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1.  ������������������� !"#�$��%
��&�  �!����!"#���!'���� 
 �������	 (Palm Oil Mill Wastewater; POMW) ������ !"#!"$$�%� #&'(! )'�!*##                  
#��#+,�������	-!����� +,����$+�.�/0$)'�#!12+34!+�����$+�.�/0$ %�� +, -,	567/+ 27*�89�*)'�         
�������	3�����$�:;<:� �!3,/'����,+�=,<�!6.="<:�4�!��3�� 8 �������	����$�/+ 27*�.?�)'��@/"��
����4�/�)<$.!* '#,<"	 ��-',� (Chemical Oxygen Demand; COD) '	�&:�;&"�5&�!*@"&�� 72,000-
95,000 $1//1 !+$//14! #�-',� (Biological Oxygen Demand; BOD) '	�&:�;&"�5&�!*@"&��               
18,000-22,000 $1//1 !+$//14! )'�()U�3+��@$, (Total Solids; TS) '	�&:�;&"�5&�!*@"&��                
12,000-35,000 $1//1 !+$//14! .!1$�7��<� (Ash) '	�&:�;&"�5&�!*@"&�� 2,700-4,500                       
$1//1 !+$//14! )'�()U�()"�/'	 (Suspended Solids; SS) '	�&:�;&"�5&�!*@"&�� 7,000-12,000                            
$1//1 !+$//14! =)$+�(/*����$+� (Grease & Oil) '	�&:�;&"�5&�!*@"&�� 6,000-10,600 $1//1 !+$//14!                   
=�-4!�%�3+��@$, (Total Kjeldahl Nitrogen; TKN) �3&� +# 1,078 $1//1 !+$//14! c'��c43+��@$,                 
(Total Phosphate; TP) �3&� +# 472.5 $1//1 !+$//14! (/*5&�9��'; (pH) �3&� +# 4.35                        
���@!+#:� �!,����1����)'�!*###��#+,�������	(##=!<'� �f-,	3+�"=.����%*4<'� �!.!1$�7)'�         
��!'�@�!:�'+4!��&"�3���@$�*�$ 5g' ��-',� : =�-4!�%� : c'�c'!+�  �3&� +# 300 : 5 : 1                            
(� !�	�f+ ,1i '6,$�1�-!%�0, 2543; j�"17� ;+	.!*��!1k, 2548) :�)7*3��'+4!��&"�.!1$�7)'�                   
��!'�@�!3���@$�*�$4&' �!�!<��l/l/14$��3�-,	5"!$�5&� �3&� +# 200 : 5 : 1 (Somayaji, 1992)                   
(/*%�  �!4!"%�'#567�$#+41�������	)'�-!����� +,����$+�.�/0$3�����$�:;< :� �!3,/'����-,	
9#"&�$�'+4!��&"�)'�5&���-',� : =�-4!�%� : c'�c'!+� �3&� +# 201 : 2.3 : 1 ����: /<�5�	� +#
!�	��� �!3,/'� &'�@�<����-,	 Najfpour (/*57* (2005) (250 : 5 : 1) (/* Borja (/*57*                               
(1996) (278 : 3.32 : 1):�)7*3��!�	���3��������'-,	 Prof. C. F. Seyfried '<��-,	 � !�	�f+ ,1i                         
'6,$�1�-!%�0 (2543) ���� /&�""&�.!1$�7)'�=�-4!�%�3��$�'	�&:�4+")'�(#53��!�	('�('-!#1  
-,	$�'	�&.!*$�7 80-120  !+$/ 1-/ !+$)'�()U�!*�@	=,< @!g' 55-85  !+$/ 1-/ !+$��-',�               
()'�%6/1�3!�	0) :�)7*3��.!1$�7)'�c'�c'!+�3��$�'	�&:�4+")'�(#53��!�	-,	$�'	�&.!*$�7 10-25
 !+$/ 1-/ !+$)'�()U�!*�@	=,< @!g' 7-18  !+$/ 1-/ !+$��-',� ()'�%6/1�3!�	0) ��g�'�%� 
 !*#"� �!3��� ��	")<'� +# �!�+��5!�*@0��//0%6/1�3!�	0:�!*###��#+,�������	(##=!<'� �f-,	      
%6/1�3!�	0%*$� 1% !!$:� �!�+��5!�*@0��//03��4���3��:@<5"�$4<'� �!:;<.!1$�7��!'�@�!)'�         
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%6/1�3!�	0%���<'	4�$=.,<"	 ,+��+��:� �!#��#+,�������	3��'�f+	!*###��#+,(##=!<'� �f%����$�!�
,����1����=,<-,	=$&4<'�3�� �!�41$��!'�@�!�91�$/�=.:�!*## (McCarty and Mosey, 1991)  
 ���@!+#�������	)'�-!����� +,����$+�.�/0$3�����$�:;<:� �!3,/'��������%�  �!4!"%�'# 
9#"&��������	���$�'+4!��&"�!*@"&��5&���-',�4&'#�-',� �3&� +# 4.32 ������� "&�!�	��� �!3,/'�         
 &'�@�<����-,	 Ng (/*57* (1985) (/* Najafpour (/*57* (2005) 3��!�	���"&�'+4!��&"�
!*@"&��5&���-',�4&'#�-',�)'��������	3��=,<!+#%� -!����� +,����$+�.�/0$����9#"&�$�5&� �3&� +# 2.40         
(/* 2.14 4�$/��,+# 3+�������g�'�%� "1o�3��:;<:� �!"1�5!�*@0@�5&�#�-',�$�5"�$(4 4&�� +�-,	:�               
 �!3,/'��������:;<"1o�3��=$&$� �!�41$@+"�;g�'%6/1�3!�	0:� �!"1�5!�*@0����$�l/3��:@<5&�#�-',�3��=,<!+#
%��$�5&��<'	 "&�'� "1o�3��$� �!�41$@+"�;g�'%6/1�3!�	0:� �!"1�5!�*@0 ���@!+#'+4!��&"�!*@"&��5&���-',�
4&'#�-',�3��������-,	(�,�:@<�@U�"&��������	3�����$�:;<:� �!3,/'����.!* '#,<"	��!'1�3!�	03��	� 
4&' �!	&'	�/�	�.?�%���"�$�  ($+���1� 4+�p6/�"f�0, 2538; �6"13	0 �6"!!7-7, 2544) ,+��+��           
 �!�/g' :;<!*###��#+,�������	(##=!<'� �f�'�)+��4'�$�:;<:� �!#��#+,�������	)'�-!����� +,
����$+�.�/0$%��$�5"�$�@$�*�$ "&� �!:;<!*###��#+,�������	(##=!<'� �f)+��4'��,�	" ��g�'�%�   
%6/1�3!�	0:�!*##%*4<'�:;<!*	*�"/�:� �!#��#+,�������	3��	�"���)���  

 ���� ��� 8   /+ 27*)'��������	-!����� +,����$+�.�/0$3��:;<:� �!3,/'� 
 Table 8.   The characteristic of Palm Oil Mill Wastewater (POMW) for used. 

9�!�$1�4'!0              �������	    �������	   
        (=$&l&�� �!�4!�	$�#g�'�4<�)        (l&�� �!�4!�	$�#g�'�4<�) 
#�-',� ($1//1 !+$//14!)    18,000-22,000          14,000-18,000 

 ��-',� ($1//1 !+$//14!)    72,000-95,000          68,000-74,000 
 ��-',�/*/�	���� ($1//1 !+$//14!)      55,000-72,000                       50,000-68,000 
 )'�()U�3+��@$, ($1//1 !+$//14!)     12,500-35,000                        11,500-14,000 
 )'�()U�()"�/'	 ($1//1 !+$//14!)   7,000-12,000                          6,000-7,500 
 ��<� ($1//1 !+$//14!)       2,700-4,500             2,500-2,700 
 =)$+�(/*����$+� ($1//1 !+$//14!)     6,100-10,600                         5,500-6,100 
 =�-4!�%�3+��@$, ($1//1 !+$//14!)         1,078      980 
 c'�c'!+�3+��@$, ($1//1 !+$//14!)        472.5    432.5 
 PO3-H-P  ($1//1 !+$//14!)            147.0    125.0 
 9��';                            4.35     4.36 
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 l/3��=,<!+#%�  �!4!"%�'#567�$#+41�������	)'�-!����� +,����$+�.�/0$-,	9#"&�           
��� � ���	3�����$�:;<:� �!3,/'����.!* '#,<"	��!'1�3!�	0��� �'	�& :�!�.)'�()U�3+��@$,                 
)'�()U�()"�/'	 =)$+�(/*����$+� �����.?�'�50.!* '#@/+ 3�����5+q)'��������	-,	$�'	�&                  
:�.!1$�73�����  ���@!+#.rq@����5+q3��$+ � 1,)��� +#!*###��#+,�������	(##=!<'� �f3��$�=)$+�(/*
����$+�.��.st'� 5g'  �!,�,�+#'�6j�5)'�=)$+�3��'	�&!'#u -,	;+��=)$+� (Light lipid layer)             
)'�%6/1�3!�	0����$�l/3��:@<%6/1�3!�	0� 1, �!/&'�/'	(/*@/6,'' =.%� !*## �' %� ���               
5"�$�.?�9123��!6�(!�)'� !,=)$+���		�" (Long-Chain Fatty Acid; LCFAs) -,	�89�*              
9"  !,=)$+���		�";�1,=$&'1�$4+"����$�l/ !*3#4&'3+��$�3�-�%1�15(/*'*�1-4%1�15(#53��!�	 
(Saatci  et  al., 2003; Roy et al., 1985; Anselidaki and Ahrins, 1992; Hancki et al., 1981) (/*          
%� !�	���l/ �!3,/'�)'� Lalman (/* David (2001) -,	9#"&�=)$+�(/*����$+�3��.��.st'�'	�&
:��������	 �����.?����@463�����5+q-,	$�l/3��:@<� 1, �!	+#	+�� 1% !!$)'�%6/1�3!�	0:�!*## 
��g�'�%�  �!	&'	�/�	)'�=)$+�(/*����$+�j�	:4<�j�"*=!<'� �f-,	3��:@<� 1, !,=)$+���		�"
)��������.?�l/l/143�����5+q &'�3��%*�� 	&'	�/�	4&'=.'	&��;<� u j�	:4<�j�"*=!<'� �f%��$�l/         
3��:@<!*##� 1, �!�*�$)'�l/l/14 !,=)$+���		�")�������3��:@<5&�9��';)'��������	$�5&�/,/�                
%��.?����@463��:@<!*##� 1,5"�$/<$�@/"=,<  �' %� �������$+�3��.��.st'�'	�&:��������	������$�!�
�5/g'##!1�"7l1")'���//0%6/1�3!�	03��:@<=$&��$�!��+$l+� +#��!'�@�!%�3��:@<%6/1�3!�	0                
� 1,j�"*)�,(5/���!'�@�!)�������$�l/3��:@< 1% !!$)'�%6/1�3!�	0$�5&�/,/� ���@!+#.rq@����
-,	$+ � 1,)��� +#!*###��#+,�������	3��,����1����j�	:4<'67@j�$1��� :�)7*3��!*###��#+,�������	            
3��,����1����j�	:4<'67@j�$14���-,	9#"&�$+  &':@<� 1,.rq@�)��������.?�l/��g�'�$�%�  �!�*�$
)'���!'1�3!�	03��=$&/*/�	���� (Insoluble organic fraction) j�	:�( /��/ @!g' ;+��4* '�               
)'�%6/1�3!�	0 (Sludge blanket) %����=.��& �!� 1,5"�$=$&$�����	!j�9 (Destabilization) @!g'             
� 1, �!	+#	+�� �!�!<��( /��/ (Hulshoff  Pol  and Lettinga, 1986; Borja  et  al., 1996) �' %� ���              
)'�()U�()"�/'	3��.��.st'�'	�&:��������	-,	9#"&��.?����@46)'� �!� 1,c'�(/*;+��4* '�/'	 
(Scum layers) )���3��l1"���� (Halalsheh  et  al., 2005; Pagilla  et  al., 1997)  %� �@46l/3�� /&�"$�
)<��4<���� ,+��+�� &'�3��%*����������	)'�-!����� +,����$+�.�/0$$�:;<:� �!3,/'�%��%���.?�             
4<'�3�� �!�4!�	$�������	 &'��9g�'/,l/ !*3#3��'�%� 1,)���=,< ���@!+#/+ 27*�89�*)'��������	              
3��l&�� �!�4!�	$�#g�'�4<�,+�(�,�:�4�!��3�� 8  �������	3��l&�� �!�4!�	$�#g�'�4<����-,	9#"&�              
$�5&���-',�'	�&:�;&"�5&�!*@"&��  68,000-74,000 $1//1 !+$//14!  )'�()U�3+��@$,'	�&:�;&"�5&�               
!*@"&�� 11,500-14,000 $1//1 !+$//14! )'�()U�/*/�	����'	�&:�;&"�5&�!*@"&��  50,000-68,000           
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$1//1 !+$//14! =)$+�(/*����$+�'	�&:�;&"�5&�!*@"&��   5,500-6,100 $1//1 !+$//14! ���@!+#                  
l/3��=,<!+#%�  �!�4!�	$�������	�#g�'�4<�-,	'�f+	"1o�3�� �	j�9����9#"&���$�!�/,5&���-',�                     
)'�()U�3+��@$,  )'�()U�()"�/'	  =)$+�(/*����$+� 3��.��.st'�'	�&:��������	=,<����6,.!*$�7
!<'	/*  22.11  60.0  37.5  (/* 42.45  4�$/��,+# 

 
2.  ������������ ��������'/�!�����!���%��0������1� ��������23���!�
$4% 0�%��                        

5� ������2 (UASB) <!�
��	���� ��"!��!                                        

    2.1. ���� ��������'/�!�����!���%��0������1� ��������23���!�
$4% 0�%�� 5� ������2  

              (UASB) <!=0� �
4�0� ���$�����1!�
�� (Start-up) 
 :�;&"�!*@"&�� �!�!1�$4<�!*##)'��+�l/14 !,=)$+�!*�@	�&�	 (�+�.}1 !70 UASB)            
����:� �!3,/'�-,	!*##%*,����1����j�	:4<'67@j�$1@<'� (28±2  '�f���/���	�) �.?��"/�               
2  �,g'� -,	:;<�������	3��l&�� �!�4!�	$�#g�'�4<�$�(/<" %� �+��3�� �!�%g'%���������	,+� /&�"���            
:@<$�5&���-',�'	�&:�;&"�5&�!*@"&�� 15,000-50,000 $1//1 !+$//14! ���@!+#�������	3��%*.�'��)<���&          
�+�.}1 !70:�;&"��!1�$4<�!*##���-,	%*4<'�3�� �!.!+#5&�9��';)'��������	:@<$�5&� �3&� +# 6.0            
,<"	.��)�"(/*3�� �!!+ 2��j�95"�$�.?�,&��3+��@$,)'�!*##-,	5"#56$:@<'	�&:�;&"�5&�
!*@"&�� 2,500 - 4,000 $1//1 !+$(5/���	$5�!0#'��4//14! (Borja  et  al., 1996) ���@!+#�������	             
3��.�'��)<���&�+�.}1 !70���-,	3��:@<5"�$�)<$)<�)'��������	�91�$���)���:�/+ 27*4&'��g�'�(##             
�.?�)+��4'�-,	 �!/,'+4!� �!�%g'%��/�����$�l/3��:@<'+4!� �!.�'���!'1�3!�	0$�5&��91�$���)���
%�  1.5 ���  5.0  !+$��-',�//14!/"+� :�)7*3��!*	*�"/�3���������	�� � U# + ="<:�!*##-,	5�="<3�� 
3.3 "+�  

���@!+#l/3��=,<!+#%�  �!,����1����:�;&"�!*@"&�� �!�!1�$4<�!*##)'��+�l/14 !,            
-,	��$�!��+�� 4�@U�.!1$�7)'� !,=)$+�!*�@	�&�	3���� l/14����$�(�"-�<$3���91�$���)���                               
4�$'+4!� �!.�'���!'1�3!�	03������)<���&!*## -,	.!1$�7)'� !,=)$+�!*�@	�&�	3��=,<!+#                
%�  �!,����1����j�	:4<����*5�4+")'�!*##-,	$�5&� �3&� +# 1.66  1.87 (/* 2.6  !+$//14! 
(j�93�� 9) ����=,<!+#�$g�'!*##,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 1.5  2.5 (/* 
5.0  !+$��-',�//14!/"+� 4�$/��,+# :�)7*3��.!1$�7)'� !,=)$+�!*�@	�&�	3���� �!<��)���             
:�;&"��!1�$4<�!*##)'��+�l/14 !,-,	9#"&�$�5&�����6, �3&� +# 4.0  !+$//14! ()<'$�/=$&=,<(�,�) 
����=,<!+#�$g�'!*##,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 5.0  !+$��-',�/           
/14!/"+� ���@!+#.!1$�7)'�l/l/14 !,=)$+�!*�@	�&�	3���91�$���)������-,	9#"&�$�l/3��:@<5&�9��';
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)'���� � ���	3��'	�&j�	:��+�.}1 !70 � 1, �!�./��	�(./�=.����$�(�"-�<$3��/,/�-,	$�5&�                  
�3&� +# 7.16  6.60 (/* 6.06 (j�93�� 9) ����=,<!+#�$g�'!*##,����1����-,	:;<'+4!� �!.�'�
��!'1�3!�	03��$�5&� �3&� +# 1.5  2.5 (/* 5.0   !+$��-',�//14!/"+� 4�$/��,+# 

1.66 1.87
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C�D��� 9  l/)'�'+4!� �!.�'���!'1�3!�	04&' �!�!<��l/l/14 !,=)$+�!*�@	�&�	(/*5&�9��';                     
)'��+�l/14 !,:�;&"�!*@"&�� �!�!1�$4<�!*##  

Figure 9.  The effect of organic loading rate on volatile fatty acid production and pH changed in 
acidogenic reactor for start-up period. 
 

 :�)7*3��.!1$�7)'�l/l/14 ���;�"j�93+��@$, (Total biogas) 3���� l/14)���:�;&"��!1�$4<�
!*##)'��+�l/14 !,���-,	9#"&�.!1$�7)'� ���;�"j�93���� l/14)�������$�(�"-�<$3���91�$���)���
4�$'+4!� �!.�'���!'1�3!�	03������)<���&!*##-,	$�5&� �3&� +# 0.029 0.156 (/* 0.519 /14!/                     
/14!�+�@$+ /"+� (j�93�� 10) ����=,<!+#�$g�'!*##,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� 
�3&� +# 1.5  2.5 (/* 5.0  !+$��-',�//14!/"+� 4�$/��,+# :�)7*3��.!1$�7)'�l/l/14 ���;�"j�9
3+��@$,3���� l/14)���-,	$�5&�����6, �3&� +# 5.98  /14!/"+� ()<'$�/=$&=,<(�,�) ����=,<!+#�$g�'!*##
,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 5.0  !+$��-',�//14!/"+� �' %� ���
.!1$�7)'�l/l/14 ���;�"j�93+��@$,3���� l/14)��������+$9+�o0 +#.!1$�7)'���!'�@�!3���� .�'� 
�)<���&!*##�',5/<'� +#!�	���3��$� &'�@�<���� (Parawira  et  al., 2005; Ann  et  al., 2004)  

1.5 2.5 5.0 
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  C�D��� 10    l/)'�'+4!� �!.�'���!'1�3!�	04&'.!1$�7)'�l/l/14 ���;�"j�93+��@$,                       
3���� �!<��)���:��+�l/14 !,:�;&"�!*@"&�� �!�!1�$4<�!*##  

 Figure 10.  The effect of organic loading rate on biogas production in acidogenic reactor                      
at start-up period. 

 
 ���@!+#l/3��=,<!+#%�  �!3,/'��������(�,�:@<�@U�"&�%6/1�3!�	0��$�!�$� 1% !!$:� �!         
	&'	�/�	��!'1�3!�	0�9g�'�!<���.?�l/l/14 !,=)$+�!*�@	�&�	=,<'	&��$�.!*�13o1j�9,+��@U�=,<
%� .!1$�7)'�l/l/14 !,=)$+�!*�@	�&�	3���91�$���)���:�)7*3��.!*�13o1j�9:� �!/,5&���-',�             
)'��������	3��=,<!+#%�  �!,����1����)'��+�l/14 !,:�;&"��!1�$4<�!*##���-,	9#"&�$�5&� �3&� +# 
!<'	/* 27.5 32.5 (/* 39.06 (j�93�� 11) ����=,<!+#%�  �!,����1����)'�!*##-,	:;<                     
'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 1.5 2.5 (/* 5.0  !+$��-',�//14!/"+� 4�$/��,+#                         
���@!+#.!*�13o1j�9:� �!/,5&���-',�)'��������	:��+�l/14 !,-,	$�5&�3��4��� ��g�'�%� l/3��� 1,)���           
%�  �!	&'	�/�	)'���!'1�3!�	03��$�'	�&:��������	-,	3��:@<� 1, �!�!<���.?�l/l/14 !,=)$+�
!*�@	�&�	)��� ���@!+# �!�./��	�(./�3��� 1,)������-,	�.?��9�	� �!�./��	�!�.)'���!�3&��+��=$&=,<                 
�.?� �!#��#+,�������	��g�'�%� l/l/14)'� !,=)$+�!*�@	�&�	 %���"� 1  !+$ ������$�!��./��	�:@<
'	�&:�!�.)'�5&���-',�=,< �3&� +# 1.4  !+$��-',� (Halalsheh  et  al., 2005) ,+��+�� �!	&'	�/�	            

1.5 2.5 5.0 
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)'���!'1�3!�	0�9g�'�!<���.?�l/l/14 !,=)$+�!*�@	�&�	-,	'*�1-4%1�15(#53��!�	%��=$&=,<�.?�
 �!;&"	/,5&���-',�)'��������	(4&%*�.?� �!�91�$j�!*)'���!'1�3!�	0:@< +#!*##=,<@� $� �!
�*�$)'�l/l/14 !,3��� 1,)���%�  �!	&'	�/�	���  
 

27.5

32.5

39.06

0

10

20

30

40

50

Organic loading rate (gCOD/l/d)

C
O

D
 r

em
o

v
a

l 
ra

te
 (

%
)

 

C�D��� 11  l/)'�'+4!� �!.�'���!'1�3!�	04&'.!*�13o1j�9:� �!/,5&���-',�)'��+�l/14 !, 
:�;&"�!*@"&�� �!�!1�$4<�!*##  

Figure 11.  The effect of organic loading rate on COD removal efficiency in acidogenic reactor for 

start-up period. 
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     2.2. ���� ���$D�����������'/�!�����!���%��0����$'���%!	'� �� �0�D�����$�����0�  J                           


�����2#�$!�! �!C�%<�1�5�!
� ����� 5� ������2 (UASB) 	����"!��!$2�%�       

<!=0� �
4�0� ���2#�$!�! �!�� ����2��  
���@!+# �!3,/'�:�;&"�!*@"&�� �!,����1����)'��+�l/14 !, (�+�.}1 !70 UASB) ��� 

����:� �!,����1����-,	%*:;<�������	3��l&�� �!�4!�	$�#g�'�4<�$�(/<" %� �+��3�� �!�%g'%���������	
,+� /&�":@<$�5&���-',�.!*$�7 50,000 $1//1 !+$//14! ���@!+#�������	3��%*.�'��)<���&�+�l/14 !,
:�;&"�!*@"&�� �!,�� ��1����)'� �!3,/'����-,	%*=$&$� �!.!+#5&�9� �';)'���� ����	                       
 &'����=.:;<���(/*:� �!,����1����-,	%*3�� �!5"#56$'+4!� �!.�'���!'1�3!�	0�!1�$4<�              
3������)<���&!*##:@<$�5&� �3&� +#  2.5   !+$��-',�//14!/"+� %� �+��3�� �!3,/'�%�!*##�)<���&        
����*5�4+"������$�!��+�� 4=,<%�  �!�./��	�(./�5&���-',�)'��������	����$�5&�5�3�� &'�             
%� �+��%��5&'	 u 3�� �!�91�$'+4!� �!.�'���!'1�3!�	0)���(##�.?�)+��4'� 5g'  5.0   7.5   10.0   
12.5   15.0  (/* 17.5  !+$��-',�//14!/"+�  4�$/��,+#  (Borja  et  al., 1996) ���@!+#'+4!� �!.�'�
��!'1�3!�	03�� �91�$���)������-,	$�l/3��:@<!*	*�"/�3��:;<:� �!� U# + �������	)'�!*##/,/�                 
-,	$�5&� �3&� +#  20.0  10.0   6.67   5.0  4.0  3.33  (/* 2.86 "+� 4�$/��,+# 

l/)'� �!3,/'�3��=,<!+#%�  �!,����1����)'��+�l/14 !,:�;&"����)'�!*##-,	9#"&�
.!1$�7)'�l/l/14 !,=)$+�!*�@	�&�	3+��@$,3���� �!<��)�������$�(�"-�<$3�� �91�$���)���                     
4�$'+4!� �!.�'���!'1�3!�	03������)<���&!*## (j�93�� 12) �',5/<'� +#!�	��� �!3,/'�                
3��$� &'�@�<����-,	 Bouallagui (/*57* (2004) 3��=,<,����1����-,	:;<!*###��#+,�������	                       
(##=!<'� �f�'�)+��4'�:� �!	&'	�/�	)'����	3��$���//�-/��.?�'�50.!* '#@/+ 3�����5+q 
���@!+#.!1$�7)'� !,=)$+�!*�@	�&�	3+��@$,(/* !,'*�141 3��=,<!+#%�  �!3,/'�:�;&"����
-,	9#"&�$�5&�����6, �3&� +# 5.70 (/* 4.93  !+$//14! 4�$/��,+# ����=,<!+#%�  �!,����1����           
,<"	'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 17.5  !+$��-',�//14!/"+� (!*	*�"/�3���������	�� � U# + 
="<:�!*## �3&� +# 2.86 "+�)  &'�3��.!1$�7)'�l/l/14 !,=)$+�!*�@	�&�	3+��@$,%*/,/�            
'	&��8+#9/+� (j�93��  12) �����.?�l/$�%� .!� } �!3��%6/1�3!�	0�� ;*'' =.%� !*##              
(Wash out) ��g�'�%� '+4!� �!.�'���!'1�3!�	03������)<���&!*##$�.!1$�7$� � 1� "&�5"�$��$�!�
)'�!*##3��!+#=,< ���@!+#.!1$�7)'�l/l/14 !,=)$+�!*�@	�&�	3+��@$,3��=,<!+#%�  �!3,/'�
:�;&"�!*@"&�� �!,����1����)'�!*##j�	:4<����*5�4+"-,	$�5&� �3&� +#  0.02  0.07  0.23             
0.35  0.44  1.53  (/* 3.0   !+$��-',�//14! ����=,<!+#�$g�'!*##,����1����-,	:;<'+4!� �!.�'�
��!'1�3!�	03��$�5&� �3&� +#  2.5   5.0   7.5   10.0   12.5  15.0  (/* 17.5   !+$��-',�//14!/"+� 
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4�$/��,+#  .!1$�7)'�l/l/14 !,'*�141 3��=,<!+#%�  �!3,/'����-,	9#"&�$�5&�3����� "&��/U �<'	
�$g�'�.!�	#�3�	# +#)<'$�/3��=,<!+#%�  �!3,/'�)'� Borja (/*57* (1996) ����=,<,����1����            
-,	:;<�+�.}1 !70;�1, UASB (##�'�)+��4'�3��4&' +�(##'�6 !$���@!+#:;<:� �!#��#+,�������	
-!����� +,����$+�.�/0$ ���@!+#:� �!,����1����)'��+�l/14 !,-,	:;<'+4!� �!.�'�
��!'1�3!�	03��$�5&� �3&� +# 16.6  !+$��-',�//14!/"+� (!*	*�"/�3���������	�� � U# + ="<:�!*##            
�3&� +# 0.9 "+�)  ����!�	���"&�!*##��$�!�:@<l/l/14)'� !,'*�141 -,	$�5&�����6, �3&� +#               
4.1  !+$//14!:�)7*3�� �!3,/'����:@<l/l/14)'� !,'*�141  �3&� +# 4.93   !+$4&'/14!                  
-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 17.5  !+$��-',�//14!/"+� (!*	*�"/�3���������	                
�� � U# + ="<:�!*## �3&� +# 2.86 "+�) 
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Figure 12.  The effect of organic loading rate on volatile fatty acid production in acidogenic       

 reactor at experimental operation period.   
     (   ) COD effluent   (    ) Total VFA 
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 ���@!+#l/)'� �!3,/'�3��=,<!+#%�  �!,����1����j�	:4<����*5�4+")'��+�l/14 !,
-,	9#"&� �!�91�$'+4!� �!.�'���!'1�3!�	0)�������$�l/3��:@<.!1$�7l/l/14)'� !,=)$+�!*�@	           
�&�	3+��@$,3��=,<!+#-,	$�5&��91�$���)��� �3&� +#  6.88  62.78  226.50  359.11  440.18  1,733.35 (/*  
3,733.20  $1//1 !+$//14!  �' %� ���'+4!� �!.�'���!'1�3!�	03���91�$���)���	+�$�l/3��:@<.!1$�7)'�
l/l/14 !,'*�141 3��=,<!+#-,	$�.!1$�7�91�$���)���,<"	�;&��,�	" +� 5g'  0  12.66  25.95   100.02  
242.06  503.37 (/* 1,508.90  $1//1 !+$//14! ����=,<!+#%�  �!,����1����)'�!*##-,	:;<'+4!�
 �!.�'���!'1�3!�	03��$�5&� �3&� +#  2.5   5.0   7.5   10.0   12.5  15.0  (/* 17.5  !+$��-',�//14! /"+� 
4�$/��,+# (4�!��3�� 9) (/*�$g�'���)<'$�/3��=,<!+#$�3�� �!�.!�	#�3�	#.!1$�7l/l/14)'� !,         
'*�141 4&'.!1$�7l/l/14)'� !,=)$+�!*�@	�&�	3+��@$,3��=,<!+#%�  �!3,/'����-,	9#"&�$�5&�         
.!*$�7!<'	/* 55.0 (�,�:@<�@U�"&�%6/1�3!�	0$�5"�$��$�!�:� �!	&'	�/�	��!'1�3!�	0����'	�&       
:�!�.3���+#�<'��9g�'�!<���.?� !,=)$+�!*�@	�&�	��	�+�� ( !,'*�141 ) =,<'	&��$�.!*�13o1j�9
���@!+#l/3��=,<!+#%�  �!3,/'����9#"&��',5/<'� +#!�	��� �!3,/'� &'�@�<����3��,����1����                 
-,	:;<�+�.}1 !70;�1, UASB ���@!+#�.?��+�l/14 !,:� �!#��#+,�������	)'�-!����� +,����$+�
.�/0$ ����!�	���"&�:� �!,����1����-,	��$�!�:@<l/l/14)'� !,'*�141 3���.?�'�50.!* '#   
'	�&:� !,=)$+�!*�@	�&�	3+��@$,-,	$�5&�'	�&:�;&"�!*@"&��!<'	/* 45 ��� 60 (Borja  et  al., 1996) 
:�)7*3��.!1$�7)'�l/l/14 !,-9!91-'�153��=,<!+#%�  �!,����1����j�	:4<����*5�4+")'� 
�+�l/14 !,���9#"&�$�5&� �3&� +# 0  0  4.08  47.49   183.60   106.50  (/* 1,140.30  $1//1 !+$//14!         
����=,<!+#%�  �!,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +#  2.5  5.0  7.5  10.0  12.5     
15.0  (/* 17.5   !+$��-',�//14!/"+� 4�$/��,+#  (4�!��3�� 9)  ���@!+#.!1$�7)'� !,-9!91-'�15        
3��=,<!+#%�  �!3,/'����$�5&�3��4����$g�'���$��.!�	#�3�	# +#.!1$�7)'�l/l/14 !,'*�141 3���� 
�!<��)���:�;&"��,�	" +�(�,�:@<�@U�"&�.!1$�7)'� !,-9!91-'�153��=,<!+#���-,	=$&3��:@<� 1,l/
 !*3#3��!<�	(!�4&' 1% !!$)'�%6/1�3!�	0  ��g�'�%� .!1$�7)'� !,-9!91-'�153����$�!�3��
'+�4!�	4&'%6/1�3!�	0:�!*##9#"&�%*4<'�$�5"�$�)<$)<���� "&� 2,000 $1//1 !+$//14! (Borja  et  al., 
1996) :�)7*3���+,�&"�!*@"&��.!1$�7)'� !,-9!91-'�15(/* !,'*�141  (Propionic acid / 
Acetic acid; P/A) 3��=,<!+#%�  �!,����1����)'� �!3,/'�j�	:4<����*�$,6/)'��+�l/14 !,���
9#"&�$�5&�����6, �3&� +#  0.76 �3&� �',5/<'� +#!�	��� �!3,/'�3��������'-,	 Hill (/* 
Holmberg (1988)  3��!�	���"&�'+4!��&"�!*@"&��.!1$�7l/l/14)'� !,-9!91-'�154&' !,        
'*�141 3��=,<!+#%�  �!,����1����j�	:4<����*�$,6/)'�!*##-,	5"!$�5&��<'	 "&� 1.4  �3&�                  
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���� ��� 9  l/)'�'+4!� �!.�'���!'1�3!�	04&' �!�./��	�(./�)'�9�!�$1�4'!0*4&�� u                 
:��+�l/14 !,3��=,<!+#%�  �!,����1����j�	:4<����*5�4+")'�!*## 

  Table 9.  Data show the effect of organic loading rate on parameter changed in acidogenic 
reactor under steady-state system. 

9�!�$1�4'!0               '+4!� �!.�'���!'1�3!�	0 ( !+$��-',�//14!/"+�) 
                          2.5           5.0           7.5   10.0          12.5          15.0          17.5 

!*	*�"/�� U# + �������	("+�)     20.0          10.0         6.67    5.0       4.0          3.33          2.86 
9��';                         6.71          6.63         6.32    6.52         6.47          6.43          6.13 
 !,=)$+�!*�@	�&�	3+��@$,  
        ($1//1 !+$//14!)                 6.88         62.78       226.5      359.11    440.18     1,733.35   3,733.2 
 !,'*�141 ($1//1 !+$//14!)         0           12.66       25.95     100.02     242.06       503.37    1,508.9 
 !,-9!91-'�15($1//1 !+$//14!)  0              0           4.08       47.49       183.6         106.5      1140.3 
.!*�13o1j�9:� �!/, 
        5&���-',� (!<'	/*)              95.8         95.2         91.3          87.8       83.5         80.5         63.7 
.!*�13o1j�9:� �!/, 
 )'�()U�!*�@	�&�	3+��@$,  
            (!<'	/*)                        86.58        83.2        70.27       59.97      45.50        37.61       1.16 
.!*�13o1j�9:� �!/, 
 )'�()U�()"�/'	3+��@$,  
           (!<'	/*)                        72.53         86.65       75.65      67.83       56.72       49.48      20.93 
'+4!� �!l/14$��3�  
(/.$��3�/ .��-',�3���� :;<=.)   0.012         0.031        0.04        0.061      0.063       0.058       0.013 
 �!	&'	�/�	3+��@$,(!<'	/*) 37.43        38.09         41.0        43.2       45.72        47.67      59.35 
'*�1-4%1�1��� (!<'	/*)            33.72        33.52        32.61      31.58      30.42        33.06      32.25 
$�3�-�%1�1��� (!<'	/*)            33.7          33.34        31.98      30.58      29.24        28.2        22.04 

* 5&��8/��	)'�)<'$�/3��=,<!+#j�	:4<����*5�4+" �.?��"/� 5 "+�   
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 ���@!+#.!1$�7)'�l/l/14 !,=)$+�!*�@	�&�	3���91�$���)���:�;&"�!*@"&�� �!,����1����
)'��+�l/14 !,���9#"&�$�l/3��:@<5&�9��';)'��������	� 1, �!�./��	�(./�=.�9�	��/U �<'	-,	$�5&�           
�3&� +#  6.7  6.64   6.40   6.52   6.45   6.48  (/*  6.14  ����=,<!+#%�  �!,����1����)'�!*##-,	:;<               
'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +#  2.5   5.0   7.5   10.0   12.5  (/*  15.0  !+$��-',�//14!/"+� 
4�$/��,+# ( j�93�� 13 ) ���@!+#l/3��=,<!+#%�  �!3,/'�����(�,�:@<�@U�"&�:� �!,����1����)'�
�+�l/14 !,���9#"&�!*##$�5"�$��$�!�:� �!5"#56$�j�95"�$�.?�#+c�c'!0 (Buffer capacity)      
=,<�.?�'	&��,� ��g�'�%� .!1$�7)'�l/l/14 !,=)$+�!*�@	�&�	3���� l/14)�������$�.!1$�7�91�$���)���
'	&��$� (4& /+#$�l/3��:@<5&�9��';)'�!*##$� �!�./��	�(./�=.�9�	��/U �<'	�3&��+�� 
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Figure 13. The effect of organic loading rate on pH changed in acidogenic reactor at      
    experimental operation period. 
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  ���@!+#l/3��=,<!+#%�  �!3,/'����-,	9#"&��',5/<'� +#!�	��� �!3,/'�-,	 
Kisaalita (/*57* (1987) ����!�	���"&�%6/1�3!�	03��$�'	�&:��+�l/14 !,��$�!�3��:@<!*##                 
� 1,�j�95"�$�.?�#+c�c'!0)���=,<�'����($<"&�%*=$&$� �!5"#56$5&�9��';)'��������	3��.�'��)<���&�+�
.}1 !70 ���@!+# �!�./��	�(./�5&�9��';)'��������	:�!*##-,	9#"&�%*)���'	�& +#�j�"*(",/<'$
j�	:��+�.}1 !70(/*o!!$;�41)'��������	3�����$�:;<��� -,	l/)'� �!,����1����3��=,<!+#%�  
 �!3,/'����9#"&��$g�''+4!� �!.�'���!'1�3!�	0$�5&��91�$���)��� �3&� +# 17.5  !+$��-',�//14!/"+�            
-,	$�l/3��:@<!*##� 1,�j�9=$&����	!)���3��:@<� 1, �!�*�$)'�l/l/14 !,=)$+�!*�@	�&�	)���
:�!*##�.?�%���"�$� $�l/3��:@<5"�$��$�!�:� �!5"#56$�j�95"�$�.?�#+c�c'!0)'�!*##        
/,/�%��$�l/3��:@<5&�9��';)'�� 1, �!�./��	�(./�=.-,	$�5&� �3&� +# 6.14 ���@!+#l/3��=,<!+#���
(�,�:@<�@U�"&��$g�'!*##,����1����,<"	'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 17.5  !+$��-',�/
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                  (    ) Methane yield    (    ) Total biogas 
Figure 14.  The effect of organic loading rate on total biogas and methane production in    
                   acidogenic reactor at experimental operation period.  
                  (    ) Methane yield    (    ) Total biogas 
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Figure 15. The effect of organic loading rate on COD removal efficiency in acidogenic reactor at  

experimental operation period. 
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3�� �@/g''	�& :�!*##$�5& ��<'	4�$=.,<"	 ,+��+��:� �!,�� ��1����)'��+�l/14 !,                                  
-,	5"!/,!*	*�"/�3��:;<:� �!� U# + �������	="<:�!*##/�����3��:@<��$�!��91�$.!1$�7l/l/14             
 !,=)$+�!*�@	�&�	:��+�l/14 !,=,< 
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3.  ������������ ��������'/�!�����!���%��0������1� �������M�N=��C�D�� 5� ������$�! 

(UFAF) <!�
��	���� ��"!��! 

      3.1. ���� ��������'/�!�����!���%��0���������M�N=��C�D�� 5� ������$�! (UFAF)  

<!=0� �
4�0� ���$�����1!�
�� (Start-up)  
 :�;&"�!*@"&�� �!�!1�$4<�!*##)'��+�l/14$��3�(UFAF) ����:� �!3,/'�-,	!*##          
%*,����1����j�	:4<'67@j�$1@<'� (28±2  '�f���/���	�) �.?��"/�  2  �,g'� -,	:;<�������	                  
3��l&�� �!�4!�	$�#g�'�4<�$�(/<" %� �+��3�� �!�%g'%���������	,+� /&�"���-,	:@<$�5&���-',�                        
'	�&:�;&"�5&�!*@"&�� 15,000-50,000 $1//1 !+$//14! ���@!+#�������	3���� .�'��)<���&�+�.}1 !70              
:�;&"��!1�$4<�!*##)'��+�l/14$��3����-,	%*4<'�3�� �!.!+#5&�9��';)'��������	:@<$�5&� �3&� +#  
6.0  ,<"	.��)�"(/*3�� �!!+ 2��j�95"�$�.?�,&��3+��@$,)'�!*##-,	5"#56$:@<'	�&:�;&"�5&�
!*@"&�� 2,500-4,000 $1//1 !+$(5/���	$5�!0#'��4//14! (Borja  et  al., 1996) ���@!+#5"�$�)<$)<�
)'��������	3��.�'��)<���&�+�.}1 !70������ 3��:@<�91�$���)���:�/+ 27*4&'��g�'�(##�.?�)+��4'�                    
-,	 �!/,'+4!� �!�%g'%��/��.?�l/:@<'+4!� �!.�'���!'1�3!�	0$�5&��91�$���)���(##�.?�)+��4'�
-,	$�5&� �3&� +# 1.5  2.5 (/*  5.0   !+$��-',�//14!/"+� 4�$/��,+# :�)7*3��!*	*�"/�� U# + �������	 
="<:�!*##-,	5�3�� �3&� +# 3.3 "+�  

���@!+#l/3��=,<!+#%�  �!,����1����)'��+�l/14$��3�:�;&"��!1�$4<�!*##-,	��$�!�
�+� � 4�@U�.!1$�7l/l/14)'� !,=)$+�!*�@	�&�	3���� �!<��)���-,	9#"&�$�(�"-�<$                       
�91� $)�� �4 �$'+ 4 !� �!.� '���!'1 �3!� 	0 3�� � 91� $�� � )�� �  �� �@!+#l/3�� = ,< !+ #��� -,	9#"& �                                      
$�/+ 27*�;&��,�	" +# �!,�� ��1����)'��+�l/14 !,:�;&"��!1�$4<�!*## -,	.!1$�7                      
)'� !,=)$+�!*�@	�&�	3+��@$,3���� l/14)�������=,<!+#%�  �!,����1����j�	:4<����*5�4+")'�               
�+�l/14$��3�:�;&"����-,	$�5&� �3&� +# 1.83  1.57 (/* 3.81  !+$//14! ����=,<!+#%�  �!,����1����
-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 1.5  2.5 (/* 5.0  !+$��-',�//14!/"+� 4�$/��,+# 
(j�93��  16) :�)7*3��.!1$�7)'�l/l/14 !,=)$+�!*�@	�&�	3���� l/14)���-,	$�5&�����6,               
�3&� +#  6.13  !+$//14! ()<'$�/=$&=,<(�,�)  ����=,<!+#�$g�'!*##,����1����-,	:;<'+4!� �!.�'�
��!'1�3!�	03��$�5&�����6,:�;&"��!1�$4<�!*##)'��+�l/14$��3���� 5g' 5.0  !+$��-',�//14!/"+�  
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�' %� ���'+4!� �!.�'���!'1�3!�	03���91�$���)���-,		+�$�l/4&' �!�91�$.!1$�7)'�l/l/14     
$��3�(/* ���;�"j�93+��@$, ���@!+#.!1$�7l/l/14$��3�3��=,<!+#���-,	9#"&�%*�91�$���)���           
$�5&� �3&� +# 0.45  0.80  (/* 1.78  /14!/"+� ����=,<!+#�$g�'!*##,����1����,<"	'+4!� �!.�'�
��!'1�3!�	03��$�5&� �3&� +# 1.5  2.5 (/* 5.0  !+$��-',�//14!/"+� 4�$/��,+# :�)7*3��.!1$�7l/l/14
)'� ���;�"j�93+��@$,9#"&�%*$�.!1$�73���91�$���)���4�$'+4!� �!.�'���!'1�3!�	03���91�$)���               
$�5&� �3&� +# 3.63  4.43 (/* 5.13 /14!/"+� 4�$/��,+# (j�93�� 17) .!1$�7)'�l/l/14 ���;�"j�9
3+��@$,3���� l/14)���-,	$�5&�����6, �3&� +# 6.03 /14!/"+� ()<'$�/=$&=,<(�,�) ����=,<!+#%�                  
 �!,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 2.5  !+$��-',�//14!/"+�  
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C�D��� 16  l/)'�'+4!� �!.�'���!'1�3!�	04&'.!1$�7)'� !,=)$+�!*�@	�&�	(/* �!l/14$��3�
)'��+�l/14$��3�:�;&"�!*@"&�� �!�!1�$4<�!*##   

Figure 16. The effect of organic loading rate on quantity of volatile fatty acid and methane 
production at start-up period. 
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��g�'�%� '+4!� �!.�'���!'1�3!�	03�� �91�$���)���-,	$�l/3��:@< �!�!<��l/l/14                                       
 !,=)$+�!*�@	�&�	$�5& � �91�$���)���-,	�89�* !,'*�141 ��� � �.?���!4+" /��3�����5+q                       
����%*�� $�3�-�%1�15(#53��!�	���=.:;<�9g�'�!<���.?�l/l/14$��3�4&'=. ���@!+#:� �!,����1����                  
)'� �!3,/'�-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&�  �3&� +# 2.5  !+$��-',� //14!/"+�                    
%�  �!�+�� 4-,	9#"&�.!1$�7)'�l/l/14 !,=)$+�!*�@	�&�	3��=,<!+#%�  �!3,/'�                    
$� 5& � /,/�-,	�+ $9+�o0  + #.!1 $ �7)'� � ��;� "j�93+� �@$,3�� ��  l/1 4 �91� $�� �)�� �(/*                              
�$g�'3�� �!4!"%�'#.!1$�7l/l/14)'�$��3�3���.?�'�50.!* '#'	�&:� ���;�"j�93+��@$,                
-,	9#"&��+,�&"�)'�$��3�3��=,<!+#%*�91�$���)���-,	$�5&��3&� +#!<'	/* 18.14   26.28  (/* 40.62                       
����=,<!+#%�  �!,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 1.5  2.5 (/*                   
5.0   !+$��-',�//14!/"+� 4�$/��,+# (j�93�� 17)  
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  C�D��� 17  l/)'�'+4!� �!.�'���!'1�3!�	04&' �!l/14 ���;�"j�93+��@$,(/*$��3�)'� 
  �+�l/14$��3�:�;&"��!1�$4<�)'�!*## 
 Figure 17. The effect of organic loading rate on biogas and methane production in  

  methanogenic reactor at start-up period. 
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���@!+#'+4!� �!�!<��l/l/14$� �3�3�� �91�$���)���'	&���,&�;+,:�;&"��!1�$4<�!*##                  
)'��+�l/14$� �3���� -,	(�,�:@< �@U�"&�$�3�-�%1�15(#53� �!�	3�� � %!1q'	�& :��+�.}1 !70                    
��$�!�.!+#4+":@<�)<� +#�1��(",/<'$3���./��	�(./�=.%��3��:@<%6/1�3!�	0��$�!�$� 1% !!$             
:� �!:;<��!'�@�!�9g�' �!�%!1q(/*�!<��l/l/14$��3�=,<�91�$)��� ���@!+#'+4!� �!.�'�
��!'1�3!�	03�� �91�$���)���9#"&�$�l/3��:@<5&�9��';)'��������	� 1, �!�./��	�(./�=.-,	$�5&�              
�3&� +#  6.09  (/*  6.07  4�$/��,+# ����=,<!+#%�  �!,����1����-,	:;<'+4!� �!.�'���!'1�3!�	0         
3��$�5&� �3&� +#  1.5  (/*  2.5   !+$��-',�//14!/"+� 4�$/��,+# (/*5&�9��';)'��������	%*�91�$���)���
-,	$�5&� �3&� +# 7.0  �$g�''+4!� �!.�'���!'1�3!�	03������)<���&!*##�91�$���)���-,	$�5&� �3&� +#            
5.0  !+$��-',�//14!/"+�  ��g�'�%� '+4!� �!.�'���!'1�3!�	03�� �91�$)���-,	$�l/3��:@<.!1$�7                
 �!�!<��l/l/14)'� ���;�"j�93+��@$,$�5&��91�$)���4�$=.,<"	-,	�89�* ���5�!0#'�=,'' =�,0
����$�l/-,	4!�4&' �!5"#56$5&�9��';)'��������	:�!*## (j�93�� 18)   
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C�D��� 18  l/)'�'+4!� �!.�'���!'1�3!�	04&' �!�./��	�(./�5&�9��';)'��������	3��'' %�                      

�+�l/14$��3�:�;&"�!*@"&���!1�$4<�)'�!*##   
Figure 18. The effect of organic loading rate on pH changed of effluent wastewater in 

methanogenic reactor at start-up period. 
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 ���@!+#.!*�13o1j�9:� �!/,5&���-',�)'��������	:�;&"��!1�$4<�!*##)'��+�l/14$��3� 
����:� �!,����1����-,	!*##%*:;<'+4!� �!.�'���!'1�3!�	03�� �91�$���)���(##�.?�)+��4'�            
$�l/3��:@<.!*�13o1j�9:� �!/,5&���-',�)'�!*##�91�$)���-,	$�5&��3&� +#!<'	/* 29.6  59.8  (/* 
64.8 4�$/��,+# (j�93�� 19) ����=,<!+#%�  �!,����1����)'�!*##-,	:;<'+4!� �!.�'���!'1�3!�	0                     
3��$�5& �  �3& � +# 1 .5   2 .5  (/* 5.0   !+$��-',� //14!/"+� 4�$/��,+# ���@!+#.!*�13o1j�9                          
:� �!/,5&���-',�)'��������	3��=,<!+#%�  �!,����1����)'��+�l/14$��3�:�;&"��!1�$4<�!*##    
9#"&�$�5&���� "&�l/3��=,<!+#%�  �!,����1����)'��+�l/14 !,:�;&"��,�	" +� 3+�������g�'�%�             
$�3�-�%1�15(#53��!�	3��$�'	�&:��+�l/14$��3���$�!�$� 1% !!$:� �!�!<��l/l/14$��3�=,<               
:�.!1$�73����� "&�%��$�l/3��:@<l/l/14 !,=)$+�!*�@	�&�	3��$�'	�&:�!*##�� ���=.:;<=,<                 
:�.!1$�73�����,<"	�;&��,�	" +� ��g�'�%� .!1$�7)'�l/l/14 !,=)$+�!*�@	�&�	3���*�$'	�&:�
!*##$�l/4&'.!*�13o1j�9:� �!/,5&���-',�)'��+�.}1 !70 ��g�'�%�  �!(4 4+")'� !,=)$+�
!*�@	�&�	-,	3��:@<!*##$�j�!*��!'1�3!�	03���91�$���)��� (Halalsheh  et  al., 2005) 
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 C�D���19  l/)'�'+4!� �!.�'���!'1�3!�	04&'.!*�13o1j�9:� �!/,5&���-',�)'��+�l/14$��3�  
:�;&"�!*@"&�� �!�!1�$4<�)'�!*## 

 Figure 19. The effect of organic loading rate on COD removal efficiency in methanogenic 
reactor at start-up period. 
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       3.2. ���� ���$D�����������'/�!�����!���%��0����$'���%!	'� �� �0�D�����$�����0�  J          

              
�����2#�$!�! �!C�%<�1�5�!
� ����� 5� ������$�! (UFAF) 	����"!��!$2�%�                             

               <!=0� �
4�0� ���2#�$!�! �!�� ����2��         

   %�  �!3,/'�:�;&"�!*@"&�� �!,����1����)'��+�l/14$��3�-,	:;<�������	�+��5!�*@0         
����$�5&���-',�.!*$�7 15,000 $1//1 !+$//14! ���@!+#�������	3��%*.�'��)<���&�+�.}1 !70���                     
-,	%*4<'�3�� �!.!+#5&�9��';:@<$�5&� �3&� +# 6.0  &'����$�:;<���(/*:� �!,����1����                        
)'� �!3,/'�-,	3�� �!5"#56$'+4!� �!.�'���!'1�3!�	0 �!1�$4<�3������)<���&!*##:@<$�5&�            
�3&� +# 1.1  !+$��-',�//14!/"+� %� �+��3�� �!3,/'�%�!*##�)<���&����*5�4+"-,	�+�� 4                 
=,<%�  �!�./��	�(./�5&���-',�)'��������	����$�5&�5�3�� &'�%� �+��%��5&'	 u 3�� �!�91�$                   
'+4!� �!.�'���!'1�3!�	0)���(##�.?�)+��4'�-,	$�5&� �3&� +# 2.5  5.0  7.5 (/* 10.0  !+$��-',�/
/14!/"+� 4�$/��,+#  ���@!+#'+4!� �!.�'���!'1�3!�	03�� �91�$���)�������$�l/3��:@<!*	*�"/�                      
3���������	�� � U# + ="<:�!*##/,/�-,	$�5&� �3&� +#   13.5   6.0   3.0   2.0  (/* 1.5 "+� 4�$/��,+#  
  ���@!+#l/)'� �!3,/'�3��=,<!+#%�  �!,����1����)'��+�l/14$��3�:�;&"����-,	9#"&�            
�+,�&"�)'�l/l/14$��3�3���.?�'�50.!* '#'	�&:� ���;�"j�93+��@$,%*$�(�"-�<$3���91�$���)���
4�$'+4!� �!.�'���!'1�3!�	03������)<���&!*## :�)7*3��.!1$�7)'�l/l/14$��3�3��=,<!+#%�  �!                   
,����1����)'� �!3,/'����-,	$�5&��3&� +#!<'	/* 63.1 ����.!1$�7)'�l/l/14$��3�����6,3��=,<!+#
%�  �!,����1����-,	$�5&� �3&� +# 12.97 /14!$��3�/"+� ����=,<!+#%�  �!,����1����)'�!*##            
-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 7.5  !+$��-',�//14!/"+� (!*	*�"/�3���������	�� � U#
 + �������	="<:�!*## �3&� +# 2.0 "+�) @/+�%� �+��.!1$�7)'�l/l/14$��3�%*/,/�'	&��8+#9/+� 
(j�93�� 20) ��g�'�%� '+4!� �!.�'���!'1�3!�	03���91�$���)���-,	$�l/3��:@<.!1$�7)'���!'1�3!�	0  
3������)<���&!*##'�%$�5&����� 1�5"�$��$�!�)'�!*##%*!+#=,< ���@!+#:� �!,����1����)'�
!*###��#+,�������	(##=!<'� �f-,	3+�"=.����9#"&�'+4!� �!.�'���!'1�3!�	03���91�$���)���-,	            
$�l/4&' �!�91�$.!1$�7l/l/14$��3� (4&:�)7*�,�	" +� �!�91�$'+4!� �!.�'���!'1�3!�	0)���            
 U$�l/3��:@<�.?� �!�91�$(!��8g'� (Shear stress) )���j�	:��+�.}1 !70,<"	�;&��,�	" +� ����$�l/           
3��:@<(l&�c�/0$;�"j�93��$�'	�&:��+�.}1 !70� 1, �!@/6,/' '' =.%� !*##�.?����@463��3��:@<               
$�3�-�%1�15(#53��!�	$� 1% !!$:� �!�%!1q(/*�!<��l/l/14/,/� (Michaud  et  al., 2005) 
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   C�D��� 20  l/)'�'+4!� �!.�'���!'1�3!�	04&' �!l/14 ���;�"j�93+��@$,(/*$��3�)'��+�l/14
$��3�:�;&"�!*@"&�� �!,����1����)'� �!3,/'� 

            (    ) Methane yield    (    ) Total biogas 
  Figure 20. The effect of organic loading rate on biogas and methane production in 

methanogenic reactor at experimental operation period. 
  (    ) Methane yield    (    ) Total biogas 
 
  .!1$�7)'�l/l/14$��3�3��=,<!+#%�  �!,����1����j�	:4<����*5�4+")'�!*##$�5&� 
�3&� +#  2.95  3.49   8.55  (/* 12.38  /14!/"+� -,	$��+,�&"�)'�l/l/14$��3�3���.?�'�50.!* '# 
'	�&:� ���;�"j�93+��@$,9#"&�$�5&�'	�&:�;&"�!*@"&��!<'	/* 44.56 ��� !<'	/* 63.10 (j�93�� 21)        
����=,<!+#%�  �!,����1����)'�!*##-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 1.1  2.5  5.0  
(/* 7.5  !+$��-',�//14!/"+� 4�$/��,+#   
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C�D��� 21  l/)'�'+4!� �!.�'���!'1�3!�	04&'�+,�&"�)'�l/l/14$��3�3��$�'	�&:� ���;�"j�9  

3+��@$,:�;&"�!*@"&�� �!,����1���� �!3,/'�)'��+�l/14$��3� 

  Figure 21. The effect of organic loading rate on methane composition in methanogenic reactor  
                   at experimental operation period. 

 
���@!+#l/)'� �!3,/'�3��=,<!+#%�  �!,����1����j�	:4<����*5�4+")'��+�l/14$��3�

(UFAF) -,	9#"&� �!�91�$'+4!� �!.�'���!'1�3!�	0)�������$�l/3��:@<'+4!� �!�!<��l/l/14$��3�                 
$�5&��91�$���)���-,	$�5&� �3&� +# 0.486   0.344   0.465  (/* 0.419 /14!$��3�/ !+$��-',�3���� :;<=.              
(5� ��"7%� 5& ���-',�3�� /*/�	��� � )  (4�!��3��  10 )  ��� �=,< !+#%�  �!,� � ��1����-,	:;<                            
'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 1.1   2.5   5.0   7.5 (/* 10.0   !+$��-',�//14!/"+� 
4�$/��,+#  &'�3��'+4!� �!�!<��l/l/14$��3�%*/,/�-,	$�5&� �3&� +# 0.11  /14!$��3�/ !+$��-',�       
3���� :;<=. �$g�'!*##,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 10.0   !+$��-',�/
/14!/"+� ���@!+#'+4!� �!�!<��l/l/14$��3�3��=,<!+#%�  �!3,/'����-,	$�5&������g�'�%�                   
�.?� �!5���"7:�!�.)'�5&���-',�3��/*/�	����������!'1�3!�	0:�!�.)'�5&���-',� %���"� 1.0  !+$              
9#"&���$�!��!<���.?�l/l/14)'�$��3�=,< �3&� +# 0.47 /14!$��3�/ !+$��-',�3���� :;<=. 
(Driessen, 1996)      

1.1 2.5 5.0 7.5 10.0 
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���� ��� 10  l/)'�'+4!� �!.�'���!'1�3!�	04&' �!�./��	�(./�)'�9�!�$1�4'!0* 4&�� u                 
      :��+�l/14$��3�j�	:4<����*5�4+")'�!*## 

Table 10.  Data show the effect of organic loading rate on parameter changed in methanogenic 
reactor under steady-state system.  

 
9�!�$1�4'!0                                               '+4!� �!.�'���!'1�3!�	0 ( !+$��-',�//14!/"+�) 
                  1.1                  2.5           5.0               7.5                10.0 

!*	*�"/�� U# + �������	 ("+�)    13.5       6.0                   3.0               2.0          1.5 
9��';                         7.03                7.01                  7.02              7.01               7.02 
 �!	&'	�/�	3+��@$, (!<'	/*) 41.05      42.48                45.36              48.79             58.29 
'*�1-4%1�1��� (!<'	/*)          32.21              31.46                31.54               28.30            23.33  
$�3�-�%1�1��� (!<'	/*)             32.65              32.08                30.97               29.64            24.96            
'+4!� �!l/14$��3�  
(/.$��3�/ .��-',�3���� :;<=.)    0.486              0.344    0.465              0.419            0.107 
��-',�3��/,/� (!<'	/*)          91.61              89.60                 85.61             80.85             66.31 
 !,=)$+�!*�@	�&�	3+��@$,  
( !+$//14!)                                16.11      10.76   164.05            178.92          290.33             

*5&��8/��	)'�)<'$�/3��=,<!+#j�	:4<����*5�4+" �.?��"/� 5 "+�   

 

%� !�	��� �!3,/'�)'� Parawira (/*57* (2005) ����=,<,����1����-,	:;<�+�.}1 !70                
;�1, UASB (/*�+�.}1 !70;�1, Anaerobic Packed-Bed Reactor (APBR) :� �!#��#+,�������	         
%�  �!/<��$+��!+������9#"&��+�.}1 !703+���'������$�!�$�.!*�13o1j�9:� �!/,5&���-',�                  
=,<$�  "&�!<'	/* 90 :�)7*3��'+4!� �!�!<��l/l/14$��3�-,	$�5&� �3&� +# 0.23 (/* 0.16                
/14!)'�$��3�/ !+$��-',�3���� :;<=. ����=,<!+#%�  �!,����1����-,	:;<'+4!� �!.�'���!'1�3!�	0  
3��$�5&� �3&� +# 6.1 (/* 4.7  !+$��-',�//14!/"+� 4�$/��,+# :�)7*3�� Borja (/*57* (1996)                 
����=,<,����1����-,	:;< �+�.}1 !70;�1, UASB ���@!+#:;<:� �!#��#+,�������	)'�-!����                    
� +,����$+�.�/0$-,	9#"&�!*##��$�!�:@<'+4!� �!�!<��l/l/14)'�$��3�-,	$�5&� �3&� +#            
0.33  /14!)'�$��3�/ !+$��-',�3���� :;<=.  �' %� ��� Najafpour (/*57* (2005) =,<3�� �!3,/'�
-,	:;<�+�.}1 !70;�1, Up Flow Anaerobic Sludge-Fixed Film (UASFF) %�  �!,����1����         
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-,	9#"&�!*##��$�!�:@<'+4!� �!�!<��l/l/14$��3�-,	$�5&� �3&� +# 0.346 /14!)'�$��3�/          
 !+$��-',�3���� :;<=. '+4!� �!.�'���!'1�3!�	03���91�$���)���-,	$�l/3��:@<5&�9��';)'��������	           
:��+ � l/1 4$� �3� � 1 , � ! �./�� 	�(./�=. �9� 	 � �/U  �< '	 �3& ��+� � -,	$� 5& �  � 3& � +#  7 . 0                          
��g�'�%�  �!,����1����)'� �!3,/'�3��$� �!.!+#5&�9��';)'��������	 &'�.�'��)<���&�+�l/14$��3�
%��3��:@<!*##��$�!�5"#56$�j�95"�$�.?�#+c�c'!0=,<�.?�'	&��,����($<"&�!*##%*,����1����
-,	:;<'+4!� �!.�'���!'1�3!�	03����� �' %� ���'+4!� �!.�'���!'1�3!�	03���91�$���)���	+�$�l/          
3��:@<.!1$�7)'� !,=)$+�!*�@	�&�	3������)<���&�+�l/14$��3��91�$)�������$�l/3��:@<'+4!� �!�!<��
l/l/14 ���;�"j�9�91�$)���4�$=.,<"	-,	�89�* ���5�!0#'�=,'' =�,0 (CO2) ��g�'�%� 5&�             
5"�$�.?�,&�� (Alkalinity) )'�!*##$+ '	�&:�!�.)'�=#5�!0#'��4 ���� ���5�!0#'�=,'' =�,0          
3���� l/14)������-,	%*!"$4+" +#����� 1,�.?� H2CO3 (/*��$�!��./��	�4&'=.�.?� H

