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������ 3.12 �������	�
��
�����������
�����
��� (a) ��������������� (b) �����������

���������!"#� T. reesei $�� (c) �!"#��	���%�&�'��* +�.1 �,-����� 3 ��� %	�
�+/��%0�2���!�

�4����
����%�����%&5 1000 �%�� 

a 

b c
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3.4 �	
���
��������������
���	�	���� substrate ��������

�������	�� 

������
�+%&5 3.8 $�������������
���#4����� substrate (���
���) ��������������

����2���!"#��	���%�&�'���
���7���9 �,-����� 3 ��� 2������,-�������
���#4��������5*7�� ��


�+%&5 3.8(a) $�� (b) $�����
���	��
�*�%&5*&7���#4�����%&5����
�� substrate �����"5��*����

����������������	���%�&�' ���
���%&5 pH �,-� 5 $�� 6 7�*�4���/ �*"5��,�&�/�%&�/��/����%&5

$���,��*���#4�7���&���<'���
���%&5*&����,�&5��$,���	��
�*���!�����&����� (
�+%&5 3.7) ��

��>���� �
���%&5*&������#4�����
�� substrate ����*��%&5�	� �4����/%�#��!"#� T. reesei $���!"#�

��* +�.1 ���,-��
�����&�������/%&5�!"#��	���%�&�'������#4�7���&���<'?��*��%&5�	� �"�%&5 pH 5 

�	��
�*� 37 ��@��<��<&�� �4����/�!"#��� T. reesei $��%&5 pH 6 �	��
�*� 40 ��@��<��<&�� 

�4����/�!"#��	���%�&�'��* +�.1 �������&# $��2��*�������
���#4����� substrate %&5�
�����

���%�����"5�9 �>*&������%&5��*+��B'�����/,��*���#4�7���&���<'%&5���?�� ������"� ���
���%&5

��*��7���������C�7�/27$�����7���?<*' �!"#��	���%�&�'��*���%4������������ substrate ?���& 

��+/����#4�����
�� substrate *&�������*�� $���������7
��D'���,E�������?F2��?�<�� �"� 

�#4�7���&���<'
0#�������/%&5�������  

������
�+%&5 3.13 $������*��*+��B'��������#4����� substrate %&5���� ��/,��*��

�#4�7���&���<'%&5�����������������������!"#�%�#����,���
%���
���7���9 �,-����� 3 ��� ���&

%&5�!��!"#� T. reesei ��#� ���*��*+��B'*&������$//�!������%&5�����	��4����� $7����&%&5�!�

�!"#��	���%�&�'��* +/���*��*+��B'�,-�$//�!������%&5?*������	��4����� $��*&��7������
���#4�7��

�&���<'%&5����
0#�7����05�������#4�����%&5����
�� substrate �����������!��!"#� T. reesei �+&��

�������&��  

���*��*+��B'$//�!������%&5�����	��4����� �����&
������!��!"#��� T. reesei �+&�������

��&��������������� /��!&#���*&��?���"�,E�������
�����������������
0#��+&��$//��&�� 

������"� �,-�,E�������!&���*&%&5*&����!�������5*7�� *&���?<*'%&5��&5��
�����/����������� $��*& 

product ��"��#4�7���&���<' $//��&����� ����
0#���%	�9 �
���%&5%���� $*������/���
�����*& 

product ����
0#�*�������
����"5�9 �>7�* $7������%&5?�� �����?*���*�����/	?����� �#4�7��

�&���<'%&5����
0#���#��,-��#4�7��!�����  

�4����/���&%&5�!��!"#��	���%�&�'��* +�.1 ��#� �������/��!&#��� substrate ���������������

*&
���%&5��>�������������$�� ����%&5������,�&5������,-��#4�7���&���<'������7��?, $�����%&5

��	
��
�� substrate *&
�����>�����#� ����,-�����7	�������,�&5�����2��<���2���,-��#4�7��

����
0#�����������>�������%&5��� ��"5������!"#� +�.1 ,����/�����	���%�&�'����!���%�#�

$/�%&��&� �!�� Bacillus sp. $��7�2�*��<&� (Streptomyces sp.) $���� Scopulariopsis sp., 

Helicomyces sp., Chaetomium sp. $�� Trichoderma sp. �����#� �,-�?,?��%&5������$��

�!"#��	���%�&�'/��!��� �!�� Bacillus sp. ��"�$��7�2�*��<&� (Streptomyces sp.) <05��,-��	���%�&�'
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%&5*&/%/�%�4���C7��������������	+��
��������%�&�'��B��*!�7� ��%4�����%&5��
���
�� 

substrate ����������,-���	
��%&5$
��������������&#���!"#����� $���������"��,G�+"#�%&5���

��*�%&5*&���',����/$7�7���������2��<���2��%&5/��������
�� substrate �������>�?�����

����!���$��%&5 substrate *&�#4��������� $7����?*�*&�#4�7���&���<'����
0#� �����#��*"5�

�!"#��	���%�&�'�"5�9 �
��%4��������������	
��
�����>���"�+"#�%&5�,I��*����*�%&5����
0#�?�������

*&,����%B�
�+ �0����������#4�7���&���<'*&,��*���+�5*
0#�����������>�  

�����#��������%4�������*���
���	���%�&�'��������!��� �!"#���* +�.1 �0���*���%4�

����������
���#4����� substrate �,-�?,����������>�$��������#4�7���&���<'?���,-�,��*��%&5���

��������!��!"#��� T. reesei �+&���������&��  
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������ 3.13 ����$������*��*+��B'������� ,��*���#4�7���&���<'%&5����
0#� $���#4�����%&5����


�� substrate ��"5�����������������,-����� 3 ��� 2���!"#� T. reesei $���!"#��	���%�&�'��* 

+�.1  
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3.5  �	
���
�������
�
 substrate �!������
�������"�!�� 

����������������'%�����*���� ���� TGA ��
�+%&5 3.14 ��!����	��
�*� 50-

130 ��@��<��<&�� %	�7�������%&5%���/*&�����C��&����*!"#�,��*�������� 2.5 �0������� 

3.5 �����#� 7�#�$7��	��
�*�,��*�� 200 ��@��<��<&�� ���
���%&5?*������������ ���5**&���

��C��&�*������ ��
��%&5���
���%&5����������������!"#� T. reesei $�� �!"#���* +�.1 ��#� ���5*

*&�����C��&�*��%&5,��*�� 230 ��@��<��<&�� $����#��	�%&5,��*�� 340 ��@��<��<&�� ���

��C��&�*��%&5����
0#���!�����������	��
�*� 200 – 340 ��@��<��<&�� �,-��������7��
���F*�

�<���2��$���<���2�� (Mansaray and Ghaly 1999) <05�*&�����*���0�,��*�������� 50  ��C

���?, �4����/�����C��&�*����!���7��*��"�7�#�$7� 350 -470 ��@��<��<&�� �,-��������7��


�������� *&��������������C��&�*��,��*�������� 20-30  

���������� ���%&5?*������������ *&�������"��+&�������� 10 
���#4��������5*7�� 

��
��%&5���%&5������������!"#� T. reesei  $���!"#���* +�.1 *&,��*������%&5���"������� 12 $��

������ 23 
���#4��������5*7��7�*�4���/ $��������>���� ��������������������!"#���* +�.1 

�,-����� 3 ��� ,��*�����2��<���2����������� $������*������������������!"#��� T. 

reesei <05�����������/��������,��*���#4�7���&���<' $��������%���	�
��%&5?��������0�$��� 
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������ 3.14 �������������'�����%����%�����*������/������@���<���� