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��������	����
�����
���������������
���������
����������������	!"�	���#$���%�&��

����!�����'(����)� 1,3,5-������*��������+���.(+�
�. ����!���/�$.��#$.������������0���

#$� (in situ) 7�������&�.!��.��
�&	)���
�+�&8��$)���	���&������!�����'(�$������

/9�����.��+����.+�.���.�:��	���*��������(���+���� ��+� Beurskens ;�	�<	 (1994) 

���&����	����
�#	����� Ketelmeer �����/?�)@
�#$����	���7��;�+�
�� Rhine ;�	)��+�

�
�.�	 80 7���:��	���*�������#$�/��/DE�����	���F(�.+�.���.�/���+������ 20 /H 

��7<	#$� Zhao ;�	�<	 (2003) )��+�������$���7���:��	���*����������	����#+���� 1.7 

/H 

 

4.3 ���������	
���
��	������
��������
�� 
 

4.3.1 ��������	�
���
������ 
 
4.3.1.1 ����������
����������������������!!"�#����� 
 

 �������&�.���
��$
�<	#�������@��#$�&	#�������������F�����.+�.���.7��&8��$)

�
�. 2,3,4- ;�	 3,4,5-������*���LM����+���)��	#�
��������&�����"�$
��+�/?��+�����7��

���/�	 ���)$�$�$#$��$&��!�+�.#������
���+� Aroclor 1242, Aroclor 1254 ;�	 Aroclor 1260 

�����	#�������0<	�$
&	#���!
��+����7
����)���&�����/��/DE���������	��� �������

����$�*�.�
���	���&������!�����'(��
;�����
�������#$� 4.11 ����)��+� 2 ����������+����� 

2,3,4-������*���LM��������FF(�.+�.���.��
*�.����$��	���#$�F(�������&��*����8�&	

�/?�����$��	��������;!�+������!�@����+�����<$7�� 1,2,3,5-����	���*�������(;�+��


���������.+�.���.�����+��:��	���*�������) ;�	������0����������$�7��������

*���LM���*�. Williams (1994) ���#���
��#$� Sites A3 ;�	 A4 �!
�����
��$.���� ;�+F
���
�
��

�	���&�� Site E1 ;�	 E2 &	)��+��
����
���������������.+�.���. �$
�!
�!%��+� 2,3,4-

������*���LM��������F.+�.���.#���$�'�)��
;�+��&��
������� ��#������������)��+� 

3,4,5-������*���LM���.+�.���.��
.����� �$�)$.��
���	���&�� Sites A1, A3#1 ;�	 

A4#1 �#+���
�#$������F�/�$�.� 3,4,5-������*���LM����!
�/?� 3,5-�����*���LM�����
 ;�	

��+���$.��������$��	��������;!�+�����&	F(�;.����&��*����8�7����LM����+�� 

 

 &�������#����7�
��
�)��+����.+�.���.)$�$�$#���$�'�);����
������$����

�/?��/��
 �<	#�����&�����0����������$��������&�����"#$��$�.(+��)$�$�$#$�&��!�+�.#�����

�
�*�.#�������@���� 19 ����&�����"#$��$����$��/?����"/�	�����
�;�+ 2 F�� 6 �	������

;����������#$� 4.12 *�.��
�
���	���&�� Sites A3 ������ Site A4 �)@���)������� 
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�����#$� 4.11 ���������$�7�� 2,3,4- ;�	 3,4,5-������*���LM������
���	��� 

Congener Site 
Lag Phase 

(weeks) 

Complete Dechlorination 

(weeks) 
Products 

A1 2 12 2,4-CBp 

A2 2 10 2,4-CBp (major) & 2,3-CBp (minor) 

A3#1 4 >8 2,4-CBp 

A3#2 2 12 2,4-CBp (major) & 2,3-CBp (minor) 
A4#1 2 >8 2,4-CBp 

A4#2 4 10 2,4-CBp 

A5 2 10 2,4-CBp 

A6 2 >18 2,4-CBp 

A7 2 12 2,4-CBp 

A8 2 12 2,4-CBp 

A9 2 12 2,4-CBp 

A10 2 12 2,4-CBp 

E1 10 >16 2,4-CBp 

2,3,4-CBp 

E2 14 >18 2,4-CBp 

A1 56 >12 3,5-CBp 

A2 ND ND ND 

A3#1 154 >28 3,5-CBp 

A3#2 ND ND ND 

A4#1 126 >28 3,5-CBp 

A4#2 ND ND ND 

A5 ND ND ND 

A6 ND ND ND 

A7 ND ND ND 

A8 ND ND ND 

A9 ND ND ND 

3,4,5-CBp 

A10 ND ND ND 

!��.�!�8:   -ND �@����&��+)�/��+�������������$� 
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�����#$� 4.12 ����+��7������&�����"#$����0��� Aroclor 

Congener % in Aroclor 1242 % in Aroclor 1254 % in Aroclor 1260 

2,2’-CBp 3.01 - - 

2,3’-CBp 1.38 - - 

2,4’-CBp 7.65 - - 

4,4’-CBp 1.51 - - 

2,5,2’-CBp 6.28 0.41 - 

2,5,4’-CBp 4.59 0.22 0.05 

2,4,4’-CBp 6.52 0.25 0.05 

3,4,2’-CBp 4.79 0.14 - 

2,4,2’,5’-CBp 3.60 1.64 - 

2,3,2’,5’-CBp 3.20 - - 

2,5,3’,4’-CBp 3.89 3.21 0.09 

2,5,2’,5’-CBp - - - 

2,3,4,4’-CBp 1.33 0.54 - 

2,4,5,3’,4’-CBp 1.62 6.39 0.57 

2,3,6,3’,4’-CBp 1.53 5.85 1.90 

2,3,6,2’,4’,5’-CBp 0.63 2.21 7.83 

2,4,5,2’,4’,5’-CBp 0.68 4.26 10.80 

2,3,4,2’,3’,6’-CBp 0.30 1.98 3.69 

2,3,4,2’,4’,5’-CBp - 0.77 1.55 

 

!���!��.#��&8��$���#.� �����#����)��+��$�)$.� 4 ����&�����"�@� 2,4,4’-, 2,4,2’,5’-, 

2,3,2’,5’- ;�	 2,3,4,4’-CBps �#+���
�#$������FF(�������$���
*�.�$�	.	����)����� (Lag 

Phase) #$� 18, 18, 8 ;�	 6 ��/��!" ;�	��
����'�<_"�@� 2,4-, 2,4,2’-, 2,3,2’- ;�	 2,4,4’-

CBps ��������� ;�+#�
� 4 ����&�����"#$������7
�7
� 2 ����������+�������+�����FF(�.+�.

���.��
!�����+������#$����0��@� 18 ��/��!"���;����������#$� 4.13 �/?�#$��+��������+�

����$��	��������;!�+�����&	F(�������&������LM�����
�+�.��+����;!�+�)����!�@��

�����&�.7�� Fish ;�	 Principe (1994) ;�	��+�������������$������;!�+���*���.�!�@��

��+��������&�.7�� William (1994), Mavoungou ;�	�<	 (1991), Rhee ;�	�<	 (1993) 

;�	 Natarajan ;�	�<	 (1996) �)@���/?����.@�.����������#��+����.+�.���.7��)$�$�$ 

�<	#�������
#��������
���	���&������7
�� F. ���!�8-���)�$ ��8#�/����� (Sites E1 

;�	 E2) #$�����
��#�
�&���
��7�.7����+�������@���+��$����
��'���	#$��+�&	/��/DE��)$�$�$ ��

)��+��
���	���&��#�
����&8���+�����F������$�7��)$�$�$#�
� 4 ����&�����"#$�#������
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�����#$� 4.13 ���������$�7��)$�$�$����&�����"�+��f�
�.�
���	��� 

Site 

Congener 
Lag Phase 

(weeks) 
Product(s) 

Complete 

Dechlorination 

(weeks) 

2,2’-CBp ND ND ND 

2,3’-CBp ND ND ND 

2,4’-CBp ND ND ND 

4,4’-CBp ND ND ND 

2,5,2’-CBp ND ND ND 

2,5,4’-CBp ND ND ND 

2,4,4’-CBp 18 2,4-CBp >18 

3,4,2’-CBp ND ND ND 

2,4,2’,5’-CBp 18 2,4,2’-CBp >18 

2,3,2’,5’-CBp 8 2,3,2’-CBp >18 

2,5,3’,4’-CBp ND ND ND 

2,5,2’,5’-CBp ND ND ND 

2,3,4,4’-CBp 6 2,4,4’-CBp >18 

2,4,5,3’,4’-CBp ND ND ND 

2,3,6,3’,4’-CBp ND ND ND 

2,3,6,2’,4’,5’-CBp ND ND ND 

2,4,5,2’,4’,5’-CBp ND ND ND 

2,3,4,2’,3’,6’-CBp ND ND ND 

A3+A4 

2,3,4,2’,4’,5’-CBp ND ND ND 

2,5,2’-CBp ND ND ND 

2,5,4’-CBp ND ND ND 

2,3,2’,5’-CBp ND ND ND 

E1 

2,4,5,3’,4’-CBp ND ND ND 

2,5,2’-CBp ND ND ND 

2,5,4’-CBp ND ND ND 

2,3,2’,5’-CBp ND ND ND 

E2 

2,4,5,3’,4’-CBp ND ND ND 

!��.�!�8:   -ND �@����&��+)�/��+�������������$� 
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4.3.1.2 ����������$�� 
 

 ��@���&��)��+�)$�$�$�$������#��(���+��:��	���*���������� �<	#�����&����


���0�!����;/�#$�&	�+�.�+���������������$�7��)$�$�$*�.��
 2,3,4-������*���LM����/?�

����/x�!��.��@���&��)��+������FF(�.+�.���.��
������#$���+��������� �
���	���#$���


#������&�� Sites E1 ;�	 E2 ��#$���
;�����
�������#$� 4.14 ����)��+�������������!��

#�
����(/7��;���#�;�	�)�(����$��#$���+�����+����������$�7�� 2,3,4-������*���LM��� 

�����+�����<$7���:��	���*������� ��+���@������F�+�.�!
 2,3,4-������*���LM���.+�.

���.��
��%�7�
� �+����������	����#�$;��*�
�#$�&	�/��������#�����7��&8��$)��8+�#$���

����$� �+���������.$��"��+�$��#$���+�����+����������$� �.+�����%�$F��&	�$���/x��

�����!��;�	���8��!��������)����!
�������)� 2,3,4-������*���LM���#$� 2 ����������+�����

�%��+�����FF(�.+�.���.��
!�����+���	.	����#$����0� ��7�������!���+����������$�

7��)$�$�$#$���
�$
�����
����������&�.7�� Nies ;�	 Vogel (1990) ����)��+�������� ��(*�� 

�	��*�� ;�	�	���#�����������+�.��+��!
�������������$�7�� Aroclor 1242 �
�.&8��$)&��

�	���7�� Hudson River #$��$/�	�������/��/DE��)$�$�$��
 �/?�#$��+�������8�+��	����#�/?����

�!
���������#$��!
���$�+����������$�7��)$�$�$����#$��8��������������#�$."#$�#����#�
�!��

�!�@����+���<$#$�)���*��������&�.�$
 

 
4.3.2 ��������	�
������%$�� 
 

 �<	#�������
���0���7������(����7��7��;7%�#$��$�+� Bioavailability 7��)$�$�$�+�

&8��$)#$������F������$�*�.��
�	����!�� ���)$�$�$�/x�!��.�@� 2,3,4-������*���LM��

���@���&��)��+������FF(�.+�.���.��
���
���	���'�.���	.	����#$���+������ ��#$���


;�����
�������#$� 4.15 ������@���#$.������<$7���
���	����������#$� 4.11 ;�
�&	)���
�+�

���������$�����7�
����	����!����
.����+����
���	����!�@����+�����<$7���:��	���

*������� ����/?�����&������(����#$��)���7�
�&��/����<7��;7%�#$��(�7�
� �.+�����%�$

����'�<_"�+���!}+#$���
.�����/?� 2,4-�����*���LM��� 
 

4.3.3 ��������	�
��!!�
�����
���
� 
 

 �<	#�������
#�������.+�.���.7�� 2,3,4-������*���LM�����;��&���������
��

'�.��
�'��	��+���$.��������<$7���:��	���*������� �)@�����0������/?��/��
�������

����$����	�������������� ;�+��@����
�����7
�7
�#$� 2 ����������+���*�����7��;7%�;#�#$�

&	�/?� 5 ����������+���*�����7��;7%��!�@������<$7���:��	���*������� #�
��$
�)@����

�����/?�)�07�� 2,3,4-������*���LM���#$���&�$�+�&8��$)���	��� ��������0�)��+�  
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�����#$� 4.14 ��7�������!��#$��$�+����������$�7�� 2 ����������+�����7�� 2,3,4-������

*���LM������
���	��� 

Site Substrate 
Lag Phase 

(weeks) 

Complete 

Dechlorination (weeks) 
Product 

Acetate+YE 6 >16 2,4-CBp 
C1 

Pyruvate+YE 6 >16 2,4-CBp 

Acetate+YE 10 >16 2,4-CBp 
D1 

Pyruvate+YE 6 >16 2,4-CBp 

Acetate+YE 10 >16 2,4-CBp 
D4 

Pyruvate+YE 6 >16 2,4-CBp 

No addition 10 >18 2,4-CBp 

Yeast Extract (YE) 16 >18 2,4-CBp 

Acetate 14 >18 2,4-CBp 

Lactate 4 >10 2,4-CBp 

Pyruvate 6 >18 2,4-CBp 

Acetate+YE 12 >14 2,4-CBp 

Lactate+YE 6 >10 2,4-CBp 

E1 

Pyruvate+YE 8 >14 2,4-CBp 

No addition 14 >18 2,4-CBp 

Yeast Extract (YE) 10 >18 2,4-CBp2 

Acetate ND ND 2,4-CBp 

Lactate 4 >10 2,4-CBp 

Pyruvate 14 >18 2,4-CBp 

Acetate+YE 5 >14 2,4-CBp 

Lactate+YE 4 >10 2,4-CBp 

E2 

Pyruvate+YE 6 >14 2,4-CBp 

Acetate+YE 4 >16 2,4-CBp 
J1 

Pyruvate+YE 6 >16 2,4-CBp 

!��.�!�8:   -ND �@����&��+)�/��+�������������$� 
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�����#$� 4.15 ���������$�7�� 2,3,4-������*���LM������	����!�� 

Site Lag Phase (weeks) Complete Dechlorination (weeks) Products 

A1 5 14-22 2,4-CBp (major) & 2,3-CBp (minor) 

A2 5 14-22 2,3-CBp 

A3 5-8 14-22 2,4-CBp 
A4 8 14-22 2,4-CBp 

A5 5 14-22 2,4-CBp 

A6 5-8 14-22 2,4-CBp 

A7 5 14-22 2,4-CBp 

A8 5 14-22 2,4-CBp 

A9 5 14-22 2,4-CBp 

A10 8 14-22 2,4-CBp 

C1 9 21-24 2,4-CBp 

D1 ND ND ND 

D4 ND ND ND 

E1 18-24 >24 2,4-CBp 

E2 ND ND ND 

F1 ND ND ND 

J1 ND ND ND 

!��.�!�8:   -ND �@����&��+)�/��+�������������$� 

 

2,3,4-������*���LM���#$������FF(�������$���
���
���	���;�	�	����!����+�����FF(�

.+�.���.��
����
��	��������	.	�������0� 21 ��/��!" �$
�!
�!%��+����'��	&������

�������� 2,3,4-������*���LM����$������#��+����.+�.���.#���$�'�);����
�����

�����+��:��	���*������� &���!��	��#$�F(�&���!
�/?������)�0���#�$."��#� �����+��&��

�:��	���*�������#$���+�����F(�&���!
�/?������)�0���#�$."��#��)��	�����F.+�.���.

��
�+�.���'��	;���
��7��/�	�#��#. 

 

4.4 ��������������	�������� 
 

 �������&�.#$���
���&��*�������$
��
�$����$)��)"��.;)�+����������������������� 2 

��@���;�	���������#$�/�	�8�#�����������/�	�#� 1 ��@�������+��/�$
 (manuscript ��
������

��
��'������ 7) 
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1) Chen I.M., Wanitchapichat W., Jirakittayakorn T., Sanohniti S., Sudjarid W., 

Wantawin C., Voranisarakul, and Anotai J., Hexachlorobenzene Dechlorination 

by Indigenous Sediment Microorganisms, Journal of Hazardous Materials (in 

press). 

2) Anotai J., Chyan J.M., Sudjarid W., Wanitchapichat W., and Chen I.M., 

Hexachlorobenzene Dechlorination by Enriched Mixed Cultures from Thai Canal, 

Fresenius Environmental Bulletin (in press). 

3) Puewchote N., Chen I.W., and Anotai J., Effect of Electron Donor on Microbial 

Dechlorination of 2,3,4-Trichlorobiphenyl, to be presented (oral) at the 9
th
 

National Conference on the Environment, March 24-27, 2010. 
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���	� 5 !�"#�����$%�&� 
 

 �����	.	����!��./H#$��+���� �<	#�������
���0����������$�7�����/�	���

���#�$."����$���$�.�������.�����8+��@� �:��	���*�������;�	*)�$���������%���LM��� *�.

����<$7���:��	���*���������
7
���8/#$�����&�;�
� ;�+����<$7��*)�$���������%���LM���

.��&���/?��
���$������0��)���������@���&��*)�$���������%���LM���.+�.���.��
.��;�	��


���������� ��������0�;�	�����#$������}�����F��8/��
����+��/�$
 

 

5.1 �������!����'�()���
���
(�
 
 

-�:��	���*������������F.+�.���.#���$�'�)'�.��
�'��	��
�������
�/?��.+���$#�
���

�
���	��� �	����!�� ;�	�	���*�.��+&���/?��
�����������!��!�@����8��!������� 

���&���$
.�����&)����������$�7�
����	����
�����!�����'(#$��'��	��;!�+�������� (in 

situ) ������������$��
�. �:��	���*�������#$� 5 ����������+���*�����;!
�7���	���

�����FF(�.+�.���.&�!�����	���'�.��
�'��	&���������
��'�.������ 9 ��/��!" �/?�

���!
�:��	���*���������+�/?� “�����)�0���#�$."��#� (Persistent Organic Pollutant)” 

'�.��
�'��	;���
��7��/�	�#��#. 

 

-���.+�.���.�:��	���*�����������7�
��������!�����@��#�
�!���@��/?��)��	���*�

������ 1,2,3,5-����	���*������� ;�	 1,3,5-������*���������������� �$�)$.��+���
�.

�#+���
�#$�.+�.���.�+����������@��/?��)��	���*������� 1,2,4,5-����	���*������� 

1,2,4-������*������� ;�	 1,4-�����*���������������� 

 

-�8<!'(���/?�/�&&�.�����}#$��8�#$�#���!
&8��$)���	���&������
����/�	�#��#.�����$�'�)

'(�������;�� Tropical Climate �$���������F�����������$�7���:��	���*��������(�

��+�&8��$)�������&�.�@��f#$�������������/�	�#�#$�)����;�
������$'(�������;�� Temperate 

Climate !�@� Continental Climate ��������0�)��+��8<!'(��#$��!��	�����!������.+�.

���.�:��	���*��������.(+���+�� 30 F�� 40 �C �������
��$.�����8<!'(��!
��7��/�	�#�

�#. �/?����!
&8��$)��8+�#$�.+�.���.�:��	���*���������
�����F�&��}����*���
�$���

��������&��$&�����/�	�������)��.(+���	����������
��#����/ ��7<	#$�/�	�#�#$�)����

;�
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-&8��$)#$�������$�7���:��	���*���������
�/?�&8��$)#$������F)���
#����/���	���&��

;!�+��
����/�	�#��#. ��������0��$
�+�&8��$)��8+������+���+�&	�/?�;��#$��$.��8+�����*�

�&�;�	;��#$��$.;������#$��$���������F�����#��+����.��.�
�7�� vancomycin ��
�$ 

 

-���������$�7���:��	���*�������#���$�'�);����
������/?�����7�������������

�+�� (co-metabolism) ����&��)������"7��������:��	���*������������F�����.��
�
�.

�����7�� Michaelis-Menton Kinetics *�.�$�+���#$���������������$��(��8�/���9 

(apparent maximum dechlorination rate constant) ;�	�+���#$������������� (half-saturation 

constant) 7���:��	���*��������#+���� 0.45-0.73 ����������+������+����;�	 3.2-17.2 

����������+�������������� 

 

5.2 �������!���
��	������
��������
�� 
 
-&��*)�$���������%���LM��� 21 ����&�����"#$�#�����$�)$.� 2,3,4-������*���LM������

�&�����"��$.�#$������FF(�.+�.���.#���$�'�);����
�������
�$��#8���<$#$�#����;�+

����7�
��
���� *�.#$������7
�7
� 2 ����������+��������
���	����
����
���������.+�.���.