+ (/* HCO3-  
�����.?�.}1 1!1	�(##l+� /+#=,< ���@!+#l/)'�.}1 1!1	�3��� 1,)������-,	;&"	!+ 2��$,6/9��';           
:@< +#!*## (� !�	�f+ ,1i  '6,$�1�-!%�0, 2543) 
  ���@!+#.!*�13o1j�9:� �!/,5&���-',�)'��������	:�!*##-,	=,<!+# �!,����1����)'�              
�+�l/14$��3�:�;&"�!*@"&�� �!,����1����)'� �!3,/'�9#"&��$g�'!*##,����1����-,	:;<'+4!�       
 �!.�'���!'1�3!�	03���91�$���)���(##�.?�)+��4'�-,	$�5&� �3&� +# 1.1  2.5  5.0  7.5  (/* 10.0           
 !+$��-',�//14!/"+� ����$�l/3��:@<.!*�13o1j�9:� �!/,5&���-',�)'�!*##/,/�-,	$�5&��3&� +#
!<'	/* 91.6  89.6  85.7  80.9  (/* 62.9 4�$/��,+# (j�93�� 22) .!*�13o1j�9����6,:� �!/,              
5&���-',�)'��������	3��=,<!+#%�  �!,����1����)'��+�l/14$��3����-,	$�5&��3&� +#!<'	/* 91.6 ����            
=,<!+#%�  �!,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&��<'	3���6, 5g' 1.1  !+$��-',�/          
/14!/"+� (!*	*�"/�3���������	�� � U# + ="<:�!*## �3&� +# 13.5 "+�) :�)7*3��'+4!� �!.�'�
��!'1�3!�	03���@$�*�$4&' �!,����1����)'��+�l/14$��3�-,	$�5&� �3&� +# 7.5  !+$��-',�//14!/"+� 
(!*	*�"/�3���������	�� � U# + ="<:�!*## �3&� +# 2.0 "+�) -,	9#"&�.!*�13o1j�9:� �!/,5&�         
��-',�)'�!*##3��=,<!+#-,	$�5&��3&� +#!<'	/* 80.9 (4&�$g�'!*##,����1����-,	:;<'+4!� �!.�'�
��!'1�3!�	0�91�$���)��� �3&� +# 10.0  !+$��-',�//14!/"+� ����9#"&�.!*�13o1j�9:� �!#��#+,             
�������	)'�!*##/,/�-,	$�5&��3&� +#!<'	/* 63.0 ��g�'�%� !*	*�"/�3���������	�� � U# + ="<:�!*## 
/,/�3��:@<!*##� 1, �!�*�$l/l/14 !,=)$+�!*�@	�&�	=,<:�.!1$�73���91�$���)��� ���@!+# 
.!*�13o1j�9)'�!*##:� �!/,5&���-',�)'��������	3��=,<!+#%�  �!3,/'����-,	9#"&�$�5&���� "&�
!�	��� �!3,/'�)'� Borja (/*57* (1996) ����=,<,����1����-,	:;<�+�.}1 !70;�1, UASB          
�9g�'#��#+,�������	)'�-!����� +,����$+�.�/0$-,	'�f+	!*###��#+,�������	(##=!<'� �f�'�
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)+��4'�-,	!�	���"&�.!*�13o1j�9����6,:� �!/,5&���-',�)'��+�l/14$��3�$�5&��3&� +#!<'	/* 
90.0 ����=,<!+#%�  �!,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 1.1  !+$��-',�/
/14!/"+� �;&��,�	" +�(4&:;<!*	*�"/�:� �!� U# + �������	="<:�!*##�<'	 "&� 5g' 10.0 "+�  
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 C�D��� 22  l/)'�'+4!� �!.�'���!'1�3!�	03���./��	�(./�4&'.!*�13o1j�9)'� �!/,5&���-',� 
    :�;&"�!*@"&�� �!3,/'�)'��+�l/14$��3� 
  Figure 22. The effect of organic loading rate on COD removal efficiency for the experimental 

       operation. 
 

�' %� ���'+4!� �!.�'���!'1�3!�	03���91�$���)���-,	$�l/4&'.!*�13o1j�9:� �!	&'	�/�	                  
)'���!'1�3!�	03+��@$,3��=,<!+#%�  �!,����1����)'��+�l/14$��3�j�	:4<����*5�4+")'�!*##          
-,	$�5&��3&� +#!<'	/* 41.05   42.48   45.36   48.79  (/*  58.29  ����=,<!+#%�  �!,����1����-,	:;<
'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 1.1  2.5  5.0  7.5 (/* 10.0   !+$��-',�//14!/"+� 4�$/��,+# 
:�)7*3�� �!�91�$'+4!� �!.�'���!'1�3!�	0)���-,	$�l/3��:@<.!*�13o1j�9)'� !*#"� �!             
'*�1-4%1�1���/,/�-,	$�5&��3&� +#!<'	/* 32.21  31.46  31.54  (/* 28.30 4�$/��,+#                    
����=,<!+#�$g�'!*##,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 1.1  2.5  5.0 (/*                        

1.1 2.5 5.0 7.5 10.0 
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7.5  !+$��-',�//14!/"+� (/*�$g�'3�� �!�91�$'+4!� �!.�'���!'1�3!�	0)���:@<$�5&� �3&� +#                           
10.0  !+$��-',�//14!/"+� 9#"&�$�l/3��:@<.!*�13o1j�9)'� !*#"� �!'*�1-4%1�1���/,/�                     
-,	$�5&��3&� +#!<'	/* 23.33  ��g�'�%� �j�"*(",/<'$3��'	�&j�	:��+�l/14$��3�=$&�@$�*�$            
4&' �!�%!1q(/* �!�!<��l/l/14)'�'*�1-4%1�15(#53��!�	 -,	 NG (/*57* (1985) !�	���"&�          
5&�9��';3���@$�*�$4&' �!�%!1q(/* �!�!<��l/l/14)'�'*�1-4%1�15(#53��!�	:� �!#��#+,�������	
)'�-!����� +,����$+�.�/0$-,	$�5&� �3&� +# 6.0 :�)7*3��5&�9��';3��=,<!+#%�  �!,����1����            
)'��+�l/14$��3����-,	$�5&�'	�&:�;&"�5&�3�� �.?� /�� (9��'; 7.01-7.03) �' %� ��� �!�91�$                  
'+4!� �!.�'���!'1�3!�	0)���-,	$�l/3��:@<.!*�13o1j�9)'� !*#"� �!$�3�-�%1�1���/,/�          
-,	$�5&��3&� +#!<'	/* 32.65  32.08  30.97  (/* 29.64  ����=,<!+#%�  �!,����1����)'�!*##           
-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +#   1.1   2.5   5.0  (/* 7.5   !+$��-',�//14!/"+� 
4�$/��,+# (/*�$g�''+4!� �!.�'���!'1�3!�	0�91�$���)���-,	$�5&� �3&� +# 10.0   !+$��-',�//14!/"+� 
-,	$�l/3��:@<.!*�13o1j�9)'� !*#"� �!$�3�-�%1�1���$�5&�/,/��@/g'�9�	�!<'	/* 24.96  
��g�'�%� '+4!� �!.�'���!'1�3!�	03���91�$���)���-,	$�l/3��:@<$�3�-�%1�15(#53��!�	� 1, �!��q���	
'' =.%� !*##(/*.!1$�7)'� !,=)$+�!*�@	�&�	3��.�'��)<���&�+�l/14$��3�����$�.!1$�7             
�91�$���)���-,	$�l/3��:@<� 1, �!	+#	+�� 1% !!$)'�$�3�-�%1�15(#53��!�	=,< ,<"	�@46l/�@/&����
.!* '# +�%��$�l/3��:@< 1% !!$)'� !*#"� �!$�3�-�%1�1���:��+�l/14$��3�$�5&�/,/�             
�$g�'!*##,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03���91�$���)��� 

���@!+#l/3��=,<!+#%�  �!,�� ��1����)'� �!3,/'�:��+�l/14$� �3�-,	9#"&�                  
'+4!� �!.�'���!'1�3!�	03���@$�*�$4&' �!�!<��l/l/14$��3�-,	$�5&� �3&� +# 7.5  !+$��-',�/
/14!/"+� ����!*	*�"/�3���������	�� � U# + ="<:�!*##�.?��"/� 2.0 "+� -,	��$�!�:@<.!1$�7)'�
l/l/14$��3�=,<:�.!1$�73�����(/*!*##	+�5���$�!�,����1����=,<4�$. 414/', �!3,/'� 
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4.  ��������'�
���Q�C�D�����1� ��������$�!�� �
���#���2!"#�$��%	��3�1�����               

��"!��!$2�%�	�
�� ��"!��!<!����#���2!"#�$��%&�  �!���2!"#���!'���� 
%�  �!3,/'�����=,<,����1����:� �!#��#+,�������	-!����� +,����$+�.�/0$-,	'�f+	

!*###��#+,�������	(##=!<'� �f)+��4'��,�	"(/*!*###��#+,�������	(##=!<'� �f�'�)+��4'�           
3��3�� �!(	 �+�l/14 !,(/*�+�l/14$� �3�'' %�  +� ��g�'�%� %6/1�3!�	03+� ��'� /6&$���                     
4<'� �!�j�"*(",/<'$3���@$�*�$4&' �!�!<��l/l/14(/* �!�%!1q3��(4 4&�� +�  ���@!+#                 
:� �!,����1����)'� �!3,/'�3��'�f+	!*###��#+,�������	(##=!<'� �f)+��4'��,�	"�+��                           
����:� �!,����1����)'��+�.}1 !70;�1, UASB -,	:;<�������	3��l&�� �!�4!�	$�#g�'�4<�$�(/<"            
%� �+��3� � �!�%g'%����� � ��� 	,+ � /& �"��� :@<$�5& ���-',�.!*$�7 50,000  $1//1 !+$ //14!                         
���� ���	3������)<���&�+�.}1 !70���-,	=$&4<'�3�� �!.!+#5&�9� �';)'��������	 &'����=.:;<���                
���@!+#:� �!,����1����-,	%*3�� �!5"#56$'+4!� �!.�'���!'1�3!�	03������)<���&!*##:@<$�5&�                
�3&� +# 15.0  !+$��-',�//14!/"+� �����.?�'+4!� �!.�'���!'1�3!�	03���@$�*�$4&' �!,����1����                      
)'��+�.}1 !70;�1, UASB (!*	*�"/�3���������	�� � U# + ="<:�!*## �3&� +# 3.33 "+�)                
%� �+��3�� �!3,/'�%�!*##�)<���&����*5�4+"(/<"���l/3��=,<!+#$�3�� �!�.!�	#�3�	#
.!*�13o1j�9)'�!*## :�)7*3�� �!,����1����)'��+�.}1 !70;�1, UFAF -,	:;<�������	             
3�����$�%� �+�l/14 !,����$�5&���-',�.!*$�7 15,000 $1//1 !+$//14! ���@!+#��� ����	                            
3��.�'��)<���&�+�.}1 !70���-,	=$&4<'�3�� �!.!+#5&�9��'; (9��'; 5.98) (/*:� �!,����1����                           
)'� �!3,/'�����%*3�� �!5"#56$'+4!� �!.�'���!'1�3!�	03������)<���&!*##:@<$�5&� �3&� +#                          
7.5  !+$��-',�//14!/"+� ��� ��.?�'+4!� �!.�'���!'1�3!�	03�� �@$�*�$4&' �!,����1����                     
)'��+�.}1 !70;�1, UFAF (!*	*�"/�3���������	�� � U# + ="<:�!*## �3&� +# 2.0 "+�) %� �+��          
3�� �!3,/'�%�!*##�)<���&����*5�4+"�;&��,�	" +�  

���@!+# �!,����1����)'� �!3,/'�3��'�f+	!*###��#+,�������	(##=!<'� �f�'�)+��4'�
:� �!#��#+,�������	)'�-!����� +,����$+�.�/0$ ����:� �!3,/'�-,	:;<�+�.}1 !70;�1, UASB 
3�� �!�;g�'$4&' +�(##'�6 !$ +#�+�.}1 !70;�1, UFAF (UASB/UFAF) -,	�+�.}1 !70                  
;�1, UASB ���%*:;<���@!+#�.?��+�l/14 !,=)$+�!*�@	�&�	:�)+��4'�(! (/*�+�.}1 !70                              
;�1, UFAF ����%*:;<���@!+#�.?��+�l/14$��3�:�)+��4'�4&'$�����:� �!,����1����)'��+�.}1 !70
3+���'����-,	%*3���;&��,�	" +# �!,����1����)'�!*###��#+,�������	(##)+��4'��,�	")'�(4&/* 
�+�.}1 !70 �+��5g' �+�.}1 !70;�1, UASB %*,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� 
�3&� +# 15.0   !+$��-',�//14!/"+� (!*	*�"/�3���������	�� � U# + ="<:�!*## �3&� +# 3.33 "+�) (/*       
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�+�.}1 !70;�1, UFAF  ����%*,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 7.5             
 !+$��-',�//14!/"+� (!*	*�"/�3���������	�� � U# + ="<:�!*## �3&� +# 2.0 "+�) $�l/3��:@<'+4!�           
 �!.�'���!'1�3!�	0-,	!"$3��=,<!+#%�  �!,����1����)'��+�.}1 !703+���'����$�5&� �3&� +# 9.38 
 !+$��-',�//14!/"+� (!*	*�"/�3���������	�� � U# + ="<:�!*## �3&� +# 5.33 "+�) 3�� �!3,/'�%�
!*##�)<���&����*5�4+" %� �+�����l/3�� =,<!+#%�  �!,�� ��1����)'�!*##3+� ��'�$�                   
3�� �!�.!�	#�3�	#.!*�13o1j�9:� �!�!<��l/l/14$��3�(/* �!�./��	�(./�)'�5&�9�!�$1�4'!0
4&��u  3��� 1,)���:��+�.}1 !70,+�(�,�:�4�!��3�� 11 

 
���� ��� 11  l/)'� �!3,/'�3��:;<!*###��#+,�������	(##)+��4'��,�	"(/*�'�)+��4'�               

4&' �!�./��	�(./�)'�5&�9�!�$1�4'!0*4&�� u j�	:4<����*5�4+")'�!*## 
Table 11. The experimental data under steady-state system show parameter* changed with            

one-state and two-state system operation. 

