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� B9K X5A9 F9H5F85BH��*� =BHIA9G79BHGMGH9A:CFDC@M6IHM@9B9GI77=B5H9�(�+� K5G89J9@CD98IG=B; DC@M�=GCGCF6=8975F6CB5H9��(!��� 5 6=C�65G98DC@MA9F� 5G5
�#;F99B�$7<5F:CFA=B; 5;9BH	,<9 IG9 C: H<=G7<5FF=B;5;9BH=B(�+
 5AACB=IA DC@MD<CGD<5H9��((� D9FA=HGHCC6H5=B69HH9F9:W7=9B7MH<5B(�+
 �(( 5@CB9:CFA5GG
@CGG7CB975@CF=A9HFM�%$�� H9GH�D ** K5G897F95G986M
�� JG���� , * K5G897F95G986M��� JG
�� 5B8 H<9M=9@8C: F9G=8I9K5G=B7F95G98HC��� JG
��
F9GD97H=J9@M	�7 7CF8=B; HCH<9H9AD9F5HIF9A95GIF986MH<9FAC7CID@9G9A698898 =BH<9G5AD@9�H<97<5F:CFA98 :CF(�+
 (!�
 �(( G<CK985 69HH9F<95H65FF=9F
9::97HH<5BH<5HC: (�+
 �((� IB 89FH<97<5F�H<9H9AD9F5HIF95B8 H<9<95H=B; F5H9C: (�+
 (!�
 �(( =GG=;B=:=75BH@M@CK9FH<5BH<CG9C: (�+
 �((	 '6 J=CIG8=::9F9B79G
C: H<97<9A=75@7CADCG=H=CB5B8 H<9ACFD<C@C;MC: H<97<5FG<=;<@=;<HH<5HH<9;CC8 F9GI@HGC6H5=B98:CF(�+
 (!�
 �(( K9F9;CJ9FB986M5 ;@5GGHMD97<5F:CFA98
8IF=B; H<9%$� H9GH	

1. Introduction

�=C�65G98DC@MA9FG<58 ;F95H89J9@CDA9BH8IF=B; H<9@5GH897589G
8I9 :CF 9L5AD@9HC9BJ=FCBA9BH5@7CB79FB 75IG98 6M H<9 D9HFC�
@9IA�65G98DC@MA9FG	�ACB; H<9G96=C�65G98DC@MA9FG�DC@M6IHM@9B9
GI77=B5H9�(�+� <5G699B K=89@MIG98 :CFG<CFHH9FA5DD@=75H=CBG=	9	
D57?5; =B;� 5;F=7I@HIF9�A98=75@5FH=7@9G8I9 HC=HG6=C�89;F5856=@=HM5B8
;CC8 A97<5B=75@DFCD9FH=9G�7@CG9HCDC@MDFCDM@9B95B8 DC@M9H<M@9B9�
3� 4	 �IF H<9FACF9�7CADCG=H9GC: (�+ 6@9B8=B; K=H<=B9LD9BG=J9B5HIF5@
W69FGDFCJ=8969HH9FA97<5B=75@DFCD9FH=9GH<5BB95H(�+ 3
 ��� 4� K<=7<
75B69 DFCA=G=B;@M5DD@=98=BGCA99B;=B99F=B; W9@8GI7<5G9@97HF=7�
9@97HFCB=7�7CBGHFI7H=CB5B8 HF5BGDCFH5H=CB	!H=GBCH9KCFH<MH<5HA5H9�
F=5@GIG98 =BH<9G9W9@8GC: 5DD@=75H=CBGC:H9BB998HC69 X5A9 F9H5F898
577CF8=B;HC@9;=G@5H=CB5B8=B8IGHF=5@89A5B8G	 CK 9J9F�@=?9A5BMCF�
;5B=7 H<9FACD@5GH=7G�(�+ =G<=;<@MX5AA56@9�H<IG=HG5DD@=75H=CB=B
H<9G9W9@8G5F9@=A=H98	!B H<=G7CBH9LH�=H=GB979GG5FMHC=ADFCJ9H<9
X5A9 F9H5F85B7MC: (�+	

�@5A9F9H5F85B7MC: (�+ 5F9C:H9B65G98CB=BHIA9G79BHX5A9 F9H5F�
85BHGMGH9A3� ���� 4	 %CGHC: H<9G9=BHIA9G79BH:CFAI @5H=CBG5F9D<CG�
D<CFIG5B8 B=HFC;9B 65G98�*G	 -G9 C: GMB9F;=GHGCFBCJ9@7<5F:CFA 9FG
75BG=;B=:=75BH@M9B<5B79H<9D9F:CFA5B79 3� ��� ��
 ��� 4	

,<9 IG9 C: DC@MA9F 5G7<5F:CFA=B; 5;9BH=B5B =BHIA9G79BH�* GMG�
H9A<5G5@GC699B89G7F=698=B@=H9F5HIF9IG=B; DC@M5A=89�(�� 3�� ��� 4
CFDC@MIF9H<5B9�(-� 3�� ��� 4 K<9F9H<9MK9F9IG98 =B=BHIA9G79BH�*
GMGH9A	+=B79DC@MC@GGI7<5GD9BH59FMH<F=HC@�A5BB=HC@5B8 GCF6=HC@5F9
7CBG=89F985G5 75F6CB=N5H=CB5;9BH=B=BHIA9G79BH�* GMGH9A3�� ��� 4�
(C@M�=GCGCF6=8975F6CB5H9��(!�� K<=7<=G5 DC@M75F6CB5H989F=J98:FCA
=GCGCF6=89�5 G577<5F=8989F=J98:FCA GH5F7<�A5M H<IG69 DCH9BH=5@@M
IG98 5G5 7<5F:CFA=B; 5;9BH	%CF9CJ9F�IG=B; (!� =B(�+ A5M DFCA=G�
=B;@MDFCJ=898CI6@958J5BH5;9G�=� 5 �#;F99B�$:CFAI @5H=CB:CFA98 K=H<
HKCHMD9GC:6=C�65G98DC@MA9FG�==�5B9B<5B798=BHIA9G79BH�* GMGH9A
6MIG=B; 5 7<5F:CFA=B; 5;9BH	,<9F9:CF9�=BH<=GD5D9F�H<9WF9D9F:CF�
A5B79GC: :CFAI @5H=CBG7CBH5=B=B; (!� 5B8 5AACB=IA DC@MD<CGD<5H9
��((� =GWFGH@M=BJ9GH=;5H98 6MA5GG@CGG7CB975@CF=A9HFM�%$��	 ,<9
69GHF5H=CC: (!�
 �(( K5G89H9FA=B98 5B8 IG98 HC899D@MIB 89FGH5B8
H<99::97HC: (!� =BH<9:CFAI @5H=CB	,<IG� =HGA5GG@CGG5B8 H<9H9AD9F�
5HIF99JC@IH=CB=BG=89H<97<5F8IF=B; H<9%$� H9GHK9F9=BJ9GH=;5H98	
,<9 7<9A=75@7CADCG=H=CBC: H<97<5F�H<9FA5@897CADCG=H=CB69<5J=CF
5B8 H<97<5FACFD<C@C;M5F95@GCDF9G9BH98	� AC89 C: 57H=CBC: H<9G9
=BHIA9G79BH�* GMGH9AG�(�+
 �(( 5B8 (�+
 (!�
 �((� 8IF=B; H<9%$�
H9GH=GDFCDCG98=BH<9@5GHD5FH	

�, �CFF9GDCB8=B;5IH<CF	
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2. Experimental

2.1. Materials

,<9 DC@MA9F IG98=G(�+ 6=CBC@@9�} ����%�� K<=7<K5GGIDD@=986M
+<CK5 �9B?C �"5D5B�	 (C@M�=GCGCF6=8975F6CB5H9��(!��� �-*� �!' �}
����� =G65G98CB=GCGCF6=89K<=7<=GGIDD@=986M%=HGI6=G<=�<9A =75@
�"5D5B�	 �A ACB=IA DC@MD<CGD<5H9��((� �L C@=HT �( �

 K5GGIDD@=98
6M�@5F=5BH�+K=GG�	

2.2. Processing

(�+� (!� 5B8 �(( 5F9A=L98 =B5 �+% 0D@CF9%=7FC�� HK=B�G7F9K
A=7FC�9LHFI89F5H��� S� :CF�� A=B K=H<5 FCH5H=B; GD998C: G7F9KC:
�� FDA	+EI5F9G<5D9G5AD@9G��� Y �� Y � AA� :CF%$� H9GHG5F9DF9�
D5F986M7CADF9GG=CBAC@8=B; 5H��� S�� 
� ?& :CF
 A=B� �� ?& :CF
� A=B	

2.3. Fire test

,<9 WF9H9GHIG98 =BH<9GHI8M=G5 �=F9 ,9GH=B; ,97< BC@C;M ��,,�
A5GG@CGG75@CF=A9H9F�%$�� 89J=79�!+' ���
�� �+,% ���� �	 ,<9 8=G�
H5B7969HK99BH<9G5AD@9<C@89F5B8 H<9<95HGCIF79K5G
� AA	 �B
9LH9FB5@<95HXIL ��� ?/
 A 
 � DFC8I798 6M5 7CB=75@<95H9F9@9A9BH=G
5DD@=98HCH<9G5AD@9	,<9 H9AD9F5HIF9C:H<9;5G9CIG7CA6IGH=CBDFC8�
I7HG=GA95GIF985HH<9HCDC: H<97<=AB9MK=H<5 H<9FACD=@9	,<9 9:W�
7=9B7MC: H<9:CFA987<5F57H=B; 5G<95H65FF=9FK5G9J5@I 5H986MH<9F�
AC7CID@9G9A698898 =BH<9D@5EI9G	,<9 DCG=H=CBC: H<9H<9FAC7CID@9G
=GDF9G9BH98=B�=;	 � 	 ,<9 WFGHH<9FAC7CID@9�,�� K5GD@5798IB 89FH<9
D@5EI9G=BCF89FHCA95GIF9H<9H9AD9F5HIF9C: H<96CHHCA�K<9F95GH<9
G97CB8H<9FAC7CID@9K5GD@5798CBH<9GIF:579 C: H<9D@5EI9H<FCI;<
5 8F=@@98<C@9�,
� HCA95GIF9H<9GIF:579 H9AD9F5HIF9C: H<9D@5EI9	!H
=GBCH9KCFH<MH<5H,
 F9A5=BG5@K5MG� AA <9=;<H56CJ9H<96CHHCA	
,<9F9:CF9�=BH<975G9C: B95H(�+� ,
 A95GIF9GH<9GIF:579 H9AD9F5�
HIF9C:H<9A5H9F=5@IB H=@H<9H<9FAC7CID@9=GBC@CB;9F9A698898 =BH<9
A5HH9F�5:H9FH<9=;B=H=CB�	!B H<975G9C: (�+
 �(( 5B8(�+
 (!�
 �((� ,

A95GIF9GH<9GIF:579 H9AD9F5HIF969:CF9H<9=;B=H=CB5B8 5@GC5:H9FH<9
=;B=H=CB6975IG9C: H<9:CFA5H=CBC: H<9=BHIA9G79BH7<5F	,
 F9A5=BG
9A698898 =BH<97<5F5B8 <95H;F58=9BH75B69 A95GIF9869HK99B,�
5B8 ,
	 ,<9 A95GIF9A9BH6MH<9FAC7CID@9GF9A5=BG5B 9FFCFA5F;=B
K=H<=BV �� S�	

2.4. Solid stateNMR

�� � &%* A95GIF9A9BHGK9F98CB9IG=B; 5 �FI?9F �J5B79 GD97HFCA�
9H9F5B8 5 � AA DFC69�CD9F5H=B; 5H���	� % N ��	� ,� K=H<A5;=7
5B;@9GD=BB=B; �%�+� �GD=BB=B; :F9EI9B7M��� ? N�	 ,9HF5A9H<M@G=@5B9
K5GIG985GF9:9F9B79:CF� DDA	

�� ( &%* A95GIF9A9BHGK9F9D9F:CFA98CB5 �FI?9F �J5B79 !! GD97�
HFCA9H9F�CD9F5H=B; 5H���	� % N ��	� ,� 5B8 5H5 GD=BB=B; F5H9C:
�
	� ? N K=H<A5;=7 5B;@9GD=BB=B;	�FI?9F DFC69<958G9EI=DD98K=H<
� AA %�+ 5GG9A6@MK9F9IG98	 �L D9F=A9BHG<5J9 699B75FF=98CIHIG�
=B; 7FCGGDC@5F=N5H=CB��(� �  � �� ( 6975IG9C: H<9@CB;F9@5L5H=CBH=A9
C: H<9D<CGD<CFIGBI 7@9=��� ����� G�K=H<�  <=;< DCK9F8=DC@5F897CI�
D@=B;� (����	  � (' � =B5EI9CIGGC@IH=CB����� K5GIG98 5GF9:9F9B79
:CF� DDA	

2.5. Thermalanalysis

,<9FAC;F5J=A9HF=75B5@MG=G�,��� A95GIF9A9BHGK9F9 75FF=98CIH
CB5 +9H5F5A,��
 ���	 +5AD@9GK9F97CBH5=B98=BG=@=757FI7=6@9GFC698
K=H<;C@8G<99H	,<9M K9F9 ;F=B898=BHCDCK89F IG=B; 5 7FMC�;F=B89F
���� �{A W@H9F�69:CF9H<95B5@MG=G	�@I=8XCK F5H9K5GG9H5H��� A$

A=B� 5=FK5G 7<CG9BHC9J5@I 5H9H<9897CADCG=H=CBC: H<9A5H9F=5@G
=BH<9FAC�CL=85H=J97CB8=H=CBG	� <95H=B; F5H9C: �� S�
 A=B K5GIG98	
/<9B ,�� K5GIG98 HC=BJ9GH=;5H9 H<9H<9FA5@69<5J=CFGC: H<9IG98
A5H9F=5@G8IF=B; H<9%$� H9GH�H<9<95H=B; F5H9GK9F9G9H577CF8=B; HC
H<9H9AD9F5HIF99J5@I 5H=CBA95GIF986M H<9H<9FAC7CID@9
 �,
� HC
A=A=7H<9G5A99LD9F=A9BH7CB8=H=CB=B%$� H9GH	

2.6. Morphologyanalysisof the char

,<9 7<5FACFD<C@C;MCB5 A=@@=A9H9F�AA� G75@9K5GA95GIF986M
CDH=75@A=7FCG7CD95B875FF=98CIHCB5 #9M9B79� . 0 ����� 8=;=H5@A=�
7FCG7CD9	%95GIF9A9BHGK9F9 F9D95H98H9BH=A9GCBF5B8CA@M7<CG9B
D5FHGC: H<97<5F�HC9BGIF9F9DF9G9BH5H=J9J5@I9G	

,<9 7<5FACFD<C@C;MCB5 A=7FCA9H9F� �{A� G75@9K5GA95GIF986M
G75BB=B;9@97HFCBA=7FCG7CD9�+�%� 75FF=98CIHCB5  = H57<=+���� 5H
� ?.	 �@@H<9G5AD@9GK9F9A=7FCHCA98K=H<5 8=5ACB8 ?B=:9CB5 $9�
=75-@HF5�IH A=7FCHCA95H7FMC;9B=7H9AD9F5HIF9� �' �
� S�� HCC6H5=B
GACCH<GIF:579G	,<9 8=GHF=6I H=CBC: H<9D<CGD<CFIG =BH<97<5FK5G
A95GIF986M9@97HFCBDFC69A=7FC5B5@MG=G��(%�� ��5A975 �� +0 ����	
,<=GA95GIF9A9BHG<5F9GH<9G5A9G5AD@9GDF9D5F98:CFH<9+�%	

3. Results and discussion

3.1. Fire propertiesof PBS/PIC/APPformulations

,<9 9:W7=9B7MC: (!� 57H=B; 5G7<5F:CFA=B; 5;9BHK5G9J5@I 5H96M
%$� H9GH5B8 =H=GDF9G9BH98=B�=;	 
 5B8 ,56@9� 	,<9 588=H=J9GK9F9
=B7CFDCF5H985H�� wt� =B(�+	 /<9B CB@M�� wt� C: (!� K5G58898
HC(�+� BC=ADFCJ9A9BHC: H<9X5A9 F9H5F85B7MC: (�+ K5GC6G9FJ98	
/<9B �� wt� C: �(( K5G58898 =B(�+� D ** =G897F95G986M���
5B8 H<9, * =G897F95G986M
��	 �=: :9F9BHF5H=CC: (!�
 �(( ��
 �� �
 ��
�
 �� K5G9J5@I 5H98	,<9 69GHF9GI@H=GC6H5=B98K<9B H<9F5H=CC: (!�

�(( =G5H�
 �	 /=H< H<=GF5H=C�D ** =G897F95G986M
��� H<9, * =G
897F95G986M��� 5B8 H<97<5FM=9@875BF957<���	 �CA D5F98HCH<9
:CFAI @5H=CBK=H<CIHH<975F6CB=N5H=CB5;9BH�H<9:CFAI @5H=CB(�+
 (!�


Fig. 1. (CG=H=CBC: H<9H<9FAC7CID@9G�@9:H��=BF95@G=HI 5H=CB�F=;<H�	
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Fig. 2. %$� H9GHGC: (�+ K=H<(!� 5B8 �(( ��� L �� Y � AA � � �� ?/
 A 
 � 
� AA�	

Table 1
*9 GI@HGC: %$� H9GHGC: (�+ K=H<(!� 5B8 �((	

*5H=C�3wt.�4
D **
3?/
A 
 4

, *�3%"

A 
 4

H=;B=H=CB

3G4
HX5A9CIH

3G4 F9G=8I9

&95H�(�+ 
�� �� ��� ��� 
�
(�+
(!����
�� 
���� �' 
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�� 
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��� �� ��
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(�+
�(!�
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��


���� �' 
�� ���� �' ��� ��� ��� ��

(�+
�(!�
�((��

�����
��


��
� �' ����

���� �' ���� ��
 ��� ���

(�+
�(!�
�((��

�����
��


��
� �' 
���

���� �' ���� ��� ��� ���

�(( 9L<=6=HG5B 9B<5B798D9F:CFA5B79 :CFH<9A5=B D5F5A9H9FGA95�
GIF985H%$�	 ,<9 :CFA5H=CBC: H<97<5F=BH<=G:CFAI @5H=CBA5M69 H<9
?9MDC=BHC: H<9GI779GG:I@F9GI@HG	,<9 F9G=8I5@7<5FC: (�+
 �(( ��
 ��
<58 C6J=CIG7F57?G5B8 <C@9GCBH<9GIF:579 � �=;	 � �	 /<9F95G H<97<5F
C: (�+
 (!�
 �(( 9L<=6=HGCB@MGA5@@<C@9G� �=;	 � �	 !BJ9GH=;5 H=CBG:CF

A97<5B=GA9@I7=85H=CBK9F9D9F:CFA98CB(�+� (�+
 �(( 5B8(�+
 (!�

�(( ��
 �� :CFAI @5H=CBG5B8 5F9DF9G9BH98<9F95:H9F	

3.2. Investigationof the masslossand temperatureevolutionduring MLC
test

,<9 %$� F9GI@HG5@CB;K=H<H<9A5GG@CGG5F9DF9G9BH98=B�=;	 � 5�
�=;	 � 6�	 �FCA H<969;=BB=B;C: H<99LD9F=A9BHHCH<9=;B=H=CB���� G
:CFB95H(�+� �� G:CF(�+
 �(( 5B8 ��� G:CF(�+
 (!�
 �((�� H<9A5 �
H9F=5@GGC:H9B98 5B8 A9@H98K=H<CIHG=;B=:=75BHA5GG@CGG	�FCA H<9=;�
B=H=CBHC
�� G�H<97<5F75B 69 J=GI5@@MC6G9FJ98=BH<9:CFAI @5H=CB
C: (�+
 �(( 5B8 (�+
 (!�
 �((	 &95H(�+ <58 �� C: A5GG@CGG�5B8 =H
GH5FH98HC89;F589 K=H<5 <=;< A5GG@CGGF5H9��	
��
 G� IB H=@H<9A5H�
H9F<58 5@ACGHHCH5@@M6IFB98 CIH	  CK 9J9F� (�+
 �(( 5B8 (�+
 (!�

�(( ?9DH5 @CKA5GG@CGGF5H98IF=B; H<9:CFA5H=CBC: H<97<5F�7CFF9�
GDCB8=B; HCCB@M�� C: A5GG@CGG	�FCA 
�� GHC��� G�J=GI5@C6G9FJ5�
H=CB=B8=75H9GH<5HH<97<5FGC: (�+
 �(( 5B8 (�+
 (!�
 �(( ?9DH5 GH56@9
GH5H9�BC 7F57?=B;� 5HH<969;=BB=B; �
�� G��
�� G�� H<9B7F57?985 @=H�
H@9�
�� G����� G�577CF8=B; HCH<9%$� 7IFJ9 =	9	=B7F95G9C: H<9D **	
,<9 A5GG@CGGF5H9C: (�+
 �(( GH5FHGHC=B7F95G9HC�	���
 G5H
�� G�
5B8 (�+
 (!�
 �(( F957<9G5 G=A=@5FA5GG@CGGF5H95H
�� G	�: H9F��� G�
(�+
 �(( ?9DHH<9G5A9A5GG@CGGF5H9��	���
 G� ID HC��� G�6IH H<9

Fig. 3. %$� F9G=8I5@7<5FC: (�+
 �(( ��
 �� �@9:H�5B8 (�+
 � (!�
 �(( �
 �� ��
 �� �F=;<H�	

�



U
N

C
O

R
R

EC
TE

D
PR

O
O

F

C. Hu et al. Composites Part Bxxx (xxxx) xxx-xxx

Fig. 4. 5� %$� H9GHC: (�+� (�+
 �(( 5B8 (�+
 (!�
 �((� 6� A5GG@CGG8IF=B; H<9%$� H9GH�7� H9AD9F5HIF9A95GIF986MH<9H<9FAC7CID@9G�,� �� 6CHHCA�,
 �� GIF:579�	

A5GG@CGGF5H9C: (�+
 (!�
 �(( 897F95G987CBH=BI CIG@MHCCB@M�	���
 G
5H��� G	,<9 WB5@F9G=8I9C: B95H(�+ K5G5@ACGH��� H<5HC: (�+
 �((
K5G
�� 5B8 H<5HC: (�+
 (!�
 �(( K5G���	

,9A D9F5HIF9GDFCW@9GA95GIF986MH<9FAC7CID@9G5F9DF9G9BH98=B
�=;	 � 7�	 !HG<CKGH<5H69:CF9=;B=H=CB�H<9GIF:579 C: 5@@H<F99A5H9�
F=5@G<5J9 G=A=@5F<95H=B; F5H9�56CIH ��� S�
 A=B�	 �H =;B=H=CBH<9GIF�
:579 H9AD9F5HIF9�,
� C: (�+ ���� G�� (�+
 �(( ��� G� 5B8 (�+
 (!�

�(( ���� G�=G��� S�� 
�� S� 5B8 
�� S� F9GD97H=J9@M	,<9 G=A=@5F<95H�
=B; F5H95B8 GIF:579 H9AD9F5HIF9GI; ;9GHGH<5HH<9=B7CFDCF5H=CBC: H<9
588=H=J9G8C9GBCHAC8=:MG=;B=:=75BH@MH<9H<9FAC�D<MG=75@DFCD9FH=9G
C: (�+	 'B H<96CHHCAC: H<9D@5EI9G�,��� H<9H9AD9F5HIF9C: (�+ =G

�� S� @CK9FH<5BH<5HC: H<9GIF:579� K<=@9:CF(�+
 �(( 5B8 (�+
 (!�

�(( H<9H9AD9F5HIF9G5F9�
 S� 5B8 �� S� @CK9FH<5BH<9GIF:579 H9A�
D9F5HIF9GF9GD97H=J9@M	

�FCA H<9=;B=H=CB���� G� HC
�� G�H<9<95H=B; F5H9C: ,� :CFB95H
(�+ =GEI=H9<=;< 5B8 9GH=A5H985H�� S�
 A=B� 5B8 H<9H9AD9F5HIF9C:
,� =B7F95G987CBH=BI CIG@MID HC��� S� IB H=@H<9H<9FAC7CID@9=GBC
@CB;9F9A698898 =BH<9A5HH9F�56CIH ��� G�	 �CF (�+
 �((� H<97<5F
:CFA5H=CB=GJ=GI5@@MC6G9FJ9869HK99B��� G5B8 
�� G	 ,� 5B8 ,

7IFJ9GC: (�+
 �(( 9L<=6=HG=A=@5F9JC@IH=CB5B8 5F9D5F5@@9@8IF=B; H<=G
GH5;9	,<9 <95H=B; F5H9�A95 GIF98J=5,� CF,
� =G9GH=A5H985H�� S�

A=B ���� G��
�� G�5B8 =GHK=79@CK9FH<5BH<5HC: B95H(�+	 �CF (�+
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(!�
 �((� H<97<5F:CFA5H=CBK5G5@GCJ=GI5@@MC6G9FJ9869HK99B��� G
5B8 
�� G	 �IF =B; =HG:CFA5H=CB�,� C: (�+
 (!�
 �(( 9L<=6=HGG=A=@5F
H9AD9F5HIF9C: H<5HC: (�+
 �((� 6IH ,
 =G
� S� @CK9FH<5BH<5HC: (�+

�((	 !H=GBCH9KCFH<MH<5HH<9<95H=B; F5H9C: ,
 =G56CIH
� S�
 A=B5B8
=GG=;B=:=75BH@M@CK9FH<5BH<5HC: (�+
 �((	 !H75B9LD@5=B5H@95GHD5F�
H=5@@M�K<M 5H
�� GH<9 ** C: (�+
 (!�
 �(( =G�� ?/
 A 
 @CK9FH<5B
H<5HC: (�+
 �((	

�FCA 
�� GHC��� G�,� 5B8 ,
 C: (�+
 �(( A95GIF9H<9G5A9<95H�
=B; F5H9��� S�
 A=B�� 5B8 H<96CHHCAH9AD9F5HIF9 �,�� C: (�+
 �((
G<CKGH<5H5 H9AD9F5HIF9;F58=9BH69HK99B,� 5B8 ,
 =GACF9 H<5B
�� S�	 /<9F95G :CF (�+
 (!�
 �((� ,� 5B8 ,
 F957<5 GH56@9D@5H95I
�GH958MGH5H9�5:H9FH<9:CFA5H=CBC: H<97<5F�
�� G�IB H=@H<99B8C: H<9
H9GH���� G�,
 � ,� � �� S��	

�: H9F��� G�,� 5B8 ,
 C: (�+
 �(( =B7F95G98ID HC��
 S� ���� G�
5B8 ��� S� ���� G�F9GD97H=J9@M	,� 5B8 ,
 C: (�+
 �(( 5@K5MG=B7F95G9
:FCA ��� GHC��� G9J9B5:H9FH<9:CFA5H=CBC: H<97<5F	,<=G=B8=75H9G
<95H65FF=9FC:H<97<5F<5G@CK9:W7=9BH	�: H9FK5F8� ,� 5B8 ,
 897F95G9
5B8 F957<5 GH958MGH5H95H��� S� 5B8 ��� S� F9GD97H=J9@M	,<9 H9A�
D9F5HIF9;F58=9BH69HK99B,� 5B8 ,
 5HH<=GGH958MGH5H9=GCB@M�� S�	
�G :CF(�+
 (!�
 �((� H<9H9AD9F5HIF9;F58=9BH69HK99B,� 5B8 ,
 5H
H<9GH958MGH5H9=G�� S�	 %CF9CJ9F�H<9G9HKCD@5H95IGC6G9FJ98K=H<
(�+
 (!�
 �(( <5J9 5@K5MG@CK9FH9AD9F5HIF9GH<5BH<CG9A95GIF98=B
H<975G9C: (�+
 �(( =	9	(�+
 (!�
 �(( ,� 9EI5@G��� S� JG(�+
 �(( ,�
9EI5@G��� S� 5B8(�+
 (!�
 �(( ,
 9EI5@G��� S� JG(�+
 �(( ,� 9EI5@G
��� S�	

,<9G9F9GI@HG9J=89B79H<5HH<97<5FC:(�+
 (!�
 �(( =GACF99:W7=9BH
H<5BH<5HC: (�+
 �(( =BH9FAC: <95H65FF=9F	!HGF9@5H=J9@M@CK<95H=B;
F5H9IB 89FH<97<5F@958GHC5 @CK9F897CADCG=H=CBF5H9C: H<9DC@MA9F�
K<=7<75B9LD@5=BH<9@CKD ** 5B8 , *	 ,<9 :CFA5H=CBC: 7<5F=GF9�
@5H98HC5 G9F=9GC: 7<9A=75@F957H=CBG5B8 GC�H<9=BJ9GH=;5 H=CBC: H<9
7<9A=75@7CADCG=H=CBC: H<97<5F8IF=B; %$� H9GHKCI@8<9@DIB 89F�
GH5B8=B; H<9A97<5B=GAC: 57H=CBC: H<9G9HKC:CFAI @5H=CBG	,<9F9:CF9�
H<9B9LHD5FH:C7IG9GCBH<9B5HIF9C: H<97<5F5H8=::9F9BHGH5;9C: H<9
%$� H9GH	

3.3. Investigationof the chemicalcompositionof the char by solid state
NMR

,<9 7<9A=75@7CADCG=H=CBC:H<97<5F5H8=::9F9BH%$� GH5;9H9GHK5G
=BJ9GH=;5H98 IG=B; GC@=8GH5H9&%*	 ,<9 7CBG=89F98BI 7@9=5F9�� ( 5B8
�� �	 ,<9 F9G=8I5@7<5FGK9F9 7C@@97H985HH<F998=::9F9BHGH5;9GC: H<9
%$� H9GH=	9	 �=� 5H�
� GK<9B H<97<5FGH5FH98HC:CFA� �==�5H
�� G
K<9B H<97<5F=GGH56=@=N98��===�5H�
� GK<9B H<9<95HF9@95G9F5H989�
7F95G98	