#�
�!����+�
�.��+� 10 ��/��!"7�
��/ ����'�<_"#$���
�@� 2,4-�����*���LM��� �+�� 3,4,5-���

���*�������.+�.���.��
�/?��+���
�.�)$.�����8�#���� *�.����'�<_"#$���
&�������

����$��@� 3,5-�����*���LM��� �+������&�����"#$��!�@��$�)$.� 2,4,4’-������*���LM���, 

2,4,2’,5’-, 2,3,2’,5’- ;�	 2,3,4,4’-����	���*���LM����#+���
�#$������F.+�.���.��
�/?� 2,4-

�����*���LM���, 2,4,2’-, 2,3,2’- ;�	 2,4,4’-������*���LM������������ 

 

-����<$#$��$����$� 3 �	�����$.����������LM���&	)��+����������������$�����7�
�#$�

����$��	���#$��.(+���� �+������<$�@��f)��+�����$��	��������;!�+�����&	F(���������


�$��+����;!�+�)��� ;�	��+)����������$������;!�+���*���. 
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*������� 
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a b s t r a c t

Indigenous microbes from the sediments, whether contaminated with hexachlorobenzene (HCB) or not,

could dechlorinate HCB effectively without any acclimation and supplemental nourishment. Tempera-

ture seriously affected the HCB-dechlorination: within the measured 15–45 ◦C span, the optimum range

was between 30 and 35 ◦C. Sulfate-reducing bacteria (SRB), denitrifiers, and acetogens might not be

directly involved in the HCB dechlorination. However, the SRB retarded subsequent dechlorination of

pentachlorobenzene to tetra- and trichlorobenzenes. Some vancomycin-resistant gram-positive bacte-

ria and methanogens were most likely to be the HCB-dechlorinators. The dechlorination followed the

Michaelis–Menten behavior with the k′m and KHCB between 0.45–0.73 mg L−1 day−1 and 3.2–17.2 mg L−1,

respectively. These findings suggest a potential HCB treatment and cleanup for wastewater and contam-

inated site.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hexachlorobenzene (HCB) was produced and used globally as

a fungicide and an industrial synthetic material before production

was banned several decades ago. Because of its bioaccumulation

and persistence properties, as well as its toxicity, HCB was clas-

sified as one of the 12 persistent organic pollutants (POPs) by

the United Nations Stockholm Convention. HCB has been found

to contaminate in many places worldwide including Thailand as a

result of uncontrolled release. HCB was sporadically detected in the

sediment of the Hua Lum Poo Canal in Samuth Prakarn Province,

Thailand, which receives treated effluent from nearby industrial

estate and factories, even though the direct use of HCB in Thailand

has been prohibited since 1980 [1,2]. This finding is comprehensi-

ble since HCB is also unintentionally generated as a byproduct from

the manufacture of the chlorinated pesticides such as atrazine and

simazin [3,4]. Of more concern is that this canal eventually empties

into the Gulf of Thailand, posing a threat of HCB contamination and

bioaccumulation in the coastal bivalves that are consumed by local

people.

Environmental degradation of HCB under anaerobic conditions

in soil and sediment is possible but considerably slow. Beurskens et

al. [5] found an 80% loss of HCB with an increase in the by-products

of 1,3,5-trichlorobenzene (1,3,5-TCB) and 1,3-dichlorobenzene

∗ Corresponding author. Tel.: +66 2 470 9166; fax: +66 2 470 9165.

E-mail address: jin.ano@kmutt.ac.th (J. Anotai).

(1,3-DCB) during a 20-year period of in situ degradation in Lake

Ketelmeer, a sedimentation area of the Rhine River. The half lives of

HCB in soil and groundwater were reported to be 3–6 and 5.3–11.4

years, respectively [6]. Prytula and Pavlostathis [7] evaluated the

HCB-dechlorination ability of the sediment slurry collected from

an HCB-contaminated tributary without any acclimation or enrich-

ment and found that only 43% of HCB was dechlorinated in 481

days at 23 ◦C in the dark. Rosenbrock et al. [8] could obtain only

40% chloride release in the rich-organic soil slurry spiked with

HCB in 140 days, whereas no dechlorination activity was observed

in the low-organic soil slurry. Chen et al. [9] worked with four

non-HCB contaminated sediment slurries and found only two slur-

ries could initiate HCB-dechlorination with a lag phase of 90 days.

These data, however, show different results from our previous

study in which 17 mg kg−1 dry solids of HCB could be rapidly and

completely degraded within 60 days by the indigenous microbial

consortium in the sediment slurries collected along the Hua Lum

Poo Canal and its mouth without any supplementation of organ-

ics or nutrients [1]. The degradation followed the major pathway

proposed by Fathepure et al. [10], i.e., HCB→pentachlorobenzene

(QCB)→1,2,3,5-tetrachlorobenzene (TeCB)→1,3,5-TCB. This find-

ing corresponded very well with the field data in which 1,3,5-TCB

was found together with HCB in the upstream sediments of this

canal [1].

The objective of this work was to investigate into more details

on the factor causing the microbes in the sediment of the Hua

Lum Poo Canal to be more powerful in HCB-dechlorination than

others. Microbial groups involving in the HCB-dechlorination and

0304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2009.12.024
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the dechlorination kinetics were also determined. The information

reported here provides a better understanding regarding the reduc-

tive dechlorination of HCB, which can lead to a promising treatment

or cleanup technique in the future.

2. Materials and methods

2.1. Chemicals

Chlorinated benzene congeners (CBs) including

monochlorobenzene (MCB), 1,2-, 1,3-, and 1,4-DCBs, 1,2,3-,

1,2,4-, and 1,3,5-TCBs, 1,2,3,4-, 1,2,3,5-, and 1,2,4,5-TeCBs, QCB,

and HCB were purchased from Seelze, Germany. The microbial

inhibitors including bromoethanesulfonic acid (BES) and van-

comycin (VAN) were obtained from Sigma Chemical Co., USA. The

99.5% acetone and n-hexane (Labscan Asia, Co., Ltd., Thailand) were

used for preparing an HCB solution and CBs standards/extraction

liquid, respectively. All other chemicals were analytical grade and

supplied by Merck KGaA, Germany.

2.2. Sediment and canal water sampling

Sediment and canal water samples from two sites (H1 and H2)

along the Hua-Lam-Poo Canal that possessed the highest HCB-

dechlorination activity according to Anotai et al. [1] were used in

this study. The top few centimeters of the sediment surface were

carefully removed, and the lower layer was scraped and packed in

a plastic bag. Canal waters were sampled and stored in the contain-

ers. Both sediment and water samples were stored in the 4 ◦C cold

storage until use.

2.3. Microbial preparation

Sediment slurry of each site was prepared by thoroughly mixing

the sediment and canal water at the ratio of 1:1 (v/v) by hand for

2 min and was allowed to settle for 30 min. The upper supernatant

was withdrawn by a 100-mL glass syringe with a 22G×2 hypoder-

mic needle (0.7 mm opening), injected into a 1000-mL serum bottle,

and purged with nitrogen gas before use. For dechlorination experi-

ments, 50 mL of sediment slurry were transferred to several 100-mL

serum bottles in a nitrogen glove box to prevent oxygen interfer-

ence and sealed with butyl rubber stoppers and alumina-caps. One

bottle from each experiment set was sterilized three times in an

autoclave and used as the control.

2.4. Dechlorination experiments

To initiate the experiment, an appropriate amount of stock HCB

solution, along with a specific amount of the individual chemical

to be studied, was injected into the serum bottles. All serum bot-

tles were kept in the dark at room temperature (28–31 ◦C with an

average of 30 ◦C). To study temperature effects, refrigerators (at 15

and 20 ◦C), air-incubators (at 35 and 40 ◦C), and water baths at 45 ◦C
were used to control the temperature. All bottles were shaken by

hand on a daily basis. The experiments were conducted in duplicate

with a sterilized control.

2.5. Sampling and analysis

To determine HCB and its dechlorination by-products, HCB

from the sediment slurry was extracted according to the method

described by Chen et al. [11] which provided the recovery between

89 and 98% for all 12 chlorobenzenes. An extraction test has

been performed with 1-h HCB spiked sediment slurry in order

to confirm the reliability of this method. The HCB recovery was

between 88 and 95%. In addition, another test was also conducted

using non-biodegradable and highly hydrophobic 2,3,4,2′,4′,5′-
and 2,3,6,2′,4′,5′-chlorobiphenyls to verify the consistency of this

extraction method over an adsorption period of 18 weeks. The

recover was between 88 and 112% for 2,3,4,2′,4′,5′-chlorobiphenyl

and 91 and 110% for 2,3,6,2′,4′,5′-chlorobiphenyl with no less-

chlorinated intermediate detected. Hence, this extraction method

is proven to be reliable. At a predetermined time, 2 mL of the sedi-

ment slurry was taken by a glass syringe with a 22G×2 hypodermic

needle (using the same needle size used to withdraw the sediment

slurry from the sediment-water mixture in order to ensure a homo-

geneous sample) and injected into an extraction tube containing

0.2 mL of 6N NaOH and 2 mL of n-hexane. The tube was then shaken

by hand 100 times, followed by 10 min of sonication, and then cen-

trifuged at 4000 rpm for 5 min. The upper-layer of n-hexane was

withdrawn as much as possible into a 5-mL analyzing tube. The

remaining mixture in the extraction tube was then re-extracted

twice more following the same procedure. At the third extraction,

the upper-layer of n-hexane was pulled out and filled the analyzing

tube up to the 5-mL mark. A small amount of anhydrous Na2SO4

was added to remove moisture before being analyzed by gas chro-

matography. The 6890N Network GC system (Agilent Technologies,

USA) was equipped with an electron capture detector (ECD) and a

capillary column DB-5 fused silica with 0.25 mm diameter and 30 m

length (Agilent Technologies, USA). The oven temperature was ini-

tially maintained at 80 ◦C for 5 min, raised to 140 ◦C at the rate of

3 ◦C min−1 and sequentially to 240 ◦C at the rate of 10 ◦C min−1,

and hold for 8 min. The temperature for the injector and detector

were set at 240 and 280 ◦C, respectively. The carrier and make up

gases were helium and nitrogen at the average linear flow rates

of 20 and 60 mL min−1, respectively. All qualifications and quan-

tifications were performed with an external standard. Methane in

the headspace gas was determined by the Gas Chromatograph GC-

8A (Shimadzu Corporation, Japan). Sediment slurry characteristics

were analyzed according to Standard Methods [12].

3. Results and discussion

3.1. Background contamination and sediment slurry

characteristics

Trace amounts of HCB were found in the sediments of both sites

at 0.26 and 0.15 mg kg−1 dry solids for H1 and H2, respectively. In

addition, 0.16 mg kg−1 dry solids of 1,3,5-TCB, which has never been

produced or used in a commercial scale, was also found in the sedi-

ment from H1. This implies that the microbes at both sites should be

acclimated to HCB to some degree and be able to dechlorinate HCB

in situ. The characteristics of raw sediment slurries were shown

in Table 1 illustrating that most organics were in the solid phase.

Volatile organics, part of which representing the microbial mass,

were only accounted for at 9% and 13% at H1 and H2, respectively.

Nitrogen and phosphorus in the sediment slurries were sufficient

for anaerobic digestion according to the acceptable COD:N:P ratio

of 250:5:1–700:5:1 [13]. Chloride was quite high due to the intru-

sion of seawater at the sampling time. The pH of the mixtures was in

the neutral range appropriate for microbial activities. Pre-tests with

nutrient and organic supplements of either yeast extract, glucose,

pyruvate, lactate, acetate, formate, or essential minerals revealed

no significant improvement in the dechlorination process. Hence,

the existing composition of sediment slurries was already suitable

for the reductive dechlorination of HCB.

3.2. Reductive dechlorination of HCB

Sediment slurries from both H1 and H2 could dechlorinate

2 mg L−1 HCB completely in 70 days at the average room temper-
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Table 1
Characteristics of raw sediment slurries.

Site pH Cl−soluble (mg L−1) SS (mg L−1) VSS (mg L−1) COD (mg L−1) Nitrogen (mg L−1) Phosphorus (mg L−1)

Soluble Total Soluble Total Soluble Total

H1 7.0 8938 228,300 19,600 584 42,985 13 896 2 66

H2 7.2 4080 158,500 21,200 215 50,149 12 1,036 1 77

ature of 30 ◦C as shown in Fig. 1. In contrast, no dechlorination

occurred in the sterilized control bottles, i.e., steady HCB concentra-

tion and no intermediates detected, implying that the reduction of

HCB in the experimental sets should derive from microbial activ-

ities. This performance was more impressive than other studies

working with the sediment slurries from both HCB-contaminated

and non-contaminated sites [7–9]. The degradation pathway fol-

lowed the major pathway from HCB to QCB, 1,2,3,5-TeCB and

1,3,5-TCB as suggested by Fathepure et al. [10]. No 1,2,4-TCB

and DCBs which are the products from the minor dechlorination

pathway were detected. Certain loss of chlorobenzenes from the

aqueous phase was also detected which mainly due to the transfer

of volatile 1,3,5-TCB to the headspace of serum bottle similar to the

observation of other studies [6,9,11,14]. The dechlorination perfor-

mance obtained in this study was consistent with our preliminary

work [1] implying that the microbes in the sediments of this canal

could efficiently maintain their dechlorination ability.

3.3. Effect of temperature on HCB-dechlorination

It is interesting to determine the key factor enhancing the HCB-

dechlorination ability of the microbes in this canal. One possible

factor causing the differences in HCB-dechlorination between this

study and others was the temperature. Most of Thailand has a trop-

ical climate in which the coldest month temperature is higher than

18 ◦C. According to Thai Meteorological Department, the 30-year

monthly averages for night-time and day-time in Samuth Prakarn

Province are 26.3 and 30.3 ◦C, respectively (day-time temperatures

during the experimental period of this study were between 28 and

31 ◦C with an average of 30 ◦C). On the other hand, most devel-

Fig. 1. Profiles of HCB and its intermediates with an initial HCB concentration of

2 mg L−1.

Fig. 2. HCB-dechlorination in non-contaminated sediment.

oped countries in which the HCB-dechlorination has been studied

are in the temperate-climate (the coldest month average between

−3 and 18 ◦C) or continental-climate (the coldest month average

below −3 ◦C) zones according to the Köppen–Geiger climate clas-

sification system. As a result, the native microbial consortium in

the sediment of the Hua Lum Poo Canal as well as other streams in

Thailand should be diverse from those of developed countries and

might possibly lead to an explanation for the differences in HCB-

dechlorination. To test whether the temperature was one of the

major factors controlling the HCB-dechlorination activity, the sed-

iment slurries without any supplements were spiked with 2 mg L−1

of HCB and incubated at various temperatures from 15 to 45 ◦C. The

outcomes showed that the optimum temperatures were between

30 and 40 ◦C for H1 and 30 and 35 ◦C for H2 (Table 2). The dechlo-

rination performance drastically deteriorated as the temperature

became lower or higher. The lag phase and complete dechlorination

period extended approximately two times or more as the tem-

peratures rose above or dropped below the optimum range. This

finding serves as solid evidence that temperature plays a major role

in classifying and characterizing microbial consortium and activ-

ity regarding on HCB-dechlorination in natural stream sediment.

Further investigation was conducted to verify the effect of tem-

perature by using the sediments collected from four other streams

which were not contaminated with HCB. The results shown in Fig. 2

indicate that the indigenous microbial consortiums in these stream

Table 2
HCB-dechlorination under various temperatures.

Site Temperature (◦C) Lag phase (days) Complete dechlorination

(days)

H1 15 35 (42) >154 (>154)

20 28 (35) 126 (126)

30 14 (7) 70 (70)

35 7 (7) 63 (63)

40 7 (7) 63 (70)

45 14 (35) >154 (>154)

H2 15 70 (35) >154 (>154)

20 49 (49) 161 (161)

30 14 (14) 70 (70)

35 7 (14) 70 (70)

40 14 (14) >154 (>154)

45 42 (35) >154 (>154)

Note: Numbers in the parenthesis are duplication.
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Fig. 3. Consumption profile of added electron acceptors.

sediments could readily dechlorinate 2 mg L−1 HCB with no accli-

mation or supplemental nourishment at room temperature similar

to those from H1 and H2. These results suggest that temperature

plays an important role on the dechlorination of HCB which is

similar to the study of Chang et al. [6] who found the optimum

temperatures for HCB-dechlorination to be between 29 and 37 ◦C
and the dechlorination ability ceased at 18 and 45 ◦C.

From these results, it implies that HCB in the tropical-climate

environment with moderate ambient temperatures might not be

as persistent as in the temperate-climate and continental-climate

regions due to the differences in native microbial matrix and

activities. Biologically anaerobic processes, which typically have a

long sludge detention time, such as an anaerobic filter or upflow

anaerobic sludge blanket followed by an aerobic process might

be a feasible alternative to purify HCB-contaminated wastewater.

Remediation of HCB-contaminated sites is also promisingly possi-

ble if suitable conditions are provided. The identified end product

was 1,3,5-TCB for all studied temperatures, neither 1,2,4-TCB nor

DCBs was detected. Hence, the dechlorination mechanism still fol-

lowed the major pathway. Nevertheless, substantial dissimilarity

in the complete dechlorination period at 40 ◦C between the sed-

iments from H1 and H2 suggested that the microbial consortium

existing in these two sites were different, which was in agreement

with the results from the kinetic studies in later section.

3.4. Characterization of dechlorinating microorganisms

This section attempted to determine the principal microbes

responsible for HCB-dechlorination. Only the sediment slurry from

H2 was used for characterization purpose. The first experimental

scenario in this section aimed to determine the involvement of

sulfate-reducing bacteria (SRB) and denitrifiers (DN) in the dechlo-

rination of HCB to its less-chlorinated products. Sediment slurry

with 2 mg L−1 of HCB was added with 20 mM of either NaNO3 or

Na2SO4 to stimulate the activities of DN or SRB, respectively. Nitrate

reduction during the incubation period was slower than sulfate, as

shown in Fig. 3, which implied that the SRB in this sediment were

more active than the DN. This is plausible since the collected bottom

sediment was under anaerobic conditions for a very long period

of time. An anoxic state, which uses nitrite or nitrate as an elec-

tron acceptor, is unlikely to occur intensively in this rich organic

sediment deposited a few centimeters below the sediment–water

interface. No significant difference in HCB-dechlorination between

these two supplement and control sets was observed, i.e., QCB

appeared at the same time on day 14 (Table 3) with comparable

apparent concentration between 0.018 and 0.019 mg L−1. During

this initial period, the SRB and DN were very active, interpret-

ing from the zero-order disappearance rates of sulfate and nitrate

(Fig. 3). This result suggested that neither SRB nor DN directly

engaged in or serious interfered with the HCB-dechlorination since

the addition of sulfate or nitrate to promote their activities neither

Table 3
Effects of electron donors on HCB-dechlorination of the sediment slurry from Site

H2.

Electron acceptor Appearance time (days)

QCB 1,2,3,5-TeCB 1,3,5-TCB

No addition 14 42 56

20 mM of NaNO3 14 56 56

20 mM of Na2SO4 14 70 98

enhanced nor retarded the transformation of HCB to QCB. Working

with HCB-adapting sediment, Chen et al. [14] also found that 30 mM

sulfate did not interfere with HCB-dechlorination; however, they

suggested that under limiting electron donors SRB might compete

with HCB-dechlorinators for substrate, thus hampering the HCB-

dechlorination. The impact of nitrate seemed to be unclear on QCB

transformation to 1,2,3,5-TeCB and 1,3,5-TCB. The appearance time

for 1,2,3,5-TeCB in the presence of nitrate was 14 days longer than

the control without nitrate, but was the same for 1,3,5-TCB. It is

important to note that the sample on day 56 was the first sampling

after day 42; hence, they could not be definitely differentiated. The

presence of sulfate, however, significantly prolonged the transfor-

mation of QCB to 1,2,3,5-TeCB and subsequently to 1,3,5-TCB. The

occurrence times for 1,2,3,5-TeCB and 1,3,5-TCB shifted from 42 to

70 days and from 56 to 98 days, respectively. This implies that the

activity of SRB noticeably interfered with QCB- and 1,2,3,5-TeCB

dechlorinators. As a result, it indicates that the population respon-

sible for chlorobenzene dechlorination differed at least in some

species from the QCB- and 1,2,3,5-dechlorinators. This result is in

agreement with the study of Chen et al. [11].

To evaluate the role of methanogens on HCB-dechlorination, the

selective methanogenic inhibitor, bromoethanesulfonic acid (BES)

[6], was inoculated into the serum bottle at various concentrations.

It was found that only 5 mM of BES could notably suppress the

methanogenic activity. Accumulated methane in the headspace of

the serum bottle on day 78 in the control set without BES was 38%

which was much higher than those in the BES amended set of less

than 1%. Nevertheless, more than 90% of the HCB was still dechlori-

nated, though at a lower rate, as shown in Fig. 4. This suggests two

possibilities: first, the dechlorinating step was directly executed

by methanogenic bacteria only, but maybe a variety of different

species of methanogens can play this role. Therefore, whenever

one or some methanogenic bacteria regained their activity and

began to produce methane even slightly, these methanogens could

be able to trigger the dechlorination of HCB. Second, while the

methanogens played a major role in HCB-dechlorination (reduc-

tion rate was steeper in the control set), other microorganisms in

the sediment slurry might also involved. As the BES was increased

to 10 and 50 mM, HCB was still dechlorinated. Only when 250 mM

was applied did the dechlorination stop completely. Middledorp

Fig. 4. Dechlorination profile for HCB with and without inhibitors.
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et al. [15] found that BES at high concentration also affected the

microbial species other than methanogens, possibly suppressing

the non-methanogenic HCB-dechlorinators in the sediment slurry.

The results from this study filled the gap between two totally dif-

ferent observations from other research groups. Pavlostathis and

Prytula [16] reported that methane production was inhibited in a

BES-amended culture, but sequential reductive dechlorination of

HCB still occurred at a comparable rate as in the non-amended

culture, indicating that methanogens were not involved in the

dechlorination process. On the other hand, the data from the BES-

amended studies of Chang et al. [6] and Chen et al. [14] strongly

suggested that methanogens were the sole HCB-dechlorinators in

their acclimated cultures. Combining these facts together with the

results from this study, it can be concluded that HCB-dechlorinators

should consist of methanogens as well as other microbial groups.

In the studies of Chang et al. [6] and Chen et al. [14], methanogens

served as the sole HCB-dechlorinators in their cultures. As a result,

once the methanogens were inactivated by BES, the dechlorina-

tion of HCB was also terminated. In the study of Pavlostathis and

Prytula [16], however, the dechlorination occurred via the activi-

ties of the microbial species other than methanogens. Hence, the

inhibition of methanogenic activities did not completely block HCB-

dechlorination. In this study, the sediment slurry contained both

methanogens and other HCB dechlorinating species; thus, even

though the methanogens were almost completely inactivated by

the BES, the remaining dechlorinators that were not susceptible to

BES still transformed HCB to QCB; however, at the lower rate as

compared to when both microbial groups were active.

Further investigation on HCB-dechlorinators was conducted by

using vancomycin (VAN), a strong bactericide on gram-positive

bacteria including most acetogens. The results revealed that

100 mg L−1 of VAN moderately retarded the dechlorination perfor-

mance shown in Fig. 4. Partial pressure of methane in the headspace

also reduced from 38% to 16% in the presence of VAN during the

same incubation period. This implies that acetogenic activities that

transformed volatile fatty acids to acetic acid for methanogenic

uptake were partially affected and consequently retarded methane

formation. Once the methanogenic activities subsided, the dechlo-

rination process was also decelerated. As the VAN was increased

to 200 mg L−1, a level that should inhibit most gram-positive

bacteria, the HCB-dechlorination completely stopped. The rea-

son could be that the gram-positive bacteria usually play the

role of supplementing substrate to methanogenic bacteria, and

once this supplementation is terminated, the methanogenic HCB-

dechlorinator could no longer dechlorinate HCB. In addition, apart

from methanogenic HCB-dechlorinators, it is possible that there

were other naturally existing dechlorinators in the sediment of the

Hua Lum Poo Canal, and they were most likely the gram-positive

microbes that were able to tolerate VAN to some certain degree.

Swenson et al. [17] reported that some gram-positive bacteria,

such as the Leuconostoc, Pediococcus, and Lactobacillus species, were

essentially resistant to vancomycin; however, they might be inac-

tivated by the high VAN dose of 200 mg L−1.

3.5. Kinetics of HCB-dechlorination

To evaluate the microbial dechlorination ability and HCB

toxicity, the HCB dose was increased from 2 to 10, 40,

100, and 200 mg L−1, which were equivalent to 43.8, 175.2,

438.0, 876.0 mg kg−1 dry solids for H1, and 63.1, 252.4, 630.9,

1261.8 mg kg−1 dry solids for H2, respectively. Surprisingly, it was

found that HCB was still dechlorinated at the very high concen-

tration of 200 mg L−1 with a minor retardation as illustrated in

Table 4. The lag phase and appearance time for dechlorination inter-

mediates including QCB, 1,2,3,5-TeCB, and 1,3,5-TCB were almost

similar for all HCB dosages. The only difference was the time

required to completely remove HCB, which became longer as the

HCB increased. It is important to mention that the appearance times

of 1,2,3,5-TeCB, and 1,3,5-TCB in the experiment with 2 mg L−1 HCB

using the sediment slurry from H2 were different from those of the

control set (no addition) in Table 3 even though they were tested

under similar conditions with the same sediment sample. This was

possibly due to the effect of the storage time at 4 ◦C in the cold

storage. The sediment used in this part was kept for one week after

sampling whereas those used in Table 3 was kept for two months.

It implies that the QCB and 1,2,3,5-TeCB dechlorinators might be

somehow affected during the storage at 4 ◦C for a long period of

time. The degradation pathway of all HCB dosages still followed

the major pathway to 1,3,5-TCB. The initial dechlorination rate was

determined during the most active dechlorination period, i.e., HCB

decreased sharply, as shown in Fig. 1. The relationship between the

initial dechlorination rate and the HCB concentration is shown in

Fig. 5. The dechlorination rate increased exponentially as the HCB

concentration increased and finally reached a plateau where a fur-

ther increase in HCB did not promote the rate. This pattern was

similar to the enzymatic catalytic behavior that could be quanti-

tatively explained by Michaelis–Menten kinetics. With sufficient

nutrients and no inhibition effect as in this study, the dechlorina-

tion rate of HCB via a co-metabolization could be described under

the influence of HCB and organic substrate concentrations as shown

in Eq. (1) [16]:

d [HCB]

dt
= −

(
kmX [HCB]

KHCB + [HCB]

) (
S

KS + S

)
(1)

where km is the maximum dechlorination rate of HCB per unit

biomass; KHCB and KS are the half-saturation constants regarding on

HCB and organic substrate, respectively; X is the HCB-dechlorinator

intensity; and S is the organic substrate concentration. Since the

organic substrates (S) available for biodegradation as represented

by the COD values were much higher than HCB concentration and

the biomass (X) growth under anaerobic condition was consider-

ably very slow, these two parameters can be considered constant

Table 4
HCB-dechlorination under various HCB concentrations.

Site HCB (mg L−1) Appearance time (days)

QCB 1,2,3,5-TeCB 1,3,5-TCB Complete HCB-dechlorination time (days)

H1 2 14 14 14 70

10 14 28 28 175

40 14 28 35 >175

100 14 28 42 >175

200 21 28 49 >175

H2 2 14 21 28 70

10 14 21 28 175

40 14 21 28 175

100 14 28 28 175

200 14 28 35 >175
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Fig. 5. Effect of HCB concentration on dechlorination rate (lines are model predic-

tions based on the Michaelis–Menten kinetics).

Fig. 6. Hanes linearization for Fig. 5.

during the initial stage; then, Eq. (1) can be simplified to:

d [HCB]

dt
= −

(
k′m [HCB]

KHCB + [HCB]

)
(2)

where k′m is an apparent maximum dechlorination rate of HCB. The

dechlorination rate then becomes first order with respect to HCB at

low concentration and zero order at high concentration. Although

many researchers working with HCB-dechlorination have success-

fully described their kinetic data by using either the first-order

reaction [5,7] or the zero-order reaction [18], others decided to use

a more realistic Michaelis–Menten model. Pavlostathis and Prytula

[16] dechlorinated HCB by using enriched cultures supplement-

ing with essential minerals, vitamins, yeast extract, and glucose,

and found the dechlorination to follow the Michaelis–Menten

model with the k′m and KHCB of 0.015±0.001 mg L−1 day−1

and 0.024±0.003 mg L−1, respectively. Further analysis using the

Hanes linearization method [19] as illustrated in Eq. (3) and Fig. 6

found the k′m, KHCB, and R2 to be 0.45 mg L−1 day−1, 3.2 mg L−1, and

0.993 for H1 and 0.73 mg L−1 day−1, 17.2 mg L−1, and 0.999 for H2,

respectively.

[HCB]

(d[HCB]/dt)
= [HCB]

k′m
+ KHCB

k′m
(3)

The k′m and KHCB obtained from this study were 30–50 and

178–480 times, respectively, higher than the values reported by

Pavlostathis and Prytula [16]. The differences might be due to

several factors such as HCB contamination and acclimation level,

complexity of microbial consortium, and environmental factors

particularly temperature as discussed previously. In addition, it is

surprising to obtain significant differences in k′m and KHCB between

H1 and H2 since H2 is only approximately 50 m downstream from

H1. From field survey, it was found that H1 was mainly contami-

nated with industrial wastewater, whereas H2 was located in the

congested low-income community; hence, it was also polluted

with improperly treated domestic wastewater. Organic matter

and nutrients from domestic wastewater might promote microbial

activity in the direction of enhancing HCB-dechlorination.

4. Conclusions

The reductive dechlorination of HCB by indigenous sediment

microbes under anaerobic condition was intensively investigated

in this study. The indigenous microbes in the sediments collected

from the Hua Lum Poo Canal could dechlorinate HCB effectively

without acclimation and extra nourishment. Temperature signif-

icantly affected the HCB-dechlorination with the optimum range

between 30 and 35 ◦C. Hence, HCB might not be a persistent

organic pollutant in the moderate temperature environment like

those in the tropical zone. The SRB, DN, and acetogens did not

directly engage in the dechlorination of HCB; however, the SRB

interfered with the dechlorination of QCB to 1,2,3,5-TeCB and

1,2,3,5-TeCB to 1,3,5-TCB. Methanogens and some VAN-resistant

species of gram-positive bacteria were most likely the candidates

for HCB-dechlorination. The HCB-dechlorination behavior could be

sufficiently explained by the Michaelis–Menten kinetics with the

k′m and KHCB between 0.45–0.73 mg L−1 day−1 and 3.2–17.2 mg L−1,

respectively.
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17
SUMMARY18
After collecting and analyzing the sediments from 10 sites along the Hua-Lum-Poo Canal located in Samut19
Prakarn, a province of Thailand, hexachlorobenzene (HCB) and 1,3,5-trichlorobenzene (1,3,5-TCB) were found20
in four sediment samples. Due to 1,3,5-TCB has never been made commercially for industrial and agricultural21
usage, most of it was transformed from highly chlorinated benzenes. Therefore, it suggested that HCB has been22
dechlorinated to 1,3,5-TCB in the natural sediment of Hua-Lum-Poo Canal. This study was devoted to23
investigate the reductive dechlorination of HCB by the anaerobic microorganisms in canal sediments.24
Indigenous microorganisms from 10 canal sediments were collected and applied to dechlorination experiments.25
By using anaerobic microbes from yeast extract pre-enriched natural sediment-water slurries, every set of26
microorganisms initiated HCB dechlorination after 14 days of incubation and completed the process in a period27
of 28 ~ 42 days. In the sets without yeast extract pre-enrichment, the microorganisms also showed28
dechlorination activity after 14 ~ 28 days of cultivation. Combining the results, it showed that after 7-days of29
pre-anoxic and enriched treatment, canal microbes were able to develop the HCB dechlorination activity and30
completely dechlorinate HCB within 6 weeks. This indicates that the HCB dechlorinating microorganisms were31
prevalent in the sediments along the Hua-Lum-Poo Canal and possibly to remove HCB contamination without32
any additional nutrient.33

34
KEYWORDS35
Dechlorination, Hexachlorobenzene, Natural Sediment, anaerobic microorganisms36

37
INTRODUCTION38

39
After decades of uncontrolled releases, hexachlorobenzene (HCB) has been detected in air, water and sediment40
around industrial sites and farming area [1, 2]. It was produced and used as fungicide as well as an industrial41
synthetic material and generated as a byproduct of solvents and chlorinated chemical manufactures [3, 4].42
Nowadays, HCB is well known as a priority pollutant in critical environment because of their specific properties43
such as carcinogenicity, recalcitrance and bioaccumulation. Thus, the removal of HCB from contaminated44
environments has become more significant. Clean-up methods such as chemical processes had been investigated45
[5, 6]. However, in consideration of lesser expense and environmental impact, biological treatment was46
necessarily advocated. The biodegradation of chlorinated benzenes by aerobic microbes could only deal with47
less-chlorinated ones, including monochlorobenzene (MCB), dichlorobenzenes (DCBs) and trichlorobenzenes48
(TCBs) [7, 8]. For highly chlorinated compounds, with the bulky chlorine atoms surrounding the benzene ring49
like pentachlorobenzene (QCB) and HCB, the aerobic biodegradation was seemingly completely inhibited.50

51
The removal of chlorines from HCB and other highly chlorinated aromatics was considered as the first step to52
decompose these compounds and it was indeed effective through anaerobic dechlorination by using acclimated53
or enriched microorganisms [8, 9, 10]. This study was therefore dedicated to assess the dechlorination of HCB54
by the indigenous microbes collected from Hua-Lum-Poo Canal sediments, where some of the sediments were55
contaminated by HCB. In order to evaluate the dechlorination possibility, sediment microbes were collected56
from 10 sites along the entire canal, enriched and introduced to HCB dechlorination experiments. The57
degradation of HCB was studied by measuring the transformation of HCB to less-chlorinated compounds under58
reductive dechlorination.59
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1
MATERIALS AND METHODS2

3

4
5

FIGURE 1 - Sediment and river water sampling sites along Hua Lam Poo Canal and seashore as marked6
from 1 to 10.7

8
9

SEDIMENTS AND CHEMICALS10
Sediments and river waters were collected from 10 sites (S1 to S10, from wastewater discharging site to11
estuarine) along Hua-Lum-Poo Canal, Bangpoo, Thailand as shown in Fig 1. After the sediment dug up, the12
upper 5 cm of sediments were carefully removed, and the remains were packed in plastic bags and kept in 4�C.13

14
Chlorinated benzene congeners (CBs) including MCB, 1,2-, 1,3- and 1,4-DCB, 1,2,3-, 1,2,4- and 1,3,5-TCB,15
1,2,3,4-, 1,2,3,5- and 1,2,4,5-Tetrachlorobenzene (TeCB), PCB and HCB were purchased from Riedel-de Haen16
Chemical Co. (Seelze, Germany).17

18
MEDIA19
Sediment slurry preparation20
400 ml of sediment slurry and 400 ml of river water were placed in a screw-capped serum bottle (1L), and21
vigorously shaken by hand for 2 minutes. After the solid part settled down, 50 ml of the liquid part was22
withdrawn. And this sediment slurry (SS) was then transferred into an alumina-capped serum bottle.23

24
Synthetic mineral medium25
A synthetic mineral medium (MM) was also established, consisting of NH4Cl, 2.7 g/L; MgCl2�6H2O, 0.1 g/L;26
CaCl2�2 H2O, 0.1 g/L; FeCl2�4H2O, 0.02 g/L; K2HPO4, 0.27 g/L; KH2PO4, 0.35 g/L, according to a27
previous study [9]. In some experimental sets, yeast extract (YE) was used as nutrient supplement with a28
concentration of 5 g/L in mineral medium or sediment slurry.29

30
PREPARATION OF INOCULUM31
Yeast extract (YE) enriched mixed cultures were used as inoculum. For the preparation of inoculums, the32
collected sediment was mixed with river water (50ml:50ml) and 1 g of YE, then placed into a serum bottle,33
shaken by hand for 1 minute and sealed. Samples were stored for 1 week in the dark at room temperature.34

35
DECHLORINATION EXPERIMENT36
After shaking the YE-enriched bottles, 5ml of YE enriched mixed cultures were withdrawn and injected into37
serum bottles which contained 45 mL of the medium and 2 mg/L of HCB, and then incubated at room38
temperature. The dechlorination procedures were described in detail from previous researches [11, 12]. At39
designated intervals, 2 ml of the incubated culture sample was taken from the serum bottle by a syringe.40

41
ANALYSIS42
The culture sample was extracted three times by n-hexane, and analyzed by a gas chromatography equipped with43
an ECD (Hewlett Packard 4890, Rockville, MD) and a capillary column of DB-5 fused silica. The oven44
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temperature was maintained at 80�C for 5 min, raised to 120�C at 5�C /min, maintained for 2 min, and then1
raised again at 5�C/min to the final temperature of 200�C, which was held for 5 min. The temperatures of the2
injector and the detector were set at 280�C and 300�C, respectively. Nitrogen and Helium gas were employed as3
the make-up and the carrier gas, respectively. The linear velocity was 16 cm/s and the split ratio was kept at4
10:1.5

6
RESULTS AND DISCUSSION7

8
CBs IN CANAL SEDIMENTS9
All ten sediments were first extracted to investigate the chlorinated benzenes contamination of the canal. The10
results showed that the first four sites close to the discharging location (S2to S5) were contaminated by HCB in a11
range of 0.182 to 1.250 ppm (Table 1). Surprisingly, 1,3,5-TCB was found in two of these HCB-contaminated12
sediments. Unlike HCB, 1,3,5-TCB was out of any industrial and farming usage and no published research13
suggested this compound could be an intermediate or an impurity during chemical processes [13]. However,14
many studies reported that 1,3,5-TCB was a very important final product in HCB dechlorination following the15
major pathway as described by Fathepure et al.; Holliger et al. and Chang et al. [14, 15, 16]. This finding16
provided a piece of evidence that HCB could be dechlorinated in natural sediment environment of Hua-Lum-Poo17
Canal.18

19
TABLE 1 - The concentration of HCB and 1,3,5-TCB in Hua-Lum-Poo Canal sediments.20

21
Sampling

site HCB (ppm) 1.3.5-TCB
(ppm)

S2 0.182 ND

S3 1.250 0.238

S4 0.261 0.160

S5 0.153 ND

22
HCB DECHLORINATION IN NATURAL SEDIMENT SLURRIES23
After 1 week of YE pre-enrichment, anaerobic mixed cultures from all ten sites has showed HCB-dechlorination24
ability in sediment slurry without yeast extract (Table 2). Eight of them dechlorinated HCB after 14 days of25
incubation and the other two have a lag phase of 28 days. However, HCB dechlorination was completed before26
42 days of incubation. Within the findings of the HCB-dechlorination by river sediment microorganisms from27
southern Taiwan [17], only one from Erh-Jen River sets and one from Ho-Tsin River sets were able to28
dechlorinate HCB in a natural sediment water media, and the dechlorination was never completed (Table 2). It29
showed the superior dechlorination ability of Hua-Lum-Poo Canal microbes. Under similar conditions with30
Taiwan studies, using Hua-Lum-Poo SS media, all enriched cultures initiated and completed the dechlorination31
within a much shorter period.32

33
The dechlorinating intermediates found in HCB-dechlorination processes were QCBs, 1,2,3,5-/1,2,4,5-TeCB34
(co-eluting congeners) and 1,3,5-TCB, nevertheless the last was the only product remained. As shown in Figure35
2, HCB dechlorination by Site 4 microbes produced QCB and 1,2,3,5-/1,2,4,5-TeCB on day 24, and successively36
to 1,3,5-CB. The dechlorination pattern by Hua-Lum-Poo Canal microbes followed the major pathway: HCB�37
PCB � 1,2,3,5-/1,2,4,5-TeCB � 1,3,5-TCB, as described from previous studies [11, 17]. As Chen et al.38
suggested, the untamed microbes in Taiwan favorably dechlorinated HCB through the dechlorination reactions39
with larger amount of energy released and also with greater difference in chromatographic properties [17].40
Therefore, microorganisms from mild contaminated sites also dechlorinated HCB by following the energy41
releasing favorable pathway.42

43
HCB DECHLORINATION IN SEDIMENT SLURRIES SUPPLEMENTED WITH YEAST EXTRACT44
With the supplement of yeast extract, organic contents from the cultural media increased and helped the YE-45
enriched microbes to be more vigorous, quickly turning the serum bottle condition into strictly anaerobic. Table46
3 showed that all ten canal anaerobic mixed cultures could dechlorinate HCB with a lag phase of 14 days, two of47
them has a shorter lag phase than the set without YE (Table 2). This is similar to the finding of Chen et al., in48
the investigation of the HCB dechlorination ability of untamed sediment anaerobic microbes in Erh-Jen River49
and Ho-Tsin River [17]. All microbial consortia from Erh-Jen River, Ho-Tsin River and Hua-Lum-Poo Canal50
sediments showed the enhancement of HCB-dechlorinating activity by YE supplement (Table 3). It suggested51
that HCB-dechlorination microorganisms is widespread over Taiwan rivers and Thai canal sediments. And the52
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environmental remediation of HCB pollution is possible with the potential of anaerobic microorganisms that1
originated in the contaminated sites. However, a noble HCB-dechlorination happened in the mixed cultures2
from Hua-Lum-Poo Canal. With YE (Table 3) or without YE (Table 2), both sets of microbes dechlorinated3
HCB faster than the sets from Taiwan rivers. The lag phase and dechlorination period (from the beginning up to4
the end of dechlorination) of Thai canal were 2 to 4 times shorter than Taiwan river sets.5

6
TABLE 2 - HCB Dechlorination by sediment microorganisms from Hua-Lum-Poo Canal sediments (S1 ~7

S10), Erh-Jen River sediments (E1,E2) and Ho-Tsin River sediments (H1, H2) by using8
sediment slurry (SS) without yeast extract as media.9