9�!�$1�4'!0                       !*##)+��4'��,�	"      !*##(##�'�)+��4'� 
                  UASB              UFAF          UASB/UFAF 
.!1$�4!:;<���)'��+�.}1 !70 (/14!)    10                      5                       15 
'+4!� �!.�'���!'1�3!�	0 ( !+$��-',�//14!/"+�)       15.0              7.5                    9.38 
!*	*�"/�� U# + �������	 ("+�)                       3.33              2.0                    5.33 
9��';                    6.43             7.31                   7.31 
 �!	&'	�/�	3+��@$, (!<'	/*)                47.67            47.20                 40.22 
'*�1-4%1�1��� (!<'	/*)                                  33.06            28.80                 35.25 
$�3�-�%1�1��� (!<'	/*)                                 28.20            28.43                  35.0 
l/l/14)'� ���;�"j�9 (/14!/"+�)                            24.75            12.48           37.23 
l/l/14)'�$��3� (/14!/"+�)    6.95             7.54           14.49 
'+4!� �!l/14$��3� (/.$��3�/ .��-',�3���� :;<=.)    0.058             0.25                  0.308 
.!*�13o1j�9)'� �!/,5&���-',� (!<'	/*)              80.50            79.87                 94.78 
 !,=)$+�!*�@	�&�	3+��@$,3���@/g''	�& ( !+$//14!)  1.733                 0.089                0.089 
 
* 5&��8/��	)'�)<'$�/3��=,<!+#j�	:4<����*5�4+"�.?��"/� 5 "+�  
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���@!+#l/)'� �!3,/'�3��=,<!+#%�  �!,�� ��1����-,	:;<!*###��#+,��� � ���	                 
(##=!<'� �f)+��4'��,�	")'��+�.}1 !70;�1, UASB (/*�+�.}1 !70;�1, UFAF                           
9#"&���$�!�:@<.!*�13o1j�9)'� !*#"� �!	&'	�/�	3+��@$,  !*#"� �!'*�1-4%1�1��� (/*
 !*#"� �!$�3�-�%1�1��� ����=,<!+#%�  �!,����1����j�	:4<����*5�4+")'��+�.}1 !70               
;�1, UASB -,	$�5&��3&� +#!<'	/* 47.67 30.06 (/* 28.20 4�$/��,+# (/*l/)'� �!3,/'�              
3��=,<!+#%� ,����1����j�	:4<����*5�4+")'��+�.}1 !70;�1, UFAF -,	$�5&��3&� +#!<'	/* 47.20  
28.80  (/* 28.43 4�$/��,+# (4�!��3�� 11) :�)7*3��l/)'� �!,����1����,<"	!*###��#+,�������	
(##=!<'� �f�'�)+��4'� (UASB/UFAF) -,	9#"&�.!*�13o1j�9)'� !*#"� �!'*�1-4%1�1���
(/* !*#"� �!$�3�-�%1�1�������=,<!+#%�  �!,����1����j�	:4<����*5�4+")'�!*##-,	$�5&�
�3&� +#!<'	/* 40.22  35.25 (/* 35.0 4�$/��,+# -,	9#"&�$�5&���� "&�l/3��=,<!+#%�  �!,����1����
)'�!*###��#+,�������	(##=!<'� �f)+��4'��,�	" (	 �"<� !*#"� �!	&'	�/�	3+��@$,)               
:�)7*3��.!*�13o1j�9:� �!�!<��l/l/14 ���;�"j�93+��@$,(/*l/l/14$� �3�3��=,<!+#                     
%�  �!,����1����j�	:4<����*5�4+")'��+�.}1 !70;�1, UASB -,	$�5&� �3&� +#  24.75  (/*                
6.95  /14!/"+� 4�$/��,+# !*##��$�!�:@<'+4!� �!�!<��l/l/14$��3�%�  �!:;<��!'1�3!�	0               
:�!�.)'�5& ��� -',�/*/�	��� ���� �$�5& �  �3& � +#  0 .058  /14!$� �3�/ !+$�� -',�3�� �� :;< =.                         
.!*�13o1j�9:� �!�!<��l/l/14 ���;�"j�93+��@$,(/*l/l/14$��3�3��=,<!+#%�  �!,����1����
j�	:4<����*5�4+")'��+�.}1 !70;�1, UFAF -,	$�5&� �3&� +# 12.48 (/* 7.54  /14!/"+� 
4�$/��,+# (/*!*##��$�!�:@<'+4!� �!�!<��l/l/14$� �3�%�  �!:;<��!'1�3!�	0                            
:�!�.)'�5&���-',�/*/�	��������$�5&� �3&� +# 0.25 /14!$��3�/ !+$��-',�3���� :;<=. -,	9#"&�                             
'+4!� �!�!<��l/l/14$��3�3��=,<!+#���$�5&�3����� "&�l/3��=,<!+#%�  �!,����1����)'��+�.}1 !70                   
;�1, Continuous Stirrer Tank Reactor (CSTR) :� �!#��#+,�������	-!����� +,����$+�.�/0$             
)'�#!12+3�'�;��	�����$+�.�/0$ %�� +, ����,�� ��1����-,	:;<�+�.}1 !703��$�.!1$�4!:;<���                  
�3&� +# 2,100 /� #�f 0�$4! (/*!*##,����1����-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&� �3&� +# 
8.7  !+$��-',�//14!/"+� (!*	*�"/�3���������	�� � U# + ="<:�!*## �3&� +# 6.5 "+�) -,	9#"&�              
!*##��$�!�/,5&���-',�=,<!<'	/* 65.0 -,	:@<l/l/14 ���;�"j�9=,< �3&� +# 4,300 /14!/"+�                      
��� �$�.!1$�7)'�l/l/14$� �3��.?�'�50.!* '#'	�& !<'	/*  66 .0   ,+��+��.!*�13o1j�9                           
)'� �!�!< ��l/l/14$� �3�3�� =,<!+#%�  �!	&'	�/�	)'���!'1�3!�	0-,	$�5& �  �3& � +#                         
0.239 /14!$��3�/ !+$��-',�3���� :;<=.  (j�"17�  ;+	.!*��!1k, 2548) :�)7*3��.!*�13o1j�9              
)'� �!�!<��l/l/14 ���;�"j�93+��@$,(/*l/l/14$��3�3��=,<!+#%�  �!3,/'�)'�!*###��#+,
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�������	(##=!<'� �f�'�)+��4'� (UASB/UFAF) ����=,<!+#%�  �!,����1����j�	:4<����*5�4+"        
)'�!*##-,	$�5&� �3&� +#  37.23  (/* 14.49  /14!/"+� 4�$/��,+# '+4!� �!�!<��l/l/14$��3�                
3��=,<!+#%�  �!	&'	�/�	)'���!'1�3!�	0:�!�.)'�5&���-',�/*/�	��� �-,	$�5&�  �3&� +#                    
0.308 /14!$��3�/ !+$��-',�3���� :;<=. 9#"&�.!*�13o1j�9:� �!�!<��l/l/14$��3�3��=,<!+#                     
%�  �!,����1����)'�!*###��#+,�������	(##=!<'� �f�'�)+��4'���� (UASB/UFAF) -,	$�5&�             
��� "&�l/3��=,<!+#%�  �!,����1����)'�!*###��#+,�������	(##=!<'� �f)+��4'��,�	"3+���'�          
�+�.}1 !70 (.}1 !70;�1, UASB (/* UFAF) ��g�'�%� :� �!,����1����3��'�f+	!*###��#+,�������	                  
(##=!<'� �f�'�)+��4'�3��3�� �!(	 �+�l/14 !,(/*�+�l/14$��3�'' %�  +�$�l/3��:@<        
�j�"*(",/<'$j�	:��+�.}1 !70�@$�*�$4&' �!�%!1q(/* �!�!<��l/l/14)'�%6/1�3!�	0             
3+���'� /6&$3��:@<.!1$�7l/l/143��=,<!+#$�5&���� "&� �!,����1����3��'�f+	!*###��#+,�������	         
(##)+��4'��,�	" 

���@!+#l/3��=,<!+#%�  �!,����1����)'� �!3,/'�-,	'�f+	!*###��#+,�������	                 
(##=!<'� �f�'�)+��4'���� (UASB/UFAF) ����!*##,����1����-,	:;<'+4!� �!.�'���!'1�3!�	0
3��$�5&� �3&� +# 9.38  !+$��-',�//14!/"+� (/*:;<!*	*�"/�:� �!� U# + �������	="<:�!*##                 
�3&� +# 5.33 "+� -,	!*##��$�!�:@<.!*�13o1j�9:� �!�!<��l/l/14$��3�%�  �!	&'	�/�	
��!'1�3!�	0=,< �3&� +# 0.308 /14!$��3�/ !+$��-',�3���� :;<=. ������� "&�l/)'� �!,����1����             
-,	'�f+	!*###��#+,��� � ���	(##=!<'� �f)+��4'��,�	")'��+�.}1 !703+� ��'� ,+��+��                            
%��$�5"�$�.?�=.=,<3��%*���!*###��#+,�������	(##=!<'� �f�'�)+��4'� (UASB/UFAF) $�:;<             
:� �!#��#+,�������	)'�-!����� +,����$+�.�/0$ ��g�'�%�  �!5"#56$!*##3��=,<�&�	(/*              
��$�!�:@<l/l/14$��3�=,<:�.!1$�73����� 
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5. ��������
�D��������� ���4��� 

l/)'� �!f� 2�%/9/f��4!0)'� �!	&'	�/�	��!'1�3!�	03�� �.?�'�50.!* '#                     
'	�&:��������	)'�-!����� +,����$+�.�/0$����=,<!+#%�  �!,����1����3��'67@j�$1.�� /��-,	:;<
�9g�''o1#�	 �!/,/�)'�5&���-',� ���@!+#:� �! ��@�,5&�5�3��)'�'+4!� �!:;<��!'�@�!����6, 
(Rsmax)  �+$.!*�13o1i5"�$'1�$4+")'� �!:;<��!'�@�! (Ks) (/*�+$.!*�13o1i)'� �!	+#	+�� (Ki)                   
4�$/��,+# -,	'�f+	(##%��/'�%/9/f��4!0)'�('�,!1" (Andrews kinetic model) :�)7*3��             
5"�$�)<$)<�)'���!'�@�!3��%6/1�3!�	0��$�!�	&'	�/�	=,< (Sc) ��$�!� ��@�,=,<%�                
5"�$(4 4&��!*@"&��5&���-',�3+��@$,)'��������	3������)<���&!*## (TCODin) (/*5&���-',�                       
3��%6/1�3!�	0=$&��$�!�	&'	�/�	=,< (Snb) -,	9#"&��������	3�����$�:;<���:��+�l/14 !, (UASB)             
���$�5&� Snb �3&� +# 0.0812  !+$��-',�//14! ("1o� �!5���"7,+�(�,�:�4�!��j�5l�" ) :�)7*3��
!�	��� �!f� 2�%/9/f��4!0)'� �!	&'	�/�	(##=!<'� �f)'����� ���	-!����� +,                             
����$+�$* ' ����,����1����j�	:4<'67@j�$1.�� /��-,	'�f+	(##%��/'�)'� Andrews                     
:� �!'o1#�	 �!/,5&���-',�)'��������	-,	$�5&� Snb �3&� +# 1.65  !+$��-',�//14! ������� "&�               
5&� Snb )'��������	-!����� +,����$+�.�/0$ 3+�������g�'�%� �������	)'�-!����� +,����$+�$* '            
$� �!.��.st'�)'�'1�3!�	"+4�63��	� 4&' �!	&'	�/�	 ��!912 (/*��!.!* '#3��3��:@<� 1, �!
	+#	+�� 1% !!$:� �!	&'	�/�	)'�%6/1�3!�	0 =,<( & ��!.!* '#c��'/15 (Phenolic compound)             
(Borja  et  al., 2002)  

���@!+#5&�5�3��5"�$�)<$)<�)'���!'�@�!3��%6/1�3!�	0��$�!�	&'	�/�	=,< (Sc) ����            
%*�� ���$�:;<:� �! ��@�,5&�5�3��(##%��/'�)'� Andrews -,	��$�!� ��@�,=,<%�               
 �!�!<�� !�c5"�$�+$9+�o0!*@"&��5&� Sc/Rs  +# Sc -,	:;<�$ �!3�� 10 ���@!+#�$ �!3��=,<!+# 
%�  �!�!<�� !�c�������(�,�:@<�@U����5"�$�+$9+�o0)'�5&��+$.!*�13o1i (r2) -,	$�5&� �3&� +# 0.99 
(j�93�� 23) ���@!+#l/3��=,<!+#%�  �!f� 2�%/9/f��4!0)'� �!	&'	�/�	��!'1�3!�	0:��������	
-!����� +,����$+�.�/0$j�	:4<�j�"*=!<'� �f����=,<!+#%�  �!,����1����3��'67@j�$1.�� /��                   
-,	$�5&��+$.!*�13o1i �!:;<��!'�@�!)'��+�.}1 !70;�1, UASB %�  �!5���"79#"&�$�5&�,+����                          
5g'  Rsmax= 12.09  !+$��-',�//14!/"+�  Ks = 9.65  !+$��-',�//14! (/* Ki = 3.20   !+$��-',�//14!          
:�)7*3���+$.!*�13o1i)'� �!:;<��!'�@�!)'��+�l/14$��3� (UFAF) 9#"&�$�5&� Rsmax = 6.06             
 !+$��-',�//14!/"+� Ks = 1.94  !+$��-',�//14! (/* Ki = 0.38  !+$��-',�//14! �' %� ���                      
5&��+$.!*�13o1i%/9/f��4!0)'� �!:;<��!'�@�!:� !*#"� �!@$+ (##=!<'� �f                         
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3��=,<!+#%�  �!,����1����-,	:;<�+�.}1 !70;�1,4&��u :� �!#��#+,�������	3��$�=)$+�(/*����$+�
.��.st'�-,	'�f+	(##%��/'�)'� Andrews ,+�(�,�:�4�!��3�� 12   

y = 31.975x + 0.0812

R2 = 0.9958
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C�D��� 23   !�c(�,�5"�$�)<$)<�)'���!'�@�!3��%6/1�3!�	0=$&��$�!�	&'	�/�	=,< 
                   )'��+�l/14 !,  
Figure 23.  non-biodegradable substrate concentration in acidogenic reactor. 
 