3.3.1. Characterizationof 31P NMR
,<9 %�+ �� ( GD97HF5C: (�+
 �(( ��
 �� 5B8(�+
 � (!�
 �(( �
 �� ��


�� 5F9DF9G9BH98=B�=;	 � 	 !HK5G:CIB8 H<5H8IF=B; H<9GC@=8GH5H9&%*
9LD9F=A9BH�H<9DF9G9B79C: D<CGD<CF=757=8A5M75IG99LD@CG=CBC: H<9
FCHCF8IF=B; H<9FCH5H=CB=BH<9DFC69�K<=7<A5M 75IG9G9J9F985A 5;9
HCH<9DFC69�J=G7CIGD<CGD<5H9HF5DD98=BH<97<5F7F95H9G5 DF9GGIF9CB
H<9FCHCF75DK<=7<=G9>97H98�	,<IG� H<97<5FGK9F9K5G<98K=H<K5H9F
5B8 8F=98IB 89F�� S� :CF
� < DF=CFHC69 5B5@MN98	'B@MHKCG5AD@9G
�(�+
 �(( GH5;9� 5B8(�+
 �(( GH5;9
� K9F95B5@MN98K=H<CIHK5G<=B;
5B8 H<IG75B69 7CAD5F98K=H<H<9G5AD@9G5:H9FH<9K5G<=B; � �=;	 � �	

�9 :CF9H<9%$� H9GH�H<9%�+ �� ( &%* C: H<9IB �6IFB98 (�+
 �((
5B8 (�+
 (!�
 �(( G<CK985 8CI6@9H5H�' 
�	� DDA 5B8 �' 

	� DDA�
K<=7<5F95GG=;B98HC( �' =BH<9�(( 3
� �
� 4	 ,<9 G5A97<9A=75@G<=:H
C: H<9D<CGD<CFIG:CFB95H�(( =GC6G9FJ98=B8=75H=B; H<5HBC7<9A=75@
F957H=CBC: (�+ CF(!� C77IFF98K=H<�(( 8IF=B; H<9DFC79GG=B; �9LHFI�
G=CB5B8 7CADF9GG=B; AC@8=B;�	 �H H<9GH5;9� ��
� G��:CFH<9(�+
 �((
5B8 (�+
 (!�
 �(( K5G<98G5AD@9G�5 6FC5865B8 79BH9F985H�	� DDA
=GC6G9FJ98	,<=G65B8 75B 69 5GG=;B98HCCFH<CD<CGD<5H9@=B?98K=H<

5@=D<5H=7;FCIDG5B8
CFCFH<CD<CGD<CF=757=83�� �
� �
� 4	 ,<9 G<5D9
5B8 H<9K=8H<C: H<965B8 =B8=75H9G5 8=GCF89F98GHFI7HIF9GI; ;9GH=B;
5 ;@5GG�HMD969<5J=CF	�H H<9GH5;9
 �
�� G�� :CF(�+
 �((� 69G=89GH<9
65B8 5H� DDA� 5 B5FFCKG<5FD65B8 K5G:CIB8 5H
	� DDA� K<=7<75B
69 5GG=;B98HCH<9( �' �� ;FCID �A=;<H69 CFH<CD<CGD<5H9@=B?98K=H<9G�
H9F;FCIDG�3

 �
� 4	 (�+
 (!�
 �(( 9L<=6=HGG=A=@5FHKC65B8G5H� DDA
5B8
	� DDA� 6IH H<965B85H� DDAG<CKG5 X5HH9B98:95HIF9�K<=7<=B�
8=75H9GH<5HH<9CFH<CD<CGD<5H9GA5M69 @9GGCF89F98H<5BH<CG9C: (�+

�((	 �H H<9GH5;9� ��
� G�� :CF(�+
 �((� H<9HKC65B8G5H� DDA 5B8

	� DDA 5F9GH=@@C6G9FJ986IH IB @=?9H<9GH5;9
� H<9F5H=C69HK99BH<9
65B8 5H
	� DDA 5B8 H<965B8 5H� DDA 7<5B;98 :FCA � � �	
 �GH5;9
�
HC� � �	� �GH5;9��	 �CF (�+
 (!�
 �((� H<965B8 5H� DDA G<CKG5 ACF9
X5HH9B98:95HIF9	,<9 WB5@7<5FGC: H<9G9HKC:CFAI @5H=CBGDF9G9BHCB@M
5 6FC5865B85H� DDAGI; ;9GH=B;5 8=GCF89F98GHFI7HIF9@=?95 ;@5GG�HMD9
GHFI7HIF9	

-B �HF95H98G5AD@9GG<CK988=::9F9BH69<5J=CFH<5BK5G<98CB9G=B
%�+ �� ( GD97HF5� �=;	 � �	 �CF IB �HF95H987<5FC: (�+
 �(( 5HGH5;9
� 5B8 GH5;9
� H<F9965B8GK9F9 DF9G9BH985H� DDA� �' �
	� DDA 5B8
�' 
�	� DDA	$=?9H<9K5G<98G5AD@9G�H<965B85H� DDA75B69 5GG=;B98
HCH<9CFH<CD<CGD<CF=757=85B8
CFCFH<CD<CGD<5H9;FCIDG@=B?98HCH<9
5@=D<5H=7;FCIDG	,<9B H<965B8 5H�' �
	� DDA A5MDCGG=6@M69 5GG=;B98
HCH<9DMFCD<CGD<5H9;FCIDG5B8
CFCFH<CD<CGD<5H9@=B?98HCH<95FC�
A5H=7;FCIDG�8=�D<9BM@CFH<CD<CGD<5H95B8 HF=�D<9BM@CFH<CD<CGD<5H9�
3
� �
� 4	 !HK5G:CIB8 H<5H5:H9FK5G<=B;� H<965B8 5H�' �
	� DDA 8=G5D�
D95F98�K<=7<F9J95@GH<5HCB@MH<9:F99DMFCD<CGD<5H9;FCIDGK9F9DFC�
8I798	 ,C 5HHF=6IH9H<965B8 5H�' 
�	� DDA� H<9D<CGD<5H9GH<5H7CBH5=B
5 G=B;@9(' � CFAI@H=D@9(' � @=B?98K=H<957<CH<9FG5F9BCH985G:C@@CKG
� �=;	 � �� =� ) � � D<CGD<5H9H<5H<5G5 G=B;@9(' � � ==�) � � D<CGD<5H9H<5H
7CBH5=BGCB96F=8;98CLM;9B� ===�) 
 � D<CGD<5H9H<5H<5GHKC6F=8;98
CLM;9B 5B8 =J� ) � � D<CGD<5H9H<5H<5G5 F5A=W98GHFI7HIF9K<=7<7CB�
H5=BGH<F996F=8;98 CLM;9B	 ,<IG� H<965B8 5H�' 
�	� DDA 75B 69 5G�
G=;B98HCH<9D<CGD<5H9=B5 ) 
 GHFI7HIF93
� 4	 !H=GBCH9KCFH<MH<5HH<=G
65B8 =G6FC58K<=7<=B8=75H9GH<9GHFI7HIF9C: H<9G9D<CGD<5H9G5F98=G�
CF89F98	

