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1. ��	
� 

1.1. �����	�� (Wastewater) 

- �������	 (Palm Oil Mill Wastewater; POMW) ��������� ��!��"#$%&'()&*# ���+�,�!
-�&&���!�#����+��.�$/+0%&��12�" 3��&����+��.�$/+ ,��!�# -#	�.4��������	"�)�!5�,�!�6%7�!               
0%&�8�������#�������	  

- �������	��&�:��8�/ (Pind et al., 2002) .�8!%�# A	 !�#%8'131! 5.0 !��+/$13�                       
!�#-DD1-%�1: 1.8 !��+/$13� !�#�1A"1�1: 1.2 !��+/$13� 7$8�������	�,G%,�& -#	�� �������                  
�.4�7�$6&���%����0%&,H$1�"��	/I$13!J�'+��"���K�&.L1!�M/ UFAF ��������������	��&�:��8�/                   
"�)���+��� ��!��"#$%&���+�:6�'�-%#�.�8+�M 15,000 +1$$1!��+'�-%#�/$13� '()&�� �DG)%��                    
%�3��!��.Q%����%1�"��	/"�) ��+�8�+36%!��#����1�&��0%&K�&.L1!�M/ UFAF ���6A&7�!                  
0%&!��"#$%& 

   1.2. )���*+��,��������� (Seed Sludge)   
 38!%�,H$1�"��	/���+�,�!K�&.L1!�M/��1# Continuous Stirred Tank Reactor (CSTR)                 
0%&�8�������#�������	-�&&���!�#����+��.�$/+ ��12�" �%���)	�����+��.�$/+ ,��!�# 7$87!$�Z$           
,H$1�"��	/'()&���+�,�!K�&.L1!�M/��1# Up-flow Anaerobic Sludge Blanked (UASB) 0%&                    
�8�������#�������	%H3���!��+%����"8�$7�6705&0%&��12�"-�31A�`�/%H3���!��+ ,��!�#                    
�������7!$�Z$,H$1�"��	/!6%�"�),8���+��� ��!��"#$%&'()&,83 %&"��!��.����a�D�� ��+�8�+
36%!���� &��-#	"��!��$#%�3���6A�0%&�������	0%&-�&&��%����"8�$7�6705&36%�������	                 
0%&-�&&���!�#����+��.�$/+,�! 9:1  8:2  7:3  6:4  5:5  4:6  3:7  2:8  1:9 7$8�������	0%&                
-�&&���!�#����+��.�$/+"��&�+# 3�+$��#�� �DG)%�� ,H$1�"��	/��+��K�� �������	0%&-�&&��                  
�!�#����+��.�$/+�.4�7�$6&0%&���%���� ,�!�������,H$1�"��	/"��&�%&7�$6&+�!�%&I6��387!�&
$8�%�	#�DG)%!��,�#�1)&.��.hi%�!6%�"�)���+��A+!��38!%�,H$1�"��	/��%�3���6A� 1:1 "��!��"#�%�
!1,!��+0%&,H$1�"��	/-#	�� ��A��G�%,H$1�"��	/I�+�31+$&�� 50 +1$$1$13� 0%&����3�$'Z-:��                
7$8!�#%8'131! (�.4�7�$6&%����"�)+�:6�'�-%#� �"6�!�� 4,000 +1$$1!��+/$13�) ��0A# Serum bottle 
0��# 120 +1$$1$13� 0A#$8 5 +1$$1$13� (Alper  et  al., 2005; Smolder  et  al., 1995 ) A1�:��8�/
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I$I$130%&!J�'"�)�!1#�� 24 ��)A-+& D�A6���A��G�%,H$1�"��	/+�!1,!��+��!��I$13+��"�� %	$8 45 
*j-#��,�'�$*k#/  6 ppm. 7$8 *�-3��,� 4 ppm. 

1.3. 	���34�  

����:+�36�& l "�)�� ��!��A1�:��8�/��-%#�  '�-%#� *0+��7$8����+�� *�-3��,� 7$8.�1+�M
k%��k3"��&�+# 3�+A1m�!��0%& APHA, AWWA and WEF, 1998; AOAC, 1990 

2. ��
���� 

     1.  7!J�-:�+�-3!��kkp (Gas Chromatograph - Flame Ionization Detector; GC-FID) 
     2.  �:�G)%&A1�:��8�/!J�' (Multigas analyzer) 
     3.  �:�G)%&A�#D��%� (pH meter) 
     4.  �:�G)%&A1�:��8�/��:6�'�-%#� 
     5.  !$ %&,H$"��w�/%1�$5!3�%���1#�6%&!��# (Scanning Electron Microscopy; SEM) 
     6.  %H.!�M/"�)�� ��!��A1�:��8�/%G)� l 

  3. ����������3���)� 

3.1. 
��4�����	5��
�����6�7�8�9*��:�;  

.�1+�M0%&!J�'��Aa�D"��&�+#"�)KZ!I$130(����736$8A����+��KA�#*# ,�!.�1+�M               
0%&����"�)KZ!7"�"�)# A	!J�'��K�&�!5�!J�' (.�1+�3� 5 $13�) "��!��A�#����"�)*�$%%!,�!K�&�!5�!J�'               
-#	�� !�8�%!3A&"�)+�0�#�%!.�1+�3�"�)7�6�%� ��0M8"�)!��A�#%&:/.�8!%�0%&!J�'��Aa�D            
"�)I$130(��-#	�!5�3�A%	6�&!J�',�!,H#�!5�3�A%	6�&"�)%	Z6# ����0%&K�&.L1!�M/+�"��!��A1�:��8�/
%&:/.�8!%�0%&!J�'"�)KZ!I$130(��-#	�� �:�G)%& Multigas analyzer �H6� MX2100 (OLDHAM; 
France) �������!���!5�3�A%	6�&0%&!J�'-#	%�w�	 Precision analytical syringe (VICI precision 
sampling, Inc., Baton Rouge., LA, USA)  

3.2. 
��4����
<64�����)�75�� (Volatile Fatty Acid; VFA) 
 .�1+�M0%&!�#*0+���8��	&6�	"�)+�%	Z6���������	"�)*�$%%!,�!K�&�+�!��+��K��*#            
"� � ! � �A1 � : � � 8�/ -#	%�w� 	 � : �G) % & A1 � : � �8�/ .�1 + �M���7��!J �'-:�+�-3!��kkp{                            
(Gas Chromatograph; GC) �H6� HP 6850 "�)+�3�A3�A,A�#7�� Flame Ionization Detector (FID) 
(Agilent, USA) �������:%$�+�/"�)�� ��!��A1 �:��8�/ �.4���1# Capillary column                               
(123-3232 DB-FFAP) '()&+�:A�+	�A �"6�!�� 30 �+3� +��� �I6��wZ�	/!$�& �"6�!�� 0.32 +1$$1�+3�  
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:%$�+�/KZ!�:$G%�# A	 5% Phenyl 7$8 95% Dimethyl polysiloxane -#	7I6�k~$/+"�)�� �:$G%�
:%$�+�/���+�:A�+��� �"6�!�� 0.25 *+-:��+3� (Agilent, USA) ��������a�A8"�)��+�8�+                     
36%!��A1�:��8�/.�1+�M!�#*0+���8��	&6�	-#	�:�G)%& GC-FID  #�&��� :G% %�3��!��*�$0%&           
!J�'0��6& (Carrier gas) �"6�!�� 13.3 +1$$1$13�/��"�  !J�'��G�%�D$1& (H2)  �"6�!�� 30.0 +1$$1$13�/��"�               
Oxidant gas (Air)  �"6�!�� 300 +1$$1$13�/��"� -#	%HM�aZ+1"�)��+�8�+������� Injector                       
7$8 Detector �"6�!�� 250 7$8 240 %&w��'$�'�	�  3�+$��#�� �������3�A%	6�&0%&��$A                    
,83 %&"��!����A�)	&7	!"�):A�+��5A 8,000 �%�/��"� �.4��A$� 15 ��"� �DG)%!��,�#0%&705&70A�$%	               
'()&�.4�3�A"���� �!1# clogging �� GC column  %%!*.!6%� ,�!��������6A��� 1.0 +1$$1$13�             
I�+�A+!�� 3 -+$��/ 0%&!�#k%�k��1: (phospharic acid) 7$8 4-methyl valeric acid                
(Internal standard) -#	�� ��%�3���6A� 1:1:1 !6%����*.��#�0 ��Z6 GC column                     

3.3. 35�9�E�
� (Chemical Oxygen Demand; COD)     
               3�A%	6�&0%&��$A'()&KZ!�A��A+"H!A��,�!����"1�&0%&K�&.L1!�M/"��&�%&���+���:6�'�-%#� 
"�)$#$&-#	3�A%	6�&�������	,8KZ!���*.��A�)	&7	!"�):A�+��5A 8,000 �%�/��"� �.4��A$� 15 ��"�  
(APHA, AWWA and WEF, 1998) �������!��A1�:��8�/��:6�'�-%#�$8$�	���� (Soluble COD; 
CODs) '()&���+�3����"�)�� �.4�3�A"#�%�:A�+KZ!3 %&0%&A1m�!��"�)�� ��!��A1�:��8�/           
(Positive control) 7$8"#�%�:A�+:$�#�:$G)%�"�)%�,�!1#0(��,�!!��A1�:��8�/  (Negative control) 
-#	�� -D7"��'�	+*�D��$" (KHC8H4O4, KHP) 7$8����!$�)� 3�+$��#�� "��!��	6%	3�A%	6�&
0%&��$A�.4��A$� 2 ��)A-+& "�)%HM�aZ+1 240 %&w��'$�'�	� -#	%�w�	�:�G)%& Spectroquant              
�H6� TR 320 (MERCK, Germany) ,�!�������3�A%	6�&"�)I6��!��	6%	*.A�#I$7�#&:6�'�-%#�                 
-#	%�w�	�:�G)%& Spectroquant �H6� NOVA 60 (MERCK, Germany) 
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4. ��������
��7 

  4.1  ����N���4N����5�7�����	��������OP�Q�3��	4��N�6�7�����	��,��E�77�� 

R��N����4��
���4 

0���3%�!���3��	+�������	��G�%&3 � (Pretreatment) ��������� ��!��"#$%&-#	�������	           
,8KZ!�!5���!2�*A "�)%HM�aZ+1 4 %&w��'$�'�	� ("1�&*A 0 �+:G�) ,�!����"��!��!��,�#*0+��"�)$%	%	Z6            
"�)I1A����%%!*.!6%�7$8����������	#�&!$6�A+�"��!��!�%&I6���H#!�%&$8�%�	# 2 :���& �DG)%!��,�#
*0+��7$8����+���A+K(&0%&705&70A�$%	"�)��$G%��&�6A�%%!*. ��G)%&,�!��	&��!��"#$%& 
0%& Halalsheh 7$8:M8 (2005) 7�#&�� ��5�A6�.�1+�M0%&*0+��7$8����+���A+K(&0%&705&
70A�$%	"�)+�+�!�!1�'()&+�I$!�8"�"�)� �	7�&36%!��k%�/+3�A0%&7!$�Z$7$8!1,!��+                    
0%&,H$1�"��	/"�)���:�����8��  ���3�A%	6�&�������	"�)I6��!���3��	+��G�%&3 �+�A1�:��8�/��:6���-%#�            
'�-%#� 0%&705&"��&�+# (Total solids; TS)  0%&705&�8��	*# "��&�+# (Total volatile solids; TVS)  
0%&705&70A�$%	 (Suspended solids; SS) 0%&705&70A�$%	�8��	*#  (Volatile suspended 
solids; VSS) !�#*0+���8��	&6�	 D��%� 7$8.�1+�M*�-3��,�"��&�+# "��!��A1�:��8�/                       
3�+A1m�+�3���� (APHA, AWWA and WEF, 1998)   

4.2 ���	�S�7T�7
U����� �������4NS����� ������
������7��	��)�������
��7 

       4.2.1 T�7
U�����	��)�������
��7 (Experimental Reactors) 

K�&.L1!�M/"�)�� ��!��"#$%&.�8!%�# A	K�&.L1!�M/�%&��1#"�)73!36�&!�� :G%                       
K�&.L1!�M/��1# UASB 7$8 UFAF  7I�I�&%m1��	$�!2M80%&�8��7���%&0���3%�"�)��                  
��!��w(!2�:���&���#�&7�#&��a�D"�) 7  K�&.L1!�M/��1# UASB +�.�1+�3��� &�� �"6�!�� 10 $13� 
A�3KH.�8�&:/0%&K�&.L1!�M/����DG)%�� �.4�K�&I$13!�#*0+���8��	&6�	 (Acidogenic reactor)                 
'()&�.4����3�A!$�&"�)���:��36%!��I$13+��"�-#	+�"�-�,1�1:7�:"����	 �������$�!2M8��D�8                  
0%&K� &.L1!�M/���'() &.�8!%�# A	�%&�6A�"�)+�0��#73!36 �&!��  ( �� �I6 ��wZ�	/!$�&                        
�8�A6�& 9.0 � 12.8 �'�31�+3�) -#	�6A���0%&K�&.L1!�M/+�0��#���6!A6��6A����0%&                     
K�&.L1!�M/a�	�� (�6A���) KZ!%%!7���� +�!�A	��������� #�!7	!!J�'%%!,�!�������	                   
(Gas separator) ��0M8"�)# �����H#0%&K�&.L1!�M/,8+�!����G)%+36%!��K�&�!5�!J�' -#	!J�'��Aa�D
"�)KZ!I$130(����K�&�+�!,8�0 �*.7"�"�)����"�)%	Z6a�	��K�&�!5�!J�'��� (Borja and Bank, 1995)              
�������!��%%!7���� �6A���0%&K�&.L1!�M/+�0��#���6!A6��6A�$6�&0%&K�&-#	+�A�3KH.�8�&:/
�DG)%$#%�3��!��*�$0%&�������	a�	��K�&�+�!"���� ��+��K$#!���Z����	,H$1�"��	/0%&�8��
��G)%&,�!7�&#��0%&�������	 (Rajeshwari  et  al., 2000)   
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:�;��� 7 -:�&�6�&7�#&�8��!���+�!7��*� %�!�w�%&0���3%�"�)�� ������������#�������	-�&&��                  
�!�#����+��.�$/+��!��"#$%& (A) K�&.L1!�M/��1# UASB (B) K�&.L1!�M/��1# UFAF 

Figure 7. Diagram of two-stage anaerobic treatment process for palm oil mill wastewater  
  (A) UASB reactor.  (B) UFAF reactor. 

)4���)N� 1 = �:�G)%&!A�I�+ (Magnetic sterer) 8= �:�G)%&!A�I�+ (Magnetic sterer) 

  2= .��+ (Pesistatic pump)   9= .��+ (Pesistatic pump) 
  3= ����38!%�,H$1�"��	/ (Sludge blanket)   10= ����0%&A��#H�%&���a�	�� (Media) 
  4= 3�A#�!7	!!J�' (Gas separator)              11= "6%�������	%%!,�!K�&.L1!�M/ 
  5= "6%���!J�'                12= "6%���!J�' 
  6= "6%����"1�&%%!,�!K�&.L1!�M/              13= K�&�!5�!J�' 
  7= K�&�!5�!J�'                14= K�&�%&����������	  
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K�&.L1!�M/��1# UFAF '()&+�.�1+�3��� &�� �"6�!�� 5 $13�  (a�D"�) 7) -#	A�3KH.�8�&:/
0%&K�&.L1!�M/��� �DG)%�� ��������.4�K�&I$13+� �"� (Methanogenic reactor) -:�&�� �&                        
a�	��0%&K�&.L1!�M/.�8!%�# A	A��#H3�A!$�&'()&�� ��������� ,H$1�"��	/ �,�1�	(#�!�8%	Z6                 
�%�DG��I1A -#	A��#H3�A!$�&"�)���+��� &�����"��+�,�!"6%D�A�'� (Poly Vinyl Chloride; PVC)               
"�)+�!��3�#�.4�"6%�����0��#�"6� l !�� (Paravira  et  al., 2005) #�&7�#&��a�D"�) 8  +�:A�+�Z& 
�"6�!�� 2.0 �'�31�+3� �� �I6��wZ�	/!$�&a�	��7$8a�	�%! �"6�!�� 1.8 7$8 2.2  �'�31�+3� 
3�+$��#�� (Chavez  et  al., 2005; Michaud  et  al., 2005; Held  et  al., 2002) -#	�1���6A�0%&          
A��#H3�A!$�&���,8KZ!A�&7���$������!��a�	��K�&.L1!�M/'()&+�"��&�+# 45 ���� :A�+�Z&"��&�+# 
0%&������� �"6�!�� 90 �'�31�+3�   

 

 

:�;��� 8   $�!2M8��D�80%&A��#H3�A!$�&"�)�� ��������� ,H$1�"��	/�,�1�	(#�!�8a�	��K�&.L1!�M/    
UFAF (A) a�D"�&# ����0%&A��#H3�A!$�& (B) a�D"�&# ��0 �&0%&A��#H3�A!$�& 

Figure 8.  The Characteristic of innards material for microbial hole in UFAF reactor  
                  (A) The Top view of innards material. (B) The side view of innards material. 
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 4.2.2 �������4NS����� (Start-up Period) 

 K�&.L1!�M/��1# UASB 7$8 UFAF '()&KZ!�� �.4�K�&�������I$13!�#*0+���8��	&6�	          
7$8+� �"� 3�+$��#�� -#	���6A&�8�A6�&!����1)+3 ��8��'()&"��!���31+��A ��G�%��1)+3 �                   
.�8+�M� %	$8 20 0%&.�1+�3��� &��0%&K�&.L1!�M/"�� &�%& �������!��#�� ��1�&��                      
0%&!��"#$%&���6A&0%&!����1)+3 ��8�� -#	K�&.L1!�M/"��&�%&,8#����1�&��"�)%HM�aZ+1� %&                             
(28±2  %&w��'$�'�	�) �.4��A$� 2 �#G%� !��.Q%����%1�"��	/ �0 ��Z6K�&K�&.L1!�M/"��&�%&                
��1)+3 �-#	�� �������	"�)+�!���,G%,�& (POMW diluted) '()&+�:6�'�-%#� %	Z6���6A& 15,000-50,000                 
+1$$1!��+/$13� ��������������	"�),8.Q%��0 ��Z6K�&.L1!�M/���,83 %&"��!��.���:6�D��%��� *#  �"6�!�� 
6.0 -#	�� .Z�0�A (Calcium hydroxide; Ca(OH)2) (Marchaim, 1992; Subbah et al., 2004) ��0M8"�)
�a�D:A�+�.4�#6�&"��&�+#0%&K�&.L1!�M/,8KZ!:A�:H+�� %	Z6���6A& 2,500-4,000 +1$$1!��+
7:$�'�	+:��/�%��3/$13� (Borja  et  al., 1996)  :A�+�0 +0 �0%&�������	"�).Q%��0 ��Z6K�&�+�!                 
'() & �D1) + �Z & 0(� �36 % ��G) % & 7�� �.4 �0�� �3%�-#	! ��$#%� 3� �! � � � ,G % , � &$ & �.4 �I$��                                 
%�3��!��.Q%����%1�"��	/�D1)+0(��,�! 1.5 K(& 5.0  !��+'�-%#�/$13�/A�� ��0M8"�)�8	8�A$��!5�!�! 
�������	0%&K�&.L1!�M/"��&�%&,8��!2�*A "�) 3.3 A��  

4.2.3 ���
������7��\�����
��7 (Experimental Operation)  

 ��!��#����1�&��0%&!��"#$%&'()&��1)+3 �0(��a�	�$�&0���3%�!����1)+3 ��8�� (Start-up) 
0%&K�&.L1!�M/"��&�%&�0 ��Z6�K��8:&3�A (Steady state) ���������!��"#$%&0%&K�&I$13!�# 
(UASB) 7$8K�&I$13+��"� (UFAF) -#	,8#����1�&�� 3�+0 % 4.3 7$8 4.4 3�+$��#�� 

      4.3. ���OP�Q�R�6�7��N�����
]��	����������N5����	�S�7R�R��N��
<64�����)�75��  

6�7T�7R��N��
 (UASB) \��������	�76���N��  
  !��w(!2�I$0%&%�3��!��.Q%����%1�"��	/36%!��I$13!�#*0+���8 ��	&6 �	                       

��K�&I$13!�# ���������� � ���	"�) �� ��!��"#$%&��� �.4���� � ���	"�)I6��!���3��	+��G�%&3 �                       
7$8"��!���,G%,�&�� +�:6�'�-%#�.�8+�M 50,000 +1$$1!��+'�-%#�/$13� %�3��!��.Q%����%1�"��	/   
�0 ��Z6�8����1)+3 �-#	+�:6� �"6�!�� 2.5 !��+'�-%#�/$13�/A�� "��!��"#$%&,��8���0 ��Z6                  
�K��8:&3�A!6%�!���.$�)	�%�3��!��.Q%����%1�"��	/��+6�0 ��Z6�8��-#	"��!���D1)+0(��                   
7���.4�0���3%� :G%  5.0  7.5  10.0  12.5  15.0 7$8 17.5  !��+'�-%#�/$13�/A�� +�I$"���� �8	8�A$�
�!5�!�!�������	��K�&.L1!�M/$#$&-#	+�:6� �"6�!��  20.0  10.0   6.67   5.0  4.0  3.33  7$8 2.86 A�� 
3�+$��#��  3�A%	6�&�������	,8+�!���!5�7$8"��!��A1�:��8�/:6�D��%�"H!A�� ��:6�'�-%#�7$8.�1+�M
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!�#*0+���8��	&6�	"H! 4 A�� �������!��A�#.�1+�M!J�'"�)I$130(����736$8A��-#	��+��K                
#Z*# ,�!.�1+�M����"�)KZ!7"�"�)# A	!J�'��K�&�!5�!J�' ��0M8"�).�1+�M0%&+��"�"�)+�%	Z6��                 
!J�'��Aa�D"��&�+#,8A1�:��8�/-#	%�w�	�:�G)%& Multigas analyzer "��!��"#$%&,�!�8"�)&�8��
�0 ��Z6�K��8:&3�A!6%�"��!���.$�)	�%�3��!��.Q%����%1�"��	/��+6 �$G%!�H#!��"#$%&"�)��+�8�+
-#	�� .�1+�M!�#�Z&�H#��������� ��!��"#$%&0 % 4.5 

4.4. ���OP�Q�R�6�7��N�����
]��	����������N5����	�S�7R�R��N�8�9*��:�;6�7 

T�7R��N4���� (UFAF) \��������	�76���N�� 

!��w(!2�I$0%&%�3��!��.Q%����%1�"��	/"�) ��+�8�+36%!��I$13!J�'��Aa�D                         
��K�&I$13+��"� (UFAF) ��������������	"�)�� �31+�0 ��Z6K�&.L1!�M/���-#	�.4��������	��&�:��8�/               
"�)+�!���31+!�#*0+���8��	&6�	 (Pind  et  al., 2002) ��.�1+�M7�6�%�$&*.���������	"�)�,G%,�& 
��������������	��&�:��8�/���+�:6�'�-%#�.�8+�M 15,000 +1$$1!��+/$13� "��!��.���D��%��� +�:6� 
�"6�!�� 6.0 # A	.Z�0�A!6%�.Q%��0 ��Z6K�&I$13+��"� �������%�3��!��.Q%����%1�"��	/'()&+�:6���1)+3 �         
�"6�!�� 1.1 !��+'�-%#�/$13�/A�� "��!��"#$%&,��8���0 ��Z6�K��8:&3�A,�!����:6%	 l                     
.���%�3��!��.Q%����%1�"��	/0(��7���.4�0���3%�-#	+�:6�  �"6�!��  2.5  5.0  7.5 7$8                        
10.0  !��+'�-%#�/$13�/A�� +�I$"���� �8	8�A$��!5�!�!�������	*A ��K�&.L1!�M/$#$&-#	+�:6�                
�"6�!�� 13.5   6.0   3.0   2.0  7$8 1.5  A�� 3�+$��#�� �������3�A%	6�&�������	"�)%%!,�!K�&.L1!�M/          
,8KZ!�!5��A��A+!6%����*.A�#:6�D��%�"H!A�� A1�:��8�/��:6�'�-%#�7$8.�1+�M0%&!�#*0+��
�8��	&6�	"H! l  4 A�� A�#.�1+�M!J�'"�)I$130(��"H!A����K�&�!5�!J�'-#	#Z.�1+�M!��7"�"�)����             
��K�&�!5�!J�'7$8A�#.�1+�M0%&+��"�"�)+�%	Z6��!J�'��Aa�D"��&�+#"��!��A1�:��8�/-#	%�w�	 
�:�G)%& Mutigas analyzer "��!��"#$%&,�!�8"�)&�8���0 ��Z6�K��8:&3�A!6%�"��!���.$�)	�            
%�3��!��.Q%����%1�"��	/ �$G%!�H#!��"#$%&"�)��+�8�+-#	�� .�1+�M!J�'+��"��Z&�H#������� 
�� ��!��"#$%&0 % 4.5  
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4.5 ���OP�Q�
��	����:�;���	�S�7R�R��N4����6�7���������
�����	�����<�S����O                

6���N���
������	�76���N��\���������
�����	��E�77��	��
����4��
���4 
!��w(!2�.�8�1"m1a�D!���� �&I$I$13+��"�0%&�8�������#�������	7��*� %�!�w

0���3%��#�	A-#	�� K�&.L1!�M/��1# UASB 7$8 UFAF ��0M8"�)�8�������#�������	7��*� %�!�w                  
�%&0���3%�-#	�� K�&.L1!�M/ UASB 36%!��7��%�H!�+!��K�&.L1!�M/ UFAF (UASB/UFAF) ��   
!�������#�������	-�&&���!�#����+�� ���������!��#����1�&��0%&�8�������#�������	7��*� %�!�w
0���3%��#�	A0%&K�&.L1!�M/��1# UASB -#	�� �������	"�)I6��!���3��	+��G�%&3 �+�7$ A"��!��             
�,G%,�&�� +�:6�'�-%#�.�8+�M 50,000 +1$$1!��+/$13� ��������������	"�),8.Q%��0 ��Z6K�&.L1!�M/            
��1# UASB ,8*+6"��!��.���:6�D��%�0%&�������	!6%����*.�� &��'()&��!��#����1�&��-#	��  
%�3��!��.Q%����%1�"��	/"�)��+�8�+36%!��#����1�&��0%&K�&.L1!�M/ UASB '()&*# ���,�!                
!��"#$%&3�+0 % 4.3 "��!��"#$%&,��8���0 ��Z6�K��8:&3�A ��0M8"�)!��#����1�&��-#	%�w�	
�8�������#�������	7��*� %�!�w0���3%��#�	A0%&K�&.L1!�M/��1# UFAF -#	�� �������	"�)*# ���            
+�,�!K�&I$13!�#'()&+�:6�'�-%#�.�8+�M 15,000 +1$$1!��+/$13� ��������������	"�),8.Q%��0 ��Z6               
K�&.L1!�M/���-#	*+63 %&"��!��.���:6�D��%� (D��%� 5.98) ��!��"#$%&-#	�� %�3��!��.Q%�
���%1�"��	/"�)��+�8�+36%!��#����1�&��0%&K�&.L1!�M/��1# UFAF '()&*# ���,�!!��"#$%&              
3�+0 % 4.4 "��!��"#$%&,��8���0 ��Z6�K��8:&3�A ��0M8"�)!��#����1�&��-#	%�w�	�8��
�����#�������	7��*� %�!�w�%&0���3%�'()&��!��"#$%&-#	�� K�&.L1!�M/��1# UASB ������� 
�.4�K�&I$13!�#*0+���8��	&6�	��0���3%�7�!7$8�� K�&.L1!�M/��1# UFAF ��������.4�                    
K�&I$13+��"���0���3%�36%+� ���������!��#����1�&��0%&K�&.L1!�M/��1# UASB -#	��               
%�3��!��.Q%����%1�"��	/"�)��+�8�+'()&*# ���,�!!��"#$%&3�+0 % 4.3 7$8��!��#����1�&��
0%&K�&.L1!�M/��1# UFAF -#	�� %�3��!��.Q%����%1�"��	/"�)��+�8�+'()&*# ���,�!!��"#$%&               
3�+0 % 4.4 3�+$��#�� ,�!����,(&���I$"�)*# ���,�!!��"#$%&"�)#����1�&��0%&�8�������#�������	
7��*� %�!�w0���3%��#�	A7$8�8�������#�������	7��*� %�!�w�%&0���3%�-#	���+��.��	��"�	�
.�8�1"m1a�D��!���� �&I$I$13+��"�7$8!���.$�)	�7.$&0%&:6�D���+1�3%�/36�& l  
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4.6.  ���3�����
��	����:�;6�7����������OP�Q�,�;�O�	N��6�7���)4�� 

���0 %+Z$!��"#$%&���6A&�K��8:&3�A0%&!��"#$%&0 % 4.3 K(& 4.5 +�:���AM��:6�
36�&l #�&36%*.��� 

- �
����9b�N�����5��	������7)4
 (Total Degradation) (#�#7.$&,�! Halalsheh                   
et  al., 2005) 

% Total degradation =        COD CH4 + (COD diseffl � COD disinfl)     x   100                   (5)
                       COD infl � COD disinfl 

 - �
����9b�N����	�S�7��
 (Acidogenesis) (Halalsheh  et  al., 2005) 

% Acidification        =           COD CH4 + (COD VFAeffl – COD VFAinfl)   x   100                     (6)   

                                 COD infl – COD VFAinfl  

- �
����9b�N����	�S�74���� (Methanogenesis) (Halalsheh  et al., 2005) 

% Methanogenesis   =         COD CH4      x   100                              (7)

     

  COD infl 

- Organic Loading Rate (OLR) (Mahmoud  et  al., 2003) 

OLR  =                   Q*COD    =              COD                           (8) 
                                V                               HRT 

�+G)%         COD diseffl       =    :6�'�-%#�$8$�	����0%&�������	"�)%%!,�!K�&.L1!�M/ (+1$$1!��+/$13�) 
COD infl          =    :6�'�-%#�0%&�������	"�).Q%��0 ��Z6K�&.L1!�M/ (+1$$1!��+/$13�)  
COD VFAeffl     =    .�1+�M0%& VFA "�)+�%	Z6���������	���Z.0%&:6�'�-%#� (+1$$1!��+/$13�) 

COD VFA infl    =   .�1+�M0%& VFA "�)+�%	Z6���������	"�)�0 ��Z6K�&.L1!�M/���Z.0%&:6�'�-%#�   

(+1$$1!��+/$13�) 
CODCH4           =    :6�'�-%#�"�)��+��K�.$�)	��.4�I$I$130%&+��"� 
Q           =    %�3����5A0%&�������	"�)*�$�0 ��Z6K�&.L1!�M/ ($13�/A��) 
V  =    .�1+�3�0%&K�&.L1!�M/ ($13�) 
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���0 %+Z$!��"#$%&���6A&�K��8:&3�A0%&!��"#$%&0 % 4.3 K(& 4.5 +�:���AM��:6�
36�&l -#	�� -.�7!�+ EXCEL (EXCEL software) �6A+!��!��A1�:��8�/"�&�K131:G% ANOVA  
�DG)%7�#&K(&:A�+��+D��m/�8�A6�&!��"#$%&7$8�++H31���3�+"�2L� #�&36%*.��� 

 
-  ��N������
������
�76�7	����)�� (Substrate Removal Rate) (Borja  et  al., 2004) 

Rs = Rs
max

 [1/ (1 + Ks/Sc + Sc/Ki)]                 (9) 

 ,$D$w��3�/D���+1�3%�/ (Rsmax, Ks 7$8 Ki) ��+��K!����#-#	%�w�	 non-linear 
regression -#	�� �+!�� (9) ��)�:G% 

Sc/Rs = Ks/Rsmax,+(1+/ Rsmax)Sc+ (1/ KiRsmax) Sc
2                                   (10) 

 �+G)%�"%�/+0%& Ks/ Rsmax '()& Intercept !��,H#��1)+3 � (Origin) ��G% independent term           
0%&�+!��-D$��%�+�	$ (Polynomial equation) 1/ Rsmax �.4���+.�8�1"m1�0%& Sc  7$8 1/ KiRmax               
�.4���+.�8�1"m1�0%& Sc2 

 -  ��N�����R��N4���� (Methane Production Rate) (Borja  et  al., 2004) 

QM = QMmax[Sc/(Ks+Sc+ (1/Ki)Sc
2)]                                             (11) 

 :6�0%& QMmax, Ks 7$8 Ki ��+��K!����#-#	%�w�	 non-linear regression '()&,8*# �+!�� 
#�&��� 

 Sc/QM = Ks/ QMmax + (1/QMmaxSc + (1/ Ki QMmaxSc
2)                                          (12) 

-#	"�)      Rs           =   %�3��!���� ���%���� (!��+/$13�/A��) 
 Rsmax  =   %�3��!���� ���%�����Z&�H# (!��+/$13�/A��) 
 Sc =   :A�+�0 +0 �0%&�����3�""�)	6%	�$�	*#  (!��+/$13�) 

Ks =   ��+.�8�1"m1�0%&:A�+%1)+3�A (!��+/$13�)   
Ki =   ��+.�8�1"m1�!��	��	��& (!��+/$13�) 
QM =   %�3��!��I$13+��"� ($13�/A��) 
QMmax =   %�3��!��I$13+��"��Z&�H# ($13�/A��)  
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�+�	��3H  
 Rs       =        TCODinf � TCODeff 
                    1/HRT 
 Sc       =         TCODinf  - Snb 
  
          TCODinf = :6�'�-%#�"��&�+#0%&�������	"�)����0 ��Z6K�&.L1!�M/                 
               (!��+/$13�) 
          TCODeff = :6�'�-%#�"��&�+#0%&�������	"�)*�$$ �%%!,�!K�&.L1!�M/ 
                               (!��+/$13�) 
           HRT       = �8	8�A$�"�)�������	KZ!�!5�!�!*A ��.L1!�M/ (A��) 

 :A�+�0 +0 �0%&�����3�""�)*+6��+��K	6%	�$�	*#  (Snb) ��*# ,�!!��               
�� �&!��k�8�A6�&:6��6A�!$��0%&�8	8�A$�"�)�������	KZ!�!5�!�!*A ��K�&.L1!�M/ (1/HRT) 
!��:6�'�-%#�"��&�+#0%&�������	"�)����0 ��Z6K�&.L1!�M/ (TCODinf) 0%&%�3��!��.Q%�
���%1�"��	/����l   

 
 
 
  