10

Inoculum
sourcea Medium

Yeast extract
amendment

(g/L)

Lag
phase
(day)

Dechlorination
completing

day

HCB
degradation

ratio (%)

Final
Product

S1 SSb 0 14 28 100 1,3,5-TCB

S2 SS 0 14 42 100 1,3,5-TCB

S3 SS 0 28 42 100 1,3,5-TCB

S4 SS 0 14 28 100 1,3,5-TCB

S5 SS 0 14 42 100 1,3,5-TCB

S6 SS 0 14 42 100 1,3,5-TCB

S7 SS 0 28 42 100 1,3,5-TCB

S8 SS 0 14 42 100 1,3,5-TCB

S9 SS 0 14 42 100 1,3,5-TCB

S10 SS 0 14 42 100 1,3,5-TCB

E1c SS 0 NDd ND 0 ND

E2 SS 0 90 NCe 59 1,3,5-TCB

H1 SS 0 ND ND 0 ND

H2 SS 0 75 NC 62 1,3,5-TCB
aInoculum of S1 ~ S10 from Hua-Lum-Poo Canal enriched with yeast extract for 1 week; inoculum of E1 ~11

H2 from Erh-Jen River and Ho-Tsin River pre-cultured under anaerobic condition for 2 weeks without yeast12
extract.13

bSS: Sediment slurry, mixed sediment and river water (1:1), then withdrawing the supernatant.14
cData of E1 ~ H2 taken from ����	���
�� ������	��
����� ��� �� 
����	����!���� ��� ���

��� ����
����15

microorganisms in Taiwan. Chen et al., Practice Periodical of Hazardous, Toxic, and Radioactive Waste16
�
�
��
���" [17].17

dND: No dechlorination after 150 days of incubation period.18
eNC: Dechlorination was not completed after 150 days of incubation period.19

20

2122
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FIGURE 2 - HCB dechlorination by site 4 (S4) indigenous microorganisms from canal sediments with1
sediment slurry (SS) as media.2

3
TABLE 3 - HCB dechlorination by sediment microorganisms from Hua-Lum-Poo Canal sediments (S1 ~4

S10), Erh-Jen River sediments (E1, E2) and Ho-Tsin River sediments (H1, H2) by using5
sediment slurry (SS) with yeast extract as media.6

7

Inoculum sourcea Medium
Yeast extract
amendment

(g/L)

Lag phase
(day)

Dechlorination
completing day Final Product

S1 SSb 5 14 28 1,3,5-TCB

S2 SS 5 14 28 1,3,5-TCB

S3 SS 5 14 42 1,3,5-TCB

S4 SS 5 14 42 1,3,5-TCB

S5 SS 5 14 42 1,3,5-TCB

S6 SS 5 14 42 1,3,5-TCB

S7 SS 5 14 28 1,3,5-TCB

S8 SS 5 14 28 1,3,5-TCB

S9 SS 5 14 42 1,3,5-TCB

S10 SS 5 14 42 1,3,5-TCB

E1c SS 5 60 110 1,3,5-TCB

E2 SS 5 30 90 1,3,5-TCB

H1 SS 5 60 110 1,3,5-TCB

H2 SS 5 30 90 1,3,5-TCB
aInoculum of S1 ~ S10 from Hua-Lum-Poo Canal enriched with yeast extract for 1 week; inoculum of E1 ~ H2 from8

Erh-Jen River and Ho-Tsin River pre-cultured under anaerobic condition for 2 weeks without yeast extract.9
bSS: Sediment slurry, mixed sediment and river water (1:1), then withdrawing the supernatant.10
cData of E1 ~ H2 taken from ����	���
��������	��
���������� 
����	����!����������

�������
����
��	��	�
���
�����11

Taiwan. Chen et al., #	
������#�	�����
�����$
!
	�������� ����
���%
���
������&
�����
�
��
���" [17].12
13

HCB DECHLORINATION IN SYNTHETIC MINERAL MEDIA SUPPLEMENTED WITH YEAST EXTRACT14
Using synthetic mineral medium (MM) amended with 5 g/L of yeast extract as media, HCB dechlorination15
(Table 4) looked no significant difference from the sets using sediment slurry added with YE (Table 3). Almost16
every bottle showed the same lag phase and dechlorination period, with only one exception of site 9 (S9). The17
dechlorination period of MM-YE bottles was 28 days shorter than SS-YE bottles. The efficiency of HCB-18
dechlorination in MM-YE by Thai canal microbes was also higher than Taiwan river microbes. This result19
revealed that HCB dechlorination in Thai canal is effective not only because the canal sediment slurry was more20
nutritious, but also from the powerful dechlorination ability of canal indigenous microorganisms.21

22
CONCLUSIONS23

24
For the removal of chlorinated aromatic compounds like hexachlorobenzene, pentachlorophenol, polychlorinated25
biphenyls and dioxins in contaminated environments, the strategy of mineralization by aerobic microorganisms26
is not available. Because of the concentration of these compounds in natural environment was always too low to27
initiate the aerobic microbial degradation. Furthermore, the chlorine atoms on the benzene ring will block the28
attack on the ring. Microbial reductive dechlorination was a kind of co-metabolism, dechlorinating anaerobic29
consortia degraded the chlorinated compounds only for energy harvesting. This kind of reaction can be activated30
under very low concentration of the target compound. Therefore, nowadays dechlorination was thought to be the31
only one way in the remediation of chlorinated aromatics pollution. In this study, the dechlorination ability and32
dechlorinating activity of anaerobic microorganisms in Thai canal were well evaluated. YE pre-enriched33
microbes from all 10 sites along whole Hau-Lum-Poo Canal could dechlorinate HCB within 42 days of34
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incubation. The results strongly suggested that the HCB degradation in natural Thai Canal was possible, and this1
kind of biodegradation was valuable for the remediation of chlorinated aromatic contamination in Thailand.2

3
TABLE 4 - HCB Dechlorination by sediment microorganisms from Hua-Lum-Poo Canal sediments (S1 ~4

S10), Erh-Jen River sediments (E1,E2) and Ho-Tsin River sediments (H1, H2) by using5
synthetic mineral medium (MM) with yeast extract amendment as media.6

7

Inoculum sourcea Medium
Yeast extract
amendment

(g/L)

Lag phase
(day)

Dechlorination
completing day Final Product

S1 MMb 5 14 28 1,3,5-TCB

S2 MM 5 14 28 1,3,5-TCB

S3 MM 5 14 42 1,3,5-TCB

S4 MM 5 14 42 1,3,5-TCB

S5 MM 5 14 42 1,3,5-TCB

S6 MM 5 14 42 1,3,5-TCB

S7 MM 5 14 28 1,3,5-TCB

S8 MM 5 14 28 1,3,5-TCB

S9 MM 5 14 28 1,3,5-TCB

S10 MM 5 14 42 1,3,5-TCB

E1c MM 5 45 90 1,3,5-TCB

E2 MM 5 30 60 1,3,5-TCB

H1 MM 5 45 90 1,3,5-TCB

H2 MM 5 30 75 1,3,5-TCB
a Inoculum of S1 ~ S10 from Hua-Lum-Poo Canal enriched with yeast extract for 1 week; inoculum of E1 ~ H2 from8

Erh-Jen River and Ho-Tsin River pre-cultured under anaerobic condition for 2 weeks without yeast extract.9
bSS: Sediment slurry, mixed sediment and river water (1:1), then withdrawing the supernatant.10
cData of E1 ~ H2 taken from ����	���
��������	��
���������� 
����	����!����������

��������
����
��	��	�
���
��11

in Taiwan. Chen et al., Practice Periodical of Hazardous, Toxic, and Radioactive Waste Man
��
���" [17].12
13
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Abstract 

 

This research studied the dechlorination of 2,3,4-trichlorobiphenyl by anaerobic sediment microbes from Erh-

Jen River in southern of Taiwan and from a canal along the Tumhru-Bangplee Road in Samuth Prakarn Province of 

Thailand by amending the sediment slurries with yeast extract and/or electron donor either pyruvate, lactate or acetate. In 

the control experiment in which neither yeast extract nor electron donor was added, the sediment slurry from the Tumhur-

Bangplee Road could declorinate 2,3,4-trichlorobiphenyl with the lag phase of 10 weeks whereas those from Erh-Jen 

River could not. This should be due to the difference in the microbial diversity/consortium of the natural sediments 

between these two streams which are located in different climate zones. Pyruvate and lactate could enhance the 

dechlorination of 2,3,4-trichlorobiphenyl in the canal sediment slurry, i.e., the lag phase was reduced from 10 weeks to 4-

6 weeks whereas acetate did not have any significant impact on the dechlorination process. This indicates that the acid-

forming bacteria which can use pyruvate and lactate as their substrate might directly involve in the dechlorination of 

2,3,4-trichlorobiphenyl. On the other hand, the methane-forming bacteria which use acetate as their substrate might not be 

the principal microorganisms controlling the dechlorination process in this canal sediment. There was no dehlorination 

happened in the sediment slurry of Erh-Jen River even with multiple supplements every 2 weeks indicating that the 2,3,4-

trichlorobiphenyl dechlorinators required long period of time to growth and produce related enzymes. 

 

Keywords: PCB; electron donor; sediment slurry; dechlorination

 

1. Introduction 

Polychlorinated biphenyls (PCBs) are stable organic compounds which consist of 1-10 chlorine atoms in 

biphenyl rings and have the chemical formula of C12H10-nCln as shown in Figure 1. PCBs were first produced 

commercially in the United States around 1929, and since that time they have had a wide range of applications including 

uses as dielectrics in capacitors and transformers, as a petroleum additive, plasticizer, lubricant, and in carbonless copy 

paper. This extensive use has also led to widespread contamination of PCBs in the environment, causing great concern 

due to their extreme persistence, bioaccumulation, and potential adverse health effects. The use of PCBs in Thailand has 

been banned since 1975; however, PCBs are still detected in Thailand after 1975 due to improper handling and storage of 

used transformers and condensers and accidental leakage of PCBs [1]. Bacteria in soils and sediments under anaerobic 

condition can selectively remove chlorines from meta- and para-positions of the biphenyl ring, appearing to reduce the 

toxicity and bioaccumulation potential of residues. These chlorinations were limited by PCB concentration [2], position of 

chlorine atom, group of microorganism, electron donor and electron acceptor, and microbial inhibitor [3]. Therefore, this 

study aims to investigate the influence of electron donors on the PCBs dechlorination ability in order to understand the 

dechlorination mechanisms and activity of the microbial dechlorinating consortium. 
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Figure 1. Structural formula of PCBs. 

