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��d�KNMOQ��-^´����ß ¾UdT@¦�EV@ ê ^�Q-�IEVMOMRQYX�Q-ÐcMOQ-�R@edTÒ�}~E4MR>�MO<?Q�K;�Z@?BDdAK�dTM+��dT�OEG>APeK+XZE\KNMºdT@e[]Q�K&98S¢�O>�� d
S¢Q-Õ
BcEVÒV>���Q-MRQ-�bK�MR>â<ZP_@eXZ�OQ�X?K�>TS�BZEGÒV>���Q-MOQ��bK�fUS¢>A�D��ØºÝg�â��EG@ZP?MRQYK]ß ��S¢MOQ-�+MR<?Q�Q-@eX×>YSMR<?Q�Q-ÐZMRQ-�O@LdTÒ�}~E
Q-��E\KOK;EV>A@�^ZÕ�Q�>AÑeQ-@?Q�X MO<?Q XZ>a>A�>YSUMO<?Q�}�E,�RQY[]Q-EG�ZEG@?B$�O>a>�� dY@eX MO>a>�B >AP_MMO<?Q�H��é[]Q-ÒGÒ,MO>IdT@edYÒV�µ�-Q
MO<_Q�KN�c@?Bad�KíEG@âMO<?Q�[�Q-ÒVÒnÙZ��MO<?Q�H���KNÑeQY[]MR�O>A�IQ-MOQ-��ß+� MR>AMbdYÒ=>TS~K;EVÐ�Q-ÐZÑeQ-�REV��Q�@ZMºKÓÕ�Q��OQ�[]>�@eXZPe[]MRQYX�^
dT@LX/MO<_Q-EV�Ö[]>A@eXcEVMOEG>A@eK~dT@LX/�OQ�KNP?ÒGMbK�dT�RQ+ÒVE8K;MOQYX�EV@�àldYÙ?ÒVQ�Ý�ß

�IðZö-Ínô8ÉYö�ó?ÈnÌ õ/Ï¢ö-ÎaÍnö-ö-Ï¢ËeÈ
à�<?Q�K;ÑeQY[]MO�RP?� >YS*KN�c@?Bad�K|MR�OQYdYMOQYXÙc�Q-ÐcMOQ-�R@edTÒ?}~EaÕÖdAKn[]>A��ÑLdT�OQ�X�MO>~MO<edYMl>YS*KN�c@?BDdAK,@?>AMnMO�RQYdTMRQYX

Ùc�Q-ÐcMOQ-�R@edTÒ?}~E�ßuà�Õ�>~@?Q-Õ{ÑeQYdoB?KudTM.-Z^#°�¿/-cß#�GÀ 3 Á ê dT@LX -Z^�°kÂb0GÀ 3 Á ê ^YÕ�<?E\[�< dT�OQUMO<?QU[b<edT�ºdA[]MRQ-�OE\KNMRE8[-K
>TSL�ZEGÙ?�bdYMOEV>�@�>YS,ç�ØRè Ùe>�@eX�>TS,ç�è å ^YÕ�Q-�RQhS¢>�P?@eX�EG@�MO<_Q�K;ÑeQY[]MO�RP?��d�S¢MRQ-�lMR<?Q�Q�ÐZMRQ-�O@edYÒ?}~EaMO�OQ�dTMO�IQ-@ZM�^
9�K;Q-Q��lEVB�P?�OQ�ÂZfºß=à�<?E8K=�OQYK;P?ÒVMUXZQ-�I>A@eK;MO�bdYMOQYX$MO<LdTM�MR<?Q�KN�c@?Bad�K�EV@�MO<?Q+H��.[]Q�ÒVÒ?Ñ?�R>cXZPe[]Q�X/ç�è~å=P?@eXZQ��
MO<_Q+dA[]MREV>�@�>TSnQ-ÐcMOQ��O@edYÒ|}~E¦ß4H�@ZMRQ-�OQ�KNMOEG@?BAÒG�a^AMR<?Q�ç�è�åÓÑ?�R>cXZPe[]QYX�EV@�MR<?Q+H��.[]Q-ÒGÒeXZQY[-d-�aQYX�dT@LX�5L@edTÒGÒV�
XZE\KOdTÑ_ÑoQ�dT�OQ�X/M;Õ�>$<?>�P?�bK~d�S¢MRQ-��MO<_Q�Q�@eX�>TS=Q-ÐcMOQ��O@edYÒl}~E,Q-��E\KOKNEG>A@,ß
à�<?Q�Q�ÐZÑeQ-�REV��Q-@cM=EV@eXcE8[-dYMOQYX�MO<LdTM~MO<?Q+Q-ÐcMOQ-�R@edTÒ4}~E�S¢�R>A� dw}~EGBA>A@_B���dAK;MOQ-�Ö[-dTMºdTÒG���-Q�XwMR<?Q$XcE8KJØ