/=H< H<9=B:CFA5H=CBDFCJ=89856CJ9�H<99JC@IH=CBC:D<CGD<CFIG=B
(�+
 �(( 5B8 (�+
 (!�
 �(( 8IF=B; %$� H9GH75B69 7CB7@I898	,<9 89�
7CADCG=H=CBC: H<9A5HH9F:CFA98) � GHFI7HIF9CFH<CD<CGD<5H9G@=B?98
HC5@=D<5H=7;FCIDG�) � GHFI7HIF9DMFCD<CGD<5H9GH<5H8C BCH@=B?K=H<
5FCA5H=7;FCIDG5B8 ) 
 GHFI7HIF9D<CGD<5H9G	,<9B H<9) � GHFI7HIF9CF�
H<CD<CGD<5H9GH<5H7CBH5=B985 ( �' �� GHFI7HIF9K5G:CFA98	 +D97=5@@M�
5HH<=GGH5;9�H<965B8 C: H<9CFH<CD<CGD<5H9G@=B?98K=H<H<95@=D<5H=7
;FCIDGC: (�+
 (!�
 �(( =G6FC589F5B8 ACF9X5HH9B98H<5BH<5HC: (�+

�((� K<=7<G<CKGH<5HH<9=B7CFDCF5H=CBC:(!� =B7F95G98H<98=GCF89FC:
H<9D<CGD<5H9GD97=9G	,<=G8=GCF89F98GHFI7HIF9=B8=75H9GH<9:CFA5H=CB
C: 5 ;@5GG�HMD9GHFI7HIF9�K<=7<75B69 5 F95GCBH<5HH<9(�+
 (!�
 �((
<5G69HH9FD9F:CFA5B79 H<5B(�+
 �(( =B%$� H9GH3
� 4	 �=B5@@M�CB@M
H<9CFH<CD<CGD<5H9GH<5H@=B?98K=H<H<95@=D<5H=7;FCIDG5F9:CIB8 =B
H<9WB5@7<5F	

3.3.2. Characterizationof 13C NMR
,<9 A5;=7 5B;@9GD=BB=B;�%�+� �� � GD97HF5C: (�+
 �(( ��
 �� 5B8

(�+
 � (!�
 �(( �
 �� ��
 �� 5F9DF9G9BH98=B�=;	 � 	
�9 :CF9 H<9 WF9H9GH�B95H(�+ 9L<=6=H:CIF 65B8G5H 
�	� DDA�


�	� DDA� ��	� DDA 5B8 ��
	� DDA	 ,<9 65B8 5H
�	� DDA =G5GG=;B98
HCH<9�� 
 � =BH<96IHM@9B9D5FHH<5H5F9BCH6CIB898 HCH<9CLM;9B	
,<9 65B8 5H
�	� DDA =G5GG=;B98HCH<9�� 
 � C: H<9GI77=B5H9D5FH	
,<9 65B8 5H��	� DDA =G5GG=;B98HCH<9�� 
 �' � C: H<96IHM@9B9D5FH�
5B8 H<965B8 5H��
	� DDA =G5GG=;B98HCH<975F6CB C: H<975F6CBM@
;FCID 3
� �
� 4	 /<9B (�+ K5G6@9B898K=H<�(( 5B8 (!�� H<9G9:CIF
65B8GG<CK98H<9G5A97<9A=75@G<=:H5GB95H(�+� <9B79=H7CBWFAG
H<5HH<9F9=GBC 7<9A=75@=BH9F57H=CB8IF=B; H<9DFC79GG=B;	 &95H(!�
DF9G9BHG5B C6J=CIG 65B8 5H���	� DDA K<=7<75B 69 5GG=;B98HCH<9
75F6CB5H9;FCID 3
� 4	 !HDF9G9BHG5@GC5 6FC5865B8 69HK99B�� DDA
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Fig. 5. +C@=8GH5H9&%* %�+ �� ( GD97HF5C: (�+
 �(( 5B8 (�+
 (!�
 �(( :CFAI @5H=CBG7C@@97H985H8=::9F9BHGH5;9C: H<9%$� H9GH	

Fig. 6. &CA9B7@5HIF9C: H<98=::9F9BHHMD9GC: D<CGD<5H9	

5B8 �� DDA K<=7< 75B 69 5GG=;B98HCH<975F6CB C: H<9=GCGCF6=89
;FCID	

�CF H<9G5AD@9G5H�
� G�
�� G�
� G5B8 H<9WB5@7<5F�H<9F9=G5
6FC5865B8 5H��� DDA	 !H75B69 5GG=;B98HCIB G5HI F5H9875F6CB��
�� 5FCA5H=75B8DC@M5FCA5H=7GD97=9G�3�� ��� 4	 ,<=G65B86975A9 ACF9
5B8 ACF9=BH9BG9K=H<H<99JC@IH=CBC: H<9H=A9�K<=7<=B8=75H9H<5H5B
5FCA5H=N5H=CBC77IFF=B;8IF=B; H<9:CFA5H=CBC: H<97<5F	� 6FC5865B8
K5G5@GC:CIB8 5H56CIH�� DDA K<=7<75B69 5GG=;B98HCH<95@=D<5H=7
75F6CBG3�� ��
 4	 �CF (�+
 �(( 5B8 (�+
 (!�
 �((� H<9MG<CK98G=A=@5F
�� � &%* GD97HF5�K<=7<=B8=75H9GH<5HH<9=B7CFDCF5H=CBC: (!� <58 BC
G=;B=:=75BH7<5B;9 CBH<97<9A=75@7CADCG=H=CBC: H<97<5F	

3.4. Thermalstability analysis

,C IB 89FGH5B8H<9897CADCG=H=CB69<5J=CFC: H<98=::9F9BH:CFAI @5�
H=CBG5B8 H<9:CFA5H=CBC: F9G=8I5@7<5F�H<9FA5@GH56=@=HMC: (�+
 �((
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Fig. 7. +C@=8GH5H9&%* %�+ �� � GD97HF5C: (�+
 �(( 5B8 (�+
 (!�
 �(( 5H8=::9F9BHGH5;9	

��
 �� 5B8(�+
 � (!�
 �(( �
 �� ��
 �� 5F95B5@MN98IB 89FH<9FAC�CL=85�
H=J97CB8=H=CB	!B H<=GD5FH�
� C: A5GG@CGG�,
�� =G7CBG=89F985GH<9
GH5FH=B; C: H<989;F585H=CB	

,<9 H<9FA5@GH56=@=HMC: B95H(�+ 5B8 H<9:CFAI @5H=CBGK=H<588=�
H=J9GIB 89FH<9FAC�CL=85H=J97CB8=H=CBGK5G=BJ9GH=;5H986M,�� � �=;	
� �	 �(( 9L<=6=HG5 HKC�GH9D897CADCG=H=CBDFC79GG	,<9 WFGHGH9DF5B;9G

Fig. 8. ,<9FA5@89;F585H=CBC: (�+ K=H<H<9588=H=J9GIB 89FH<9FAC�CL=85H=J97CB8=H=CB��� S�
 A=B� �=F�	
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:FCA 
�� S� HC��� S� K=H<5 A5GG@CGGC: ���� 5B8 H<=GA5GG@CGG7CF�
F9GDCB8GHCH<9F9@95G9C: K5H9F5B8 5AACB=53�� 4	 %95BK<=@9�5 7FCGG
@=B?98( �' �( GHFI7HIF9:CFA98 6M 9@=A=B5H=CBC:  
 ' 69HK99B( �' 
;FCIDG�5B8 H<9G9( �' ;FCIDGK9F9F9@95G986MH<99JC@IH=CBC: & � 	
,<9 G97CB8GH9DF5B;9 :FCA ��� S� HC��� S� K=H<5 A5GG@CGGC: ���
75B69 5GG=;B98HCH<9F9@95G9C: D<CGD<CF=757=83�� ��� 4	 !H=GBCH9KCF�
H<MH<5HH<9F9G=8I9C: �(( <5G@CKGH56=@=HM5H<=;< H9AD9F5HIF9	,<9
F9G=8I9A5GG897F95G9G7CBH=BI CIG@M:FCA 
�	�� 5H��� S� HC�
	�� 5H
��� S�	