���� ��� 12  �+$.!*�13o1i%/9/f��4!0)'� !*#"� �!@$+ (##=!<'� �f 
Table 12. Anaerobic fermentation kinetic coefficients. 
Reactor          RSmax                   KS                Ki                   Reference         Substrate        Model 
                    gCOD/l/d         gCOD/l/       gCOD/l 

UASB            12.09                9.65              3.20               This study            POME          Andrews 
UFAF             6.06                 1.94              0.38                This study            POME          Andrews 
UASB          28.0±3.0          27.0±3.0     352.0±42.0   Borja et al., (2004)    TPOP           Andrews 
 ICR*            7.9±0.4            3.7±0.2         9.8±0.4      Borja et al., (2003)    TPOP          Andrews 
*Immobilized cell  reactor. 
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 :�)7*3��!�	��� �!f� 2�%/9/f��4!0)'� �!	&'	�/�	(##=!<'� �f)'��������	                
-!����� +,����$+�$* ' ����!*##,����1����j�	:4<'67@j�$1.�� /��-,	'�f+	(##%��/'�              
)'� Andrews 9#"&�5&��+$.!*�13o1i%/9/f��4!0 �!:;<��!'�@�!)'�!*##3��=,<!+#-,	$�5&�,+���� 
5g' Rsmax = 28±3  !+$��-',�//14!/"+�  Ks = 27±3  !+$��-',�//14! (/* Ki = 352±42  !+$��-',�//14! 
(Borja  et  al., 2004)  �������	)'�-!����� +,����$+�.�/0$����$� �!.��.st'�)'���!'1�3!�	0             
:�!�.)'�=)$+�(/*����$+�-,	�.?�'�50.!* '#@/+ 3�����5+q :� !*#"� �!� +,����$+�.�/0$ 
-,	=$&$� �!.��.st'�)'���!9123�� �.?�'+�4!�	4&'%6/1�3!�	03��:@<5"�$��$�!�:� �!:;<                        
��!'�@�!)'�%6/1�3!�	0 (Rs) :��+�.}1 !70;�1, UASB (/*�+�.}1 !70;�1, UFAF ����$�5&�
: /<�5�	� +#5&� Rs 3��=,<!+#%�  �!5���"7-,	:;<�$ �!3�� 10  (5&�)'�3�2}�) ���@!+#5&� Rs )'�         
�������	3��=,<!+#%�  �!3,/'�����(�,�:@<�@U����5"�$�@$�*�$)'� �!���(##%��/'�$�:;<          
�9g�''o1#�	5"�$5/�,�5/g�'�)'� �!3,/'�3��(4 4&��=.%� 5&�)'�3�2}�-,	l/3��=,<!+#%�           
 �!3,/'���� ����9#"&�$�5&�4��� "&�5&�%�  �!5���"7'	�&!<'	/* 5 :�36  !7� :�)7*3��5"�$��$�!�
)'� �!:;<��!'�@�!����6, (Rsmax) -,	$�5&� �3&� +# 12.09 (/* 6.06  !+$��-',�//14!/"+� ����=,<!+#                        
%�  �!,����1����)'��+�.}1 !70;�1, UASB (/*�+�.}1 !70;�1, UFAF 4�$/��,+# l/)'�              
 �!3,/'�3��=,<!+#���-,	9#"&�5"�$�)<$)<�)'���!'1�3!�	03�������$�!�$�l/3��:@<� 1, �!	+#	+��
 1% !!$)'�%6/1�3!�	03��$�'	�&:�!*##,+�(�,�:�j�93��  24  (�,�:@<�@U�"&�5"�$�)<$)<�                  
)'���!'�@�!3����$�!�	&'	�/�	=,<����$�5&� �3&� +# 10.0  !+$��-',�//14! 9#"&��!1�$$�l/ !*3# 
4&' �!,����1����)'�!*##(/*�$g�'5"�$�)<$)<�)'���!'�@�!3����$�!�	&'	�/�	=,<�91�$���)���
-,	$�5&� �3&� +# 17.0  !+$��-',�//14! 9#"&�%*$�l/ !*3#3��!<�	(!�4&' �!,����1����)'�            
�+�.}1 !70;�1, UASB -,	3��:@<'+4!� �!:;<��!'�@�!)'�!*##$�5&�/,/��',5/<'� +#                 
l/)'� �!3,/'�3��=,<!+#  
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y = -0.0753x2 + 2.0122x - 0.4137

R2 = 0.996
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C�D��� 24   �!�./��	�(./�)'�5&�3��=,<!+#%�  �!3,/'�(/*5&�3��=,<!+#%� 3�2}�)'�'+4!� �!/,

5&���-',� (Rs) (/*5"�$�)<$)<�)'���!'1�3!�	03��	&'	�/�	 (Sc) =,<:��������	 
Figure 24. Variation of the experimental and theoretical values of COD removal rate 

 (Rs) with the effluent biodegradable substrate concentration (Sc). 
 

 :�)7*3�� l/)'� �!f� 2�%/9/f��4!0'+ 4!� �!�!< � �l/l/14$� �3�3�� =,< !+#                         
%�  �!,����1����)'��+�.}1 !70;�1, UASB (/*�+�.}1 !70;�1, UFAF ����'�f+	5"�$�+$9+�o0
!*@"&��.!1$�7)'���!'�@�!(/*5&���-',�3��/,/�-,	:;<�$ �!3�� 12 ���@!+#5&�3��=,<!+#���             
-,	(�,�:@<�@U����5"�$��$�!�:� �!:;<��!'�@�!)'�%6/1�3!�	0 ($�3�-�%1�15(#53��!�	) 3��$�'	�&
:��+�.}1 !70;�1, UASB (/*�+�.}1 !70;�1, UFAF �9g�'�!<���.?�l/l/14$��3� ���@!+#              
5"�$�)<$)<�)'���!'�@�!3����$�!�	&'	�/�	=,< (Sc) ����'	�&:�!�.)'�5&���-',�)'��������	             
-,	%*�� ���=.:;<�9g�'5���"75&�5�3��(##%��/'�)'� Andrews ������$�!� ��@�,=,<%�  �!          
�!<�� !�c5"�$�+$9+�o0!*@"&��5&� Sc/QM  +# Sc -,	:;<�$ �!3�� 12 ���@!+#5&��+$.!*�13o1i              
3��=,<!+#%�  �!f� 2�%/9/f��4!0'+4!� �!�!<��l/l/14$��3�����=,<!+#%�  �!,����1����                
)'��+�.}1 !70;�1, UASB 9#"&�$�5&�,+����  5g' QMmax = 0.69  /14!$��3�//14!�+�@$+ /"+�                
Ks = 112.37  !+$��-',�//14! (/* Ki = 54.33  !+$��-',�//14! :�)7*3��5&��+$.!*�13o1i                       
%/9/f��4!0'+4!� �!�!<��l/l/14$� �3�)'��+�l/14$� �3� (UFAF) 9#"&�$�5& �,+����  5g'                 
QMmax = 2.54 /14!$��3�//14!�+�@$+ /"+�  Ks = 8.44  !+$��-',�//14! (/* Ki = 1.46  !+$��-',�//14! 
���@!+# �!:;<�$ �!3��  12 �9g�'5���"75"�$4<'� �!:;<��!'�@�!)'�%6/1�3!�	0 �9g�'�!<��           
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l/l/14$��3�-,	9#"&��<�4<'� �!:@<!*##$�.!*�13o1j�9:� �!�!<��l/l/14$��3�����6,            
���@!+#�+�l/14$��3�-,	%*4<'�3�� �!.�'���!'1�3!�	03��$�5"�$�)<$)<� �3&� +# 8.44  !+$��-',�/
/14! %��%*��$�!�:@<l/l/14$��3�����6,3��4<'� �!-,	$�5&� �3&� +# 2.95 /14!$��3�//14!�+�@$+ /"+� 
�����.?� �!5���"7-,	:;<5&�3��3�2}� (��!'1�3!�	0 %���"� 1   !+$��-',� ��$�!��./��	�                
�.?�l/l/14$� �3�=,< �3&� +# 0.35 /14!$��3�) ���@!+#l/)'� �!f� 2�%/9/f��4!0)'�                  
'+4!� �!�!<��l/l/14$��3�-,	9#"&�l/=,<!+#%�  �!3,/'�����$�5&�: /<�5�	� +#5&�3��=,<!+#            
%�  �!5���"7 (j�93�� 25)  
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C�D��� 25  �!�./��	�(./�5&�3��=,<%�  �!3,/'�(/*5&�3��=,<%� 3�2}�)'�'+4!� �!l/14$��3� 
(QM) (/*5"�$�)<$)<�)'���!'�@�!:��������	3��$� �!	&'	�/�	=,< (Sc)  

Figure 25. Variation of the experimental and theoretical values of methane production rate 
(QM) with the effluent biodegradable substrate concentration (Sc). 

 
 :�)7*3���+$.!*�13o1i%/9/f��4!0'+4!� �!�!<��l/l/14$��3�3��=,<!+#%�  �!,����1����

)'�#��#+,�������	(##=!<'� �f3��$�=)$+�(/*����$+�.��.st'�-,	'�f+	�+�.}1 !70;�1,4&�� u :� �!
,����1����-,	:;<(##%��/'�%/9/f��4!0)'� Andrews :� �!'o1#�	.!*�13o1j�9)'�'+4!�       
 �!�!<��l/l/14$��3�)'�!*##,+�(�,�:�4�!��3�� 13 %� !�	��� �!f� 2�%/9/f��4!0            
'+4!� �!�!<��l/l/14$��3�-,	:;<�+�.}1 !70;�1, UASB :� �!,����1����#��#+,�������	-!����
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� +,����$+�$* ' -,	'�f+	(##%��/'�)'� Andrews 9#"&�5&��+$.!*�13o1i3��=,<!+#$�5&�,+���� 5g' 
QMmax = 3.1±0.3 /14!$��3�//14!�+�@$+ /"+� Ks = 8.7±0.7  !+$��-',�//14!  (/* Ki = 272±27          
 !+$��-',�//14! ����=,<!+#%�  �!,����1����)'�!*##-,	:;<'+4!� �!.�'���!'1�3!�	03��$�5&�
�3&� +# 8.8  !+$��-',�//14!/"+� -,	!*##$�'+4!� �!�!<��l/l/14$��3�����6, �3&� +# 3.1                
/14!$��3�//14!�+�@$+ /"+� (Borja  et  al., 2004) 
             

���� ��� 13  �+$.!*�13o1i%/9/f��4!0)'� !*#"� �!@$+ (##=!<'� �f 
Table 13.  Anaerobic fermentation kinetic coefficients. 
Reactor          QMmax                    KS                 Ki                Reference          Substrate          Model 
                      lCH4/l/d           gCOD/l        gCOD/l 

UASB             0.69                112.37          54.33             This study             POME           Andrews 
UFAF             2.54                  8.44             1.46              This study             POME           Andrews 
UASB            3.1±0.3           8.7±0.7     272.0±27.0   Borja et  al., (2004)    TPOP            Andrews 
AnR*              0.73                 9.65              2.26              Chin (1981)          POME            Monod 
*Anaerobic reactor. 

 l/)'� �!f� 2�%/9/f��4!0)'� !*#"� �!@$+ (##=!<'� �f)'��������	-!����� +,        
����$+�.�/0$:��+�.}1 !70;�1, UASB (/*.}1 !70;�1, UFAF -,	l/3��=,<!+#%�  �!3,/'�
9#"&�$�5&�: /<�5�	� +#5&�3��=,<!+#%�  �!5���"7����(�,�:@<���5"�$�@$�*�$)'� �!���(## 
%��/'�%/9/f��4!0)'� Andrews $�:;<�9g�''o1#�	.!*�13o1j�9)'�!*###��#+,�������	  