Ñ?�R>AÑe>A�RMOEV>�@edTMRQYX �OQ�dA[]MREV>A@²��-Fç�èÄÃÅ çìæ ç�è~å-ß
ÆÇ �;ÀR�b�T�¢�hÈ���¤~Én�¡¤c²]�,�¡«¢�~È,�b¤~�b���Y�¡�o¿\�bÃ��� ¡Â4¤���Ã~��²b�¡�,�=�T®��Y�¬�;�Y®� ¡£�¤��bÃ��*�¡¤�±��T��¤A�Y²]�Y�¡�e¤��bÃ��,�,�¡ � A�A�n�¢�J¿G�;�¢�¬�;£

«¢®�¡¤�«¢�Y�¡�=�������N�4¿G®� ¡ ¡®b�,�¡¤YÁ�«¢�Y�~±��Y�¡¤Y�N�¢�~ÀN�Y�¢«¬®�Ã�²F�,�Y�¡ ��Ó«¢�Y��¤���Ã~�;�4®�¿�®]«¢�Y�;�¬�=�,�¡ ¡ _�A���¢�J¿G�;�¢�¬�;£�«¬®¿G®] � ¡®b�,�¡¤YÁ�«¢�Y�
Ç?¤YÁ] ¡���¬�~À;�T�¢«¢®]Ã�´

°



ÊÌËµÍ<Î WMY�[~\¢y4z�{7{7eol`�|gj.^4�/p7dr|�i/q�c#^�c#|�i/y�eki/q¹lpryIz/f#^�y6|gj.^I�/p]y�c#�*§Cc#�o|/i/�=pr�o¸
a�p:lc@{Gp:ik^�y$|/i=y�`�i/��egyhy�`/y�^�p:{=�

à�EG��Q `D�?K;MOQ-� ��>a>A� :=>����
P_@?E8[-dYMOEG>A@ ��E8K;MbdT@L[]Q ��QYK;P?ÒVMºK
à,Q-��ÑeQ-�ºdTMRP?�OQ W Q-MO<_>cX

Ýg-�Ïo-/-�ÏaÝ��/Ð�¿ ä�å4æ ç�è Ýg° 1 ç ° 3 ç�è~å~dTÑ?ÑeQYdY�OQYX
ÝoÏo��ÏDÝg��Ð�Ñ ä�å4æ ç�è Ýg° 1 ç à|Q�ÒVQ-Ñ?<_>A@?Q Ñ=Ò 3 ç�è~å~dTÑ?ÑeQYdY�OQYX
ÝoÏoÐ�ÏDÝg��Ð�Ñ ä å æ ç�è ÝAÝ�1�ç à|Q�ÒVQ-Ñ?<_>A@?Q Ñ=Ò 3 ç�è å dTÑ?ÑeQYdY�OQYX
ÝoÏo��ÏDÝg��Ð�Ñ ä�å4æ ç�è ÝAÝ 1 ç à|Q�ÒVQ-Ñ?<_>A@?Q Ñ=Ò 3 ç�è~å~dTÑ?ÑeQYdY�OQYX
ÝkÏDÝg-�ÏaÝg��Ð�Ñ ä�å4æ ç�è Ýg0 1 ç à|Q�ÒVQ-Ñ?<_>A@?Q ÝA^��/0�0�Ò 3 ç�è~å~dTÑ?ÑeQYdY�OQYX
ÝkÏDÝkÑ�ÏaÝg��Ð�Ñ ä å æ ç�è ÝAÝ�1�ç à|Q�ÒVQ-Ñ?<_>A@?Q ÝA^��/0�0�Ò 3 ç�è å dTÑ?ÑeQYdY�OQYX