,<9 897CADCG=H=CBC: (�+ =BJC@J9GHKCGH9DGC: DFC79GG	,<9 WFGH
GH9DF5B;9G:FCA �
� S� HC��� S� K=H<5 A5GG@CGGC: ��	��	 ,<=GGH9D
=G5HHF=6IH98 HC89DC@MA9F=N5H=CBC: H<9(�+� H9HF5<M8FC:I F5B5B8 GI7�
7=B=75B<M8F=895F9H<9A5=B897CADCG=H=CBDFC8I7HG3�� 4	 ,<9 G97CB8
GH9D�:FCA ��� S� HC�
� S�� =GH<9:CFA5H=CB5B8 H<989;F585H=CBC: 5
HF5BG=9BH7<5F	(!� 9L<=6=HG5@GCHKCGH9DG897CADCG=H=CBDFC79GG�H<9
WFGH89;F585H=CBF5B;9G:FCA��� S� HC��� S� K=H<5 A5GG@CGGC: ��	��
K<=7<=G5GG=;B98HCH<989DC@MA9F=N5H=CBC: (!� 3�� 4	 ,<9 G97CB8GH9D
K5G:FCA��� S� HC��� S� K<=7<=G5GG=;B98HCH<9:CFA5H=CB5B889;F5�
85H=CBC: 5 HF5BG=9BH7<5F	(�+ 5B8(!� 9L<=6=HBCF9G=8I5@7<5F5:H9FH<9
9LD9F=A9BH	

/<9B �(( K5G=B7CFDCF5H98=BHC(�+� H<9F95F9HKCGH9DGC: 897CA�
DCG=H=CBDFC79GG	!B H<9WFGHGH9D�=B7CFDCF5H=CBC: �(( 5779@9F5H9GH<9
69;=BB=B; C: H<989;F585H=CB�,
� =G@CK9F986M
� S� =B7CAD5F=GCB
HCB95H(�+	 ,<9 WFGHGH9D<5G�
� C: A5GG@CGGK<=7<75B69 5GG=;B98
HCH<9897CADCG=H=CBC: H<9�(( 5B8 H<989DC@MA9F=N5H=CBC: (�+	 ,<9
G97CB8GH9DK5G69HK99B��� S� 5B8 ��� S� 5B8 =G5GG=;B98HCH<9:CF�
A5H=CB5B8 H<989;F585H=CBC: HF5BG=9BH7<5F	!HG<CI@869 A9BH=CB98
H<5H5:H9F��� S�� H<9F9G=8I5@7<5FC: (�+
 �(( K5GBCHGH56@9�5B8 H<9
A5GGC:H<9F9G=8I97CBH=BI CIG@M897F95G9G:FCA�
	�� 5H��� S� HCCB@M
�	�� 5H��� S�	 /<9B (!� =G=B7CFDCF5H98=BHC(�+ 5B8 �((� H<9F95F9
GH=@@HKC897CADCG=H=CBGH9DG	,<9 ,
� ���� S�� =GBCHAC8=W987CA�
D5F98HCH<5HC: (�+
 �(( ���� S��	  CK 9J9F�H<9A5GG@CGGC: H<9WFGH
GH9D=G��� K<=7<=G�� ACF9H<5BH<5HC6H5=B98K=H<(�+
 �((	 H<IG
5HH<969;=BB=B;C: H<9G97CB8GH9D�H<9F9G=8I5@A5GGC: (�+
 (!�
 �((
=G�� @CK9FH<5BH<5HC: (�+
 �((	 ,<=GF9GI@HG<CKGH<5HH<97<5FM=9@8
C: (�+
 �(( =G<=;<9FH<5BH<5HC: (�+
 (!�
 �(( 8IF=B; H<9:CFA5H=CBC:
7<5F	,<9 7IFJ9 C: (�+
 (!�
 �(( :CFA985 GH958MD@5H95IK=H<�	�� C:
F9G=8I9:FCA��� S� HC��� S�	 ,C IB 89FGH5B8H<9FC@9C: (!� =BH<9=BHI�
A9G79BH:CFAI @5H=CB�(!�
 �(( K=H<5 F5H=CC: �
 � K5G5@GC=BJ9GH=;5H98	
(!�
 �(( 9L<=6=HG5@GCHKC897CADCG=H=CBGH9DG	,<9 WFGHGH9DGH5FHG:FCA

�� S� �,
�� HC��� S� K=H<CB@M��� C: A5GG@CGG	,<9B H<9G97CB8
GH9DGK5G:FCA��� S� HC��� S� K=H<��� C: A5GG@CGGK<=7<75B69 5G�
G=;B98HCH<9:CFA5H=CB5B8 89;F585H=CBC: HF5BG=9BH7<5F	,<9 F9G=8I5@
A5GGF957<9G�
	��	

�=: :9F9BH=5@,� 7IFJ9G�K<=7< =GH<9F9GI@HC: H<98=::9F9B7969HK99B
H<99LD9F=A9BH5@,� 7IFJ9 5B8 H<975@7I @5H98CB9� K9F9 D@CHH98:CF

(�+
 �((� (!�
 �(( 5B8 (�+
 (!�
 �((	 ,<=GD9FA=HGHC=BJ9GH=;5H9 DC�
H9BH=5@=BH9F57H=CBG69HK99B(�+� (!� 5B8 �(( � �=;	 � �	 (�+
 �(( 9L�
<=6=HG5 G=;B=:=75BH89GH56=@=N5H=CB69HK99B�
� 5B8 �
� S�	 ,<=GGHFCB;
89GH56=@=N5H=CB=B8=75H9GH<5H�(( DFCACH9GH<9897CADCG=H=CBC: (�+	
(!�
 �(( 9L<=6=HG5@GC5 89GH56=@=N5H=CB5HH<=GF5B;9C: H9AD9F5HIF96IH
K<=7<=G@9GG=BH9BG9	� G97CB889GH56=@=N5H=CBK5GC6G9FJ98:FCA��� S�
HC��� S� :CF(!�
 �(( :CFAI @5H=CB�K<=7<75B69 5GG=;B98HCH<989;F5�
85H=CBC: H<9HF5BG=9BH7<5F	!B H<975G9C: (�+
 (!�
 �(( 5B8 (�+
 �((
H<=G89GH56=@=N5H=CB=GGA5@@9F	

,C =BJ9GH=;5H9 H<9897CADCG=H=CB69<5J=CFC: (�+
 �(( 5B8 (�+

(!�
 �(( 8IF=B; H<9%$� H9GH�588=H=CB5@,�� H9GHGK=H<GD97=5@<95H�
=B; F5H9K9F9 5B5@MN98� �=;	 �� 5�	 �CF (�+
 �((� GH5FH=B; :FCA �� S�
HC��� S� ���
 S�
 A=B� H<9B�� S�
 A=B IB H=@��� S� :C@@CK986M 5B
=GCH<9FA:CF5 HCH5@H=A9C: ���G	 �CF (�+
 (!�
 �((� GH5FH=B; :FCA�� S�
HC
�� S� ���� S�
 A=B� H<9B