 

2. Materials and Methods 

2.1 Sediment and Stream Water Samples 

Sediments and stream waters were collected from the Erh-Jen River along Tainan and Kaohsiung Counties in 

Southern of Taiwan and from a canal along the Tunhru-Bangplee road which receiving discharge from small material 

recovery facilities in Samuth Prakarn Province in Thailand. The media (sediment slurry) were freshly prepared prior to 

each experiment by mixing sediment and stream water at the ratio of 1:1 (v/v), sieved to remove the particles larger than 

0.7 mm, and kept in an alumina capped serum bottle. 

 

2.2 Experimental Setup 

2.2.1 Characterization of 2,3,4-CBp Dechlorination by Amendment with Nutrient and Electron Donor. 

In this scenario, 50 ml of sediment slurry was transferred to a 100 ml serum bottle and capped with the alumina-

cap. Each serum bottle was then added with yeast extract at the concentration of 5 g/l. Either pyruvate, acetate, or lactate 

was used as an electron donor source. Each organic compound was injected into the serum bottles to make the final 

concentration of 20 mM. 2,3,4-CBp was injected into all serum bottles to make the initial concentration of 2 ppm. All 

serum bottles were kept in the dark under local room temperature (either of Taiwan or Thailand). Residual PCBs, its 

intermediates and methane production were analyzed every 2 weeks.  

2.2.2 Characterization of 2,3,4-CBp Dechlorination by Extended Nutrient Feeding. 

 In this scenario, only sediment slurries from the Erh-Jen River were used. Fifty ml of sediment slurry in the 100 

ml serum bottle was inoculated with 2 g/l yeast extract and/or 1 g/l of electron donors. The nutrients were; however, 

added in two manners, i.e., as a single dose at the beginning and multi-dose every 2 weeks. Sediment slurry without 

external supplement was also prepared and served as the control. After that, 2,3,4-CBp was added into the serum bottles to 

make the initial concentration of 2 ppm then incubated in the dark under room conditions.  

 

2.3 Extraction Methods 

   At predetermined time, 2 ml of liquid mixture was withdrawn from the serum bottle by a needle and injected 

into an extraction tube. Two ml of hexane and 0.2 ml of 6 N NaOH were added. The mixture was then shaken by hand for 

100 times followed by ultra-sonicating for 10 minutes. The vial was centrifuged at 3,000 rpm for 10 minutes. The upper 

layer of extracting solvent was withdrawn as much as possible afterward and injected into a new tube. The remaining 

mixture was re-extracted for another two times following the similar procedures. At the third extraction, the upper layer 
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liquid was pulled out and filled the tube up to the 5-ml mark. A small amount of anhydrous Na2SO4 was added to remove 

moisture before GC analysis. 

 

2.4 Sample Analysis 

   For PCBs analysis, a gas chromatograph equipped with an ECD (Agilent 6890N, USA) and a capillary column 

of DB-5 fused silica was used to analyze PCBs and their by-products. The oven temperature was maintained at 120°C for 

2 min, raised to 225°C at 3°C/min, maintained for 3 min, and then raised again at 5°C/min to the final temperature of 

270 °C, which was held for 11 min. The temperature of the injector and the detector was set at 280°C and 300°C, 

respectively. Nitrogen gas was employed as the carrier and the make-up gases, at the flow rate of 4 ml/min and the split 

ratio was kept at 10:1. Water characteristics were analyzed according to the procedures described in the Standard Methods 

[4]. 

 

3. Results and Discussion 

3.1 Characteristics of Stream Water and Sediment Slurry  

   The pH and COD of the stream water and prepared sediment slurry from the canal in Thailand were 7.2 and 50 

mg/l and 6.9 and 13,100 mg/l, respectively. It could be seen that the sediment slurry contained high organic content 

indicating a sufficient carbon source and suitable pH for microbial activity under anaerobic condition although most of the 

organics were in the solid form. The SS and VSS of the sediment slurry were 95,800 and 8,150 mg/l, respectively. Low 

VSS:SS ratio of 0.09 indicated that most of the solids were inert materials. Nonetheless, there were enough viable 

microorganisms in the sediment slurry to perform the anaerobic degradation activity since methane gas was produced 

rapidly and enormously. The characteristics of water and sediment slurry from Erh-Jen River in Taiwan in terms of pH 

and COD were not determined; however, enormous biogas was observed during the sediment sampling as well.  Chen et 

al. [5] using the same sediment slurry from this site determined the soluble COD of the sediment slurry to be between 65 

and 163 mg/l. Therefore, it is believed that the sediment slurries prepared from these two sites had sufficient and suitable 

nutrients and substrates for anaerobic degradation. 

 

3.2 Effect of Nutrient and Electron Donor Supplement on 2,3,4-CBp Dechlorination 

   Even though the microorganisms in both sediment slurries were very active in term of anaerobic digestion, only 

the sediment slurry from the canal could dechlorinate 2,3,4-CBp as shown in Table 1. It is interesting to observe that the 

sediment slurry from the canal receiving discharge from material recovery facilities could dechlorinate 2,3,4-CBp even 

without any external supplements implying that the existing substrates and nutrients were already enough to support the 

dechlorination activity. As a result, the addition of yeast extract did not have any positive effects on the 2,3,4-CBp 

dechlorination. Pyruvate and lactate could notably improve the dechlorination ability by shortening the lag phase. Since 

both pyruvate and lactate are primary substrates to acidogenic bacteria, it implies that some acidogens might involve in 

the CBp-dechlorination process. On the other hand, acetate which promotes that methanogenic activity did not provide  
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Table 1. Effect of electron donor and nutrient supplement on 2,3,4-CBp dechlorination. 

 

Site Additive Dechlorination Product 
Lag Phase 

(weeks) 

Dechlorination 

completing week 

Control Yes 2,4-CBp 10 >16 

Yeast Extract Yes 2,4-CBp 14 >16 

Pyruvate Yes 2,4-CBp 6 >16 

Pyruvate+Yeast Extract Yes 2,4-CBp 8 >16 

Acetate Yes 2,4-CBp 14 >16 

Acetate+Yease Extract Yes 2,4-CBp 12 >16 

Lactate Yes 2,4-CBp 6 >16 

Canal 

Lactate+Yeast Extract Yes 2,4-CBp 4 >16 

Control No - - - 

Yeast Extract No - - - 

Pyruvate No - - - 

Pyruvate+Yeast Extract No - - - 

Acetate No - - - 

Acetate+Yease Extract No - - - 

Lactate No - - - 

Erh-Jen 

Lactate+Yeast Extract No - - - 

 

any improvement in the dechlorination process. It indicated that the methanogenic bacteria might not directly involve in 

the dechlorination of 2,3,4-CBp. Only 2,4-CBp was detected as a product from 2,3,4-CBp dechlorination. This result 

indicated that the middle chlorine atom in the biphenyl ring was more susceptible to be removed than other positions 

similar to the study of Chen et al. [3]. Despite the rapid emerging capability in CBp dechlorination as illustrated by the 

short lag phase, 2 ppm of 2,3,4-CBp could not be completely degraded in 16 weeks. In contrast to the canal sediment 

slurry, the sediment slurry prepared from the Erh-Jen River could not dechlorinate 2,3,4-CBp in all scenarios even with 

the supplement of electron donor and nutrient. This led to an initial hypothesis that there was possibly no CBp-

dechlorinator in the microbial matrix of this sediment or the room conditions in Taiwan were not suitable for CBp-

dechlorinators. It is important to note that these two streams are in the areas with the difference climate classifications i.e., 

Thailand is in the tropical climate zone with steady temperature whereas Taiwan is in the temperate climate zone with low 

temperature during the winter. Hence the native microbes in the sediment of the canal in Thailand should be more diverse 

than those in the Erh-Jen River in Taiwan due to the effect of temperature. In addition, it was also found that this canal 

was more polluted than the Erh-Jen River in Taiwan. The abundant substrate and nutrient in the sediment of this canal 

might intensify the diversity and activity of the microbes to be further superior than those in the Erh-Jen River sediment. 
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Cho and Oh [6] indicated that microbiological populations were different from location to location and, hence, they may 

show different dechlorination ability. Chen et al. [7] found that the HCB-dechlorinators’ activity was utmost between 30 

and 40�C (typical temperature in Thailand) and became deteriorated as the temperature rose or dropped below this range. 

Furthermore, Chen et al. [5] were able to use mineral medium and yeast extract to stimulate the 2,3,4-CBp dechlorination 

ability of the sediment slurry of the Erh-Jen River. They found that the dechlorination could happen within 8 weeks of the 

incubation at 30�C and the only one intermediate product found was 2,4-CBp similar to this study in the case of sediment 

slurry from the canal. On the other hand, they found no dechlorination happen within 24 weeks in the control set without 

mineral medium and yeast extract supplement. This suggests that the 2,3,4-CBp-dechlorinating microorganisms actually 

existed in the sediment of Erh-Jen River; however, they required the right environments to promote their dechlorination 

activities. 

 

3.3 Effect of Supplement Rate on 2,3,4-CBp Dechlorination 

   To verify whether the incompetent in substrate and nutrient uptake of the CBp-dechlorinators was actually the 

cause of no dechlorination activity observed in the sediment slurry prepared from the Erh-Jen River, the electron donor 

and nutrient was supplied continuously every two weeks. This supplement pattern ensured that the electron donor and 

nutrient would be present ceaselessly in the medium and, thus, sufficiently available for CBp-dechlorinators to take up 

and perform the dechlorination activities. However, the results still showed that 2,3,4-CBp could not be dechlorinated 

within 8 weeks of continuous supplement. As a result, it implies that the microbial consortiums in the sediment from Erh-

Jen River might indeed contain no CBp-dechlorinator. 

 

4. Conclusions  

   2,3,4-CBp could be dechlorinated to 2,4-CBp in the sediment slurry prepared from the sediment and water 

collected from the canal receiving the discharge from small material recovery facilities in Thailand without any 

supplement of electron donor or yeast extract. However, the sediment slurry of Erh-Jen River in Taiwan could not 

dechlorinate even with continuous supplement of substrate and nutrient suggesting different microbial diversity and 

activity between these two sediments. Temperature and substrate availability were most possible factors controlling the 

dechlorination process. Pyruvate and lactate could promote the dechlorination process in the canal sediment slurry 

implying that some species of acidogenic bacteria might involve in the 2,3,4-CBp dechlorination process whereas the 

methanogenic bacteria which use acetate as their substrate might not be the primary dechlorinator controlling the 2,3,4-

CBp degradation. The result from the sediment slurry from Erh-Jen River also indicated that the development of the 

dechlorinator population and its activity took a long period of time.  
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