Frequency  (cm   )-1

1800.04600.0 3600.0 3000.0 2200.0 1400.0 1000.0 800.0 600.0 400.0

CO2

c

b

a
CO

OQP@RTSVUXWMÓ"[ u�v�yIa�prdr^IlneD|�j$^I�/p=y�`�i/��egyGyI�/|g��c@i/��^I�/p=a�l|/qµz/dr^�c#|�i³|�jÔz�i/y�^Ieo�/f#p
�6Õ å d:eg^4egf#`�Örprq��k`=pr��^�p:lni�egf²§CcK[Ceox$��p4j×|/lp�^I�/pGpr�/^�p:l�i�egf<§Cc´^Ilp:eg^I{,p:io^:Ø���x$�o�
{,c·i/z/^�pry�eXjK^�p:lh^4�/p�pr�/^�p:l�i�egf"§Cc<^Ilp:e�^I{Gp:ik^:Øµeoi/q�d:x$�7�/|/z�lyÔe�j×^�p:l�^I�/p�pr�/^�p:l�i�egf
§CcÌ^Ilp:eg^4{Gp:io^X�¯���/p7y4a�prdr^Il�eÙ�hp:lp7^Ieo��p:i�e�^¯�:� 1¶� ��c#^I� e f#c#���o^6��z/��|�j�����k�o�

�K�=�o� å �

���-ß©¾UdY@×ÕÖdAK�MR<?Q-@òdAK�BaQYX(E°S�<?QI[]>�P?Ò8XâÑ?�O>cXcPe[]Q���>��OQ$>YS~MO<?Q�ç�è~å�dT@eXÛÒVQ-MMR<?Q�ç�è~å�KNMbdYÙ?ÒV�
Q-ÐcE8K;M�EV@òMO<?Q�H���[�Q-ÒVÒ¦ßâH�@ MR<?Q�@?Q�ÐZM$Q-ÐcÑeQ-�OEG��Q-@cM-^,d-S¢MOQ-�$MR<?Q�Q-�IE8KOK;EV>�@×>YS+Q-ÐcMOQ-�R@edTÒ�}~E�>A@ìKN�c@?BDdAK
Ùc� �~�-ßC¾UdT@�^o��>��OQ$ç�è�å�ÕÖdAK�Ñ?�R>cXZPe[]Q�X/EV@�MO<?Q KN�c@?Bad�KJØJ[]>A@cMbdYEV@?EG@?B�H��é[]Q-ÒGÒ�MO<LdT@âEV@�MR<?Q�Ñ?�RQ-�cEV>APLK
Q-ÐcÑeQ-�OEG��Q-@cM-ß+à,> �aQ-�REªS¢��MO<edYM$ç�è~åÕ�d�K�K;MbdTÙ_ÒVQa^,MO<_Q$BadAK+��EVÐcMOP_�OQ�ÕÖdAK��>�@?EVMR>A�OQ�X EV@ÛMO<?Q�H���[]Q-ÒGÒ
S¢>A�$Â$X?d-�_KÓPeK;EV@?B�MO<?Q�H��.KNÑeQY[]MR�O>���Q-MOQ��-ßnà�<?Q�RQYKNP?ÒGMbK4EV@LXZE8[-dYMOQYX$MO<LdTM�ç�è å XcE8X
@?>�M�XZE\KOdYÑ?ÑeQYdT�UMO<?E\K
MOEG��Q�9�lEGBAP?�RQ �afbß
H�@ MO<_E8K�Q-ÐcÑeQ-�OEG��Q-@cM�K;Q-�OEGQYK]^?M;ÕU>
Q-ÐcÑeQ-�OEG��Q-@cMbK4Õ�Q��OQ$[�>A@eXZPL[]MOQYX�XZP_�OEV@_B
Õ�<?E\[�<â}~EVB�>A@?BI��dAK;MOQ-�

Q-��EGMOMRQYX�Q-ÐcMOQ-�R@edTÒ,}~EoS¢�R>A�Ú'�PLdT@��-<_>AP�MO> ��Q-E��OEG@?B�9OÝA^��/0�0�Ø¶-Z^#0�0/0©Ò 3 fºß4à�<?Q��OQYK;P?ÒVMºKÓEV@LXZE8[-dYMOQYX�MO<edYM
ç�è�åhÕÖdAK=Ñ?�O>cXZPL[]QYX$EV@�MO<?Q�H�� []Q-ÒGÒ,9�nEVBAP_�OQ�¿Ffºß=��>YÕ�Q-�aQ��-^YMO<?Q�dT��>�P?@cM4>TS=ç�è~å4Ñ?�O>cXZPL[]QYX
EG@$MO<?QYK;Q
Q-ÐcÑeQ-�OEG��Q-@cMbK4Õ�d�K�d&ÒGEVMOMRÒVQÒGQYKOK=MO<edY@ MR<?>aK;Q�Ñ?�R>cXZPe[]QYX�EV@�MO<_Q
Ý�0�Ò 3 }~E�Q-ÐcÑeQ-�OEG��Q-@cMbK�9�nEVBAP_�OQ¯¿Ffºß
`aMbdYÙ?ÒVQ�ç�è~åE8KdYÒ8K;>/Ñ_�O>cXZPe[�QYX EV@âMR<?QD�lE8KR[�<_Q-�NØJà|�R>AÑeKR[�<Ú9Û�|ØJà�f~KN�c@ZMR<?QYK;E8K$Ü�-TÞ=dY@eX EV@âMR<?Q$Ñ?�O>YØ

XZPe[�MOEV>�@.>TS ��Q-MO<c�cÒ~dTÒ8[�>A<?>�Ò�^�EG@.Õ�<?E8[b< [-dYMbdTÒG�?K;MbK�dY@eX.<?EVB�< MRQ-��ÑeQ-�bdYMOP?�RQYK�dT�OQâ�RQYCaP?EV�RQYX�ß�à�<?Q
�OQ�Ò8dTMREV>�@eKN<?EGÑ�ÙeQ-M;Õ�Q-Q�@
MR<?Q-�O�I>cXZ�Z@LdT��E\[ÓQYCaP?EVÒGEVÙ?�REVP?� []>A@LKNMbdY@ZMÖdT@eX�MRQ-��ÑeQ-�bdYMOP?�RQ�S¢>A��MR<?Q��RQYdA[�MOEV>�@

Â



2200.0 1800.0 1400.0 800.0 600.0 400.01000.03000.03600.04600.0

Frequency  (cm   )-1

CO2

a

b

c

d

CO

OQP@RTSVUXW�Ü�[´u�v½yIa�prdr^Il�eG|gj´^I�/p~y�`�i/��egyhyI�/|g��c@i/� ^I�/p�a�l|/qµz/dr^�c#|�i=|�j"y�^Ieo�/f#p ��Õ å
d:e�^Iegf#`�Örprq³�k`�pr�/^�p:l�i�e�f�§Cc×[GeoxG�:Ý�{Gc@i�z/^npry���p4jK|�lp]^I�/p7^Ilp:e�^I{Gp:ik^~|gj.pr�/^�p:l�i�egf
§CcKØ<��x$�o� {Gc@i/z/^�pry�eXjK^�p:l�^4�/p�^4lp:eg^I{Gp:ik^�|gj�pr�/^�p:l�i�e�f²§CcKØ�d:xQ|�i/pGqµeX`DeXjK^�p:l�^4�/p
^4lp:eg^I{Gp:ik^�|gj´pr�/^�p:l�i�egf´§CcKØ�eoi/qDqµx�j×|/z�lhqµeX`�y~eXjK^�p:lh^I�/p6^Ilp:eg^I{,p:io^�|�j²pr�/^�p:l�i�egf
§CcK�h���/p~yIa�prdr^Il�e]�.p:l¶p$^Iek�gp:i=eg^��:� 1� ��c#^I��eGf#c#���o^���z/�=|gjÞ����o�o�G�K�=�o� å �

E8K�ÒGE8K;MOQYX
EG@�àldYÙ?ÒVQ¯-Zß

ÊÌËµÍ<Î WZ¡�[¯�Q�/p:l�{G|/q�`bi�eo{,c�d�prßbz/c#f#c@��lc@z�{¥dr|�i/yn^Ieoik^�àáeg^Gq�cãâVp:l¶p:io^7^np:{7a�p:l�e�¸
^Iz�lpryhjK|�lh^4�/p�lp:egdr^�c#|�i�� ��Õtäåæ��Õ å<ç � �

èêéªë²ì�í�îgï/ë åì�í ^ )�2I3 Á ê

Â�0�0�ð �/0�0©ð ¿/0�0�ð Ñ�0/0©ð
-µñVÝ òÛÝg0 ê�ó ¿�ñVÝ=òâÝ�0kô ��ñ���òÛÝg0/õ Â�òâÝ�0 å

�?�O>A� MO<?Q+MO<_Q-�O��>cXc�Z@edY��E8[�Ñe>�EV@cM�>TSu�ZEGQ-Õ+^?d�ÒG>TÕ MOQ���ÑeQ-�bdYMOP?�RQ�S¦d-�a>A�ºK�MO<?Q�XZE\KNÑ?�R>AÑe>A�RMOEG>A@edYMOQYX
�OQ�dA[]MREV>A@�^ÓÙ?P_M$MO<?Q¹BZEG@?Q-MOE\[&�ºdTMRQâ[]>�@eKNMºdT@cM�S¢>A��ç�è~å$Ñ?�O>cXcPe[]MOEG>A@ìE8K�Q-ÐcMO�RQ-��Q-ÒG�âKN�wdTÒVÒUP?@eXZQ��$MO<?E\K
[]>�@eXZEVMREV>�@�KNPe[b<$MO<edYM4@?>$ç�è å E8KlÑ_�bdA[�MOE8[�dTÒVÒG�+Ñ?�O>cXZPL[]QYX�ß=��>YÕUQ-�aQ-�-^-MR<?Q-�RQ�Õ�dAKn��>A�RQ�ç�è å Ñ_�O>cXZPe[�QYX
MO<LdT@�Õ�<edTM~MO<_Q�[b<?Q-�IE8KNMR�O��Õ�>AP_Ò8X
Q-ÐcÑeQY[]M�EG@�MO<?Q�K;�Z@?BDdAK~KN�_KNMRQ-��P_@eXZQ-��MR<?QQ-ÐcMOQ-�R@edTÒn}~E,Q-��E8KRKNEG>A@
S¢>A� d�KN<?>��OM�ÑeQ-�REV>cX�ß�à�<_Q�XZE\KNÑ?�R>AÑe>A�RMOEG>A@edYMOQYX{�OQ�dA[]MREV>A@ÛEV@ÛMO<_Q�K;�Z@?BDdAK+��Q-@cMOEV>�@?QYX�dTÙe>Y�aQ
E\Kí>�@?ÒV�
dT@�EV@ZS¢Q��OQ-@e[�Qaß�`aÑeQY[]E@5*[-dTÒGÒV�a^cÙeQY[-dTPLKNQ�>YS=MO<_Q$KN�wdTÒVÒ*�a>AÒGP?��Q~>TS=MR<?Q$H�� []Q�ÒVÒ49¢�a>AÒGP?��Q70cßVÝg¿ 3 +N^?ÒGEVB�<ZM
XZE\KNMbdY@e[]Q$ÝbØ�- 3�3 flMR<?Q+Ñ?�OQ�KNQ-@e[�Q�>YS=[-dY�OÙe>A@�^?Õ�<?E8[b<�KN<_>AP?Ò\Xw<Ld��aQ~ÙeQ-Q-@�Ñ?�R>cXZPe[]QYX�EV@�MO<?Q��OQYd�[]MOEG>A@,^
[]>�P?Ò8X�@?>�M�ÙeQ+��QYd�KNP?�RQYX�ß
à�<?Q �I>aKNM�Xc�bdT�wdTMOE\[��OQYK;P?ÒVM$>YS�MR<?QYK;Q/Q�ÐZÑeQ-�REV��Q-@cM+Õ�d�K
MO<edYM/}~EGBA>A@_B{��dAK;MOQ-�����-ß?¾UdT@t�EV@

d�á*QY[�MOQYX�MO<_Q+KOdY��Ñ?ÒVQ�K�dTM���dY�OEV>�PeK�XZE\KNMbdY@e[]QYK�ß=H�@�MO<?Q�KNQ+Q-ÐcÑoQ��OEV�IQ-@ZMºK]^����-ß�¾UdT@�ÕÖdAK�ÙeQ-M;Õ�Q�Q-@ Ñ¯Ò 3
MO>¹-c^#0/0�0³Ò 3 d�ÕÖd-� S¢�O>A� MR<?Q�ÒV>c[-dYMOEV>�@×>YS~MO<?Q�MOQ�KNM+KRdT��Ñ?ÒGQYK�Õ�<?Q�@{<?Q$Q-��EGMOMRQYX/MR<?Q
Q�ÐZMRQ-�O@edYÒ�}~E�ß
H�M�E8K=Q-ÐZMR�OQ-�IQ-ÒV���OQ-��dY�4B�dTÙ_ÒVQ�S¢>A��d
}�EGBA>�@?B
�wdAKNMRQ-��MR>$EV@ZÔLP?Q-@e[]Q�MO<?Q+��>�ÒVQY[]P_ÒVQYKl>YS=K;P?ÙeK;MbdT@L[]Q�>Y�aQ-�
KNPL[�<�d�ÒG>A@?B XZE8K;MbdY@e[]Qaß=à�<?E\KhS¦d�[]M�[-dY@?@?>�M�ÙoQídA[-[]>�P?@cMOQYX&S¢>���ÙZ��dY@Z�DBc@?>YÕ�@ KR[]EVQ�@ZMREA5*[�Q-ÐcÑ?Ò\dT@edYMOEV>�@
dTM~MO<_Q�Ñ_�OQYK;Q-@ZMUMOEG��Qaß

�



400.0600.0800.01000.01400.01800.04600.0 3600.0 3000.0 2200.0

Frequency  (cm   )-1

CO2

a

b

CO

OQP@RTSVUXW¢ö�[ ���/p�u�v¤yIa�prdr^Ilne |gj�^I�/p�y�`�i/��egy c@i£eoiMu�v¤drprf#f×[÷eoxD�X�¹{Gc@i/z/^�pry
��p4j×|/lp�^I�/p~^4lp:eg^I{Gp:ik^h|gj´pr��^�p:lni�egf"§CcKØµ��xQø�ÝG{Gc@i�z/^�pry~eXjK^�p:lhlprdrprc#ù�c@i/�=pr�/^�p:l�i�egf
§CcÌp:{Gc#^�^�prq��k`*§Cc#�o|/i/�D{7egy�^�p:lCú�eki©û$c@i³�k��üo�o� ý��}e:��eX`o�����/p]yIa�prdr^Ilne �.p:l¶p

^Ieo��p:i=eg^~�:� 1 � ��c#^I�=eGf#c#���k^���z/� |gj�����o�k���K�=�k� å �

��ËeÈlÎaô¢Ínö-Ï¬ËeÈnö
à�<?Q�dTÙe>Y�aQ�XZQYKO[��OEVÙeQYX�Q-ÐcÑeQ-�OEG��Q-@cMbK4[�>A@�5e�R��QYX
MR<edTM�dTM��R>a>A� MOQ���ÑeQ-�bdYMOP?�RQ+dT@eX�Õ�EGMO<?>�P?M[�dTMNØ

dTÒG�?K;MbK�^�ç�è~å~[-dT@�ÙeQ�Ñ_�O>cXZPe[�QYX�EV@�MO<?Q�K;�Z@cMO<?Q�KNE8K�BDdAK~KN�_KNMRQ-� Ùc��>A@?ÒG��MO<_Q�Q�ÐZMRQ-�O@edYÒl}~E,MO�RQYdTMR��Q-@cM
S¢�O>�� d{}�EGBA>�@?B×�wdAKNMRQ-�$dYM�d×XcE8KNMºdT@e[�Qaß{à�<?Q�KNQ�Q-ÐcÑoQ��OEV�IQ-@ZMºKEV@eXZE\[-dTMRQYX×MR<edTMId×}~EVBA>�@?BÛ��dAK;MOQ-�
Õ�d�K�dTÙ?ÒGQMO>�d�[�<_EVQ-�aQ�[]Q-�RMbdTEG@�XZQYK;EVB�@?QYX
Q-ÐcÑeQ-�OEG��Q-@cMbdYÒ?BA>DdTÒ8K�PLKNEV@_B�}�EGBA>�@?B
�IQ-MO<?>cX_K]ßÓ:=ÒGQYdT�RÒV�a^aMR<?Q
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