 S�
 A=B IB H=@��� S� :C@@CK986M 5B
=GCH<9FA:CF5 HCH5@H=A9C: ���G	

�IF =B; H<9WFGHGH9DC: <95H=B;� (�+
 �(( 5B8 (�+
 (!�
 �(( <58 BC
G=;B=:=75BHA5GG@CGG	�IF =B; H<9G97CB8GH9DC: <95H=B;� H<9A5GG@CGG
:CF(�+
 �(( 69;5B 5H
	��A=B 5FCIB8��� S�� 5B8 H<9A5>CFA5GG@CGG
K5G69HK99B�	�� A=B 5B8 �	�� A=B 5FCIB8 ��� S�� ��� C: A5GG@CGG
K5GC6H5=B98�5 D@5H95IK5GC6G9FJ98	�G :CF(�+
 (!�
 �((� H<9A5GG
@CGG69;5B 5H
	�� A=B5FCIB8�
� S�� 5B8 H<9A5>CFA5GG@CGGK5G69�
HK99B�	�� A=B5B8 �	�� A=BFCIB8��� S�� CB@M��� C: A5GG@CGGK5G
C6H5=B98	�IF =B; H<9H<=F8GH9D�5 ;F95HA5GG@CGG:CF(�+
 (!�
 �(( K5G
C6G9FJ98IB H=@5 D@5H95I5DD95F985H��� S�	 �CH< (�+
 �(( 5B8 (�+

(!�
 �(( <58 56CIH
�� C: F9G=8I9�K<=7<75B 69 5GG=;B98HCH<9:CF�
A5H=CBC: H<97<5F7CFF9GDCB8=B; HCH<9G5A9D<9BCA9BCB=B�=;	 � 	 !H
AIGH69 A9BH=CB98H<5HK<9B �(( <58 H<9G5A99LD9F=A9BH7CB8=H=CB
5G(�+
 �(( CF(�+
 (!�
 �((� =HG897CADCG=H=CBDFC79GG75B69 5GG=;B98
HCH<9F9@95G9C: K5H9F5B8 5AACB=55GK9@@5GH<9:CFA5H=CBC: ( �' �(
GHFI7HIF9� �=;	 �� 6�	 �( (�G897CADCG=H=CBK=H<H<99LD9F=A9BH7CB8=�
H=CBC: (�+
 (!�
 �(( K5GG@CK9FH<5BH<5HC: (�+
 �((� K<=7<F9J95@G
H<5HH<9F9@95G98;5G9GG<CI@8<5J9 699B @9GG	'6 J=CIG@M�H<9G9F9GI@HG
9J=89B798H<5H(�+
 (!�
 �(( 897CADCG9GG@CK9FH<5B(�+
 �((� K<=7<
75B69 5 F95GCBK<M=B%$� H9GH�H<9A5GG@CGGF5H9C: (�+
 (!�
 �(( K5G
G@CK9FH<5BH<5HC: (�+
 �((� 5B8 H<5HH<9 ** C: (�+
 (!�
 �(( K5G5@�
K5MG@CK9FH<5BH<5HC: (�+
 �((	

3.5. Investigationof char morphology

,<9 ACFD<C@C;MC: H<97<5F=G=BJ9GH=;5H985HAI@H=�G75@9IG=B; CDH=�
75@A=7FCG7CDM�AA G75@9�5B8G75BB=B;9@97HFCBA=7FCG7CDM�+�%� � �{A
G75@9��H<9B6MIG=B; 9@97HFCBDFC69A=7FC5B5@MG=G��(%�� �7<9A=75@
7CADCG=H=CB5H�{A G75@9��H<98=GHF=6I H=CBC: H<9D<CGD<CFIGK<=7<75B
69 =BJC@J98=BH<9A97<5B=GAC: 57H=CB=GDF9G9BH98	

Fig. 9. �=: :9F9BH=5@,�� C: (�+
 �((� (!�
 �(( 5B8 (�+
 (!�
 �(( IB 89FH<9FAC�CL=85H=J97CB8=H=CB��� S�
 A=B� �=F�	
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Fig. 10. ,�� C: 5� (�+
 �((� (�+
 (!�
 �(( 5B8 6� �(( K=H<H<9G5A9<95H=B; 7CB8=H=CBC: %$� H9GH	

3.5.1. Char morphologyinvestigatedby optical microscope
,<9 7<5FF9G=8I9GC: (�+
 �(( 5B8 (�+
 (!�
 �(( K9F97C@@97H985B8

7IHCBH<9G=89:579	 ,<9 X5B?G=89C: CIH@5M9FC: H<97<5F=GDF9G9BH98
=B�=;	 �� 5� :CF(�+
 �(( 5B8�=;	 �� 6� :CF(�+
 (!�
 �((	 ,<9 @5M9FC:
H<97<5FC: (�+
 �(( <5G
	� ���	� AA C: H<=7?B9GG�K<9F95GH<9@5M9FC:
H<97<5FC: (�+
 (!�
 �(( <5GCB@M�	� ���	� AA C: H<=7?B9GG	,<9 CIHG=89
C:H<97<5FG<CK98BCG=;B=:=75BH8=::9F9B7969HK99BH<9G9HKC:CFAI @5�
H=CBG�BCHDF9G9BH98�CBCDH=75@A=7FCG7CD9	,<9B H<9=BB9FG=89C:H<9G9
HKC7<5FG@5M9F5F9DF9G9BH98=B�=;	 �� 7� :CF(�+
 �(( 5B8 �=;	 ��
8� :CF(�+
 (!�
 �((	 ,<9 =BB9FG=89C: (�+
 �(( =GDCFCIGK=H<BI A9F�
CIG<C@9GC: 8=::9F9BHG=N9G	 CK 9J9F�(�+
 �((
 (!� <5GGA5@@9F5B8 @9GG
<C@9GCB=BB9FG=89C: =HG7<5F	,<9 C6J=CIG8=::9F9B79GC: H<97<5FG69�
HK99BH<9G9HKC:CFAI @5H=CBGA5M 9LD@5=BH<98=::9F9BHD9F:CFA5B79 =B
H<9%$� H9GH	!B8998� 577CF8=B; HCA5GG@CGG5B8 H9AD9F5HIF9A95GIF98
8IF=B; H<9%$� H9GH�=;	 � 6� �=;	 � 7�� (�+
 (!�
 �(( G<CK98@CK9F
H9AD9F5HIF9IB 89FH<97<5F5B8@9GGA5GG@CGGF5H9�H<9A5GG@CGGF5H969�
HK99B
�� G5B8 ��� G897F95G98:FCA�	���
 G:CF(�+
 �(( HC�	���
 G
:CF(�+
 (!�
 �((�� K<=7<F9@95G98@9GG89;F585H=CBDFC8I7HG8IF=B; H<9
7CA6IGH=CB�H<IG=H<5G@9GG5B8 GA5@@9F<C@9GCBH<9=BB9FG=89C: H<9
7<5F	

3.5.2. Char morphologyinvestigatedby SEMand EPMA
�@H<CI;< H<9CIHG=89C: H<97<5F@5M9FGG<CK98BCG=;B=:=75BH8=::9F�

9B7969HK99B(�+
 �(( 5B8(�+
 (!�
 �(( K=H<CDH=75@A=7FCG7CD9�H<9M
K9F9 5@GC=BJ9GH=;5H98 5H�{A G75@96M+�% � �=;	 �
 �	 'B H<99LH9F=CF
G=89�H<9GIF:579 C: H<97<5F@5M9FC: (�+
 (!�
 �(( =G<CAC;9 BCIG5B8
BCG=;B=:=75BH89:97H75B 69 8=GH=B;I=G<98	 /<9F95G� H<9GIF:579 C: H<9
7<5FC: (�+
 �(( <5G7F57?G5B8 GA5@@<C@9G	

�H H<9G5A9H=A9C: 5B5@MG=GC: +�%� H<9D<CGD<CFIG8=GHF=6I H=CB=G
A95GIF986M�(%�	 �G DF9G9BH98=B�=;	 �� � H<9CIHG=89C: H<97<5F
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3.6. Proposedmodeof action in MLC test
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4. Conclusion
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	Poly(isosorbide carbonate): A ‘green’ char forming agent in polybutylene succinate intumescent formulation
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