10·(yC10H8,in − yC10H8,out)
(21)

where yi (ppmv) represents the outlet volume concentration of the product i (yC6H6: the outlet volume
concentration of benzene.)
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Figure 15. Carbon balance of toluene and naphthalene reforming over CaO at 850 ◦C. (Reformed toluene
and naphthalene: 7·(yC7H8,in − yC7H8,out) + 10·

(
yC10H8, in − yC10H8,out

)
; Produced carbon-containing

species: yCO + yCO2 + yCH4 + 6·yC6H6).

4. Conclusions

Pyrolysis of PS removes most volatiles of PS and produces PSC with a high surface area and
good hydrophobicity. PSC performed significantly in tar reforming at 900 ◦C, with a theoretically
required bulk volume of 3.33 × 10−4 m3, for the complete tar conversion per m3 h−1 of SEG-derived
syngas, which proves that it has a good potential applied in a tar reformer after SEG process. As for the
reforming selectivity, toluene and naphthalene over PSC are mainly decomposed to light components
with low benzene selectivity. Parallel gasification of biochars during the reforming of tar model
compounds is highly related to the activation and deactivation of biochars. Initial gasification can
increase the surface area and micropores. However, mass loss and pore collapsing after continuous
gasification lead to the deactivation of biochars. With low reactivity to steam, palm shell char is a
suitable choice for applying the catalyst, compared to wood char and straw char, as it avoids drastic
mass loss in the long-term toluene and naphthalene reforming. Moreover, it is worth developing
K- and Fe- loaded palm shell char for reducing the reforming temperature. These metal promoters
significantly enhance the catalytic activity of palm shell char, while intense gasification carried out on
potassium loaded palm shell char results in a rapid mass loss. Iron is a relatively tender promoter on
the palm shell char suitable for long-term operation with a quick activation only at the very beginning
during the reforming of toluene and naphthalene mixture.
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C7H8 + 7H2O → 7CO + 11H2 H

◦
900 ◦C = 928 kJ mol−1                     )&K*//

C10H8 + 10H2O → 10CO + 14H2 H
◦

900 ◦C = 1234 kJ mol−1               )&,*/
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CO + H2O ↔ CO2 + H2. H◦
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C7H8 + H2O → C6H6 + CO + 2H2 H
◦

900 ◦C = 174 kJ mol−1              )&6*//

C10H8 + 4H2O → C6H6 + 4CO + 5H2 H
◦

900 ◦C = 479 kJ mol−1          )&0*//
C7H8 + H2 → C6H6 + CH4 H

◦
900 ◦C = –53 kJ mol−1                          )&/*//

C10H8 + 7H2 → C6H6 + 4CH4. H◦
900 ◦C = –429 kJ mol−1                  )&3*/
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,)-*/��*,-./
�
'�+/*'()*+,-./)(/
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C*(carbon in biochar) + H2O → CO + H2. H◦

900 ◦C = 136 kJ mol−1    )&1*//
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XT = yC7H8,in − yC7H8

yC7H8,in
)K*//

XN = yC10H8,in − yC10H8

yC10H8,in
),*//
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SC6H6 = 6�yC6H6

7�(yC7H8,in − yC7H8) + 10�(yC10H8,in − yC10H8) )8*//
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rG = −dmC�
dt

= d(mC CO + mC CO2)
dt
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mC CO = PM−V
RT

= PM−

RT
× (QNTP ×

∫ t

0

yG COdt) )0*//

mC CO2 = PM−V
RT

= PM−

RT
× (QNTP ×

∫ t

0

yG CO2dt) )/*//
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yG CO+ yG CO2 = yCO+ yCO2−(yT CO + yT CO2) )3*//

yT CO+ yT CO2 = 7× (
yC7H8,in − yC7H8

)+ 10× (
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XC = mC CO + mC CO2

MC
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MC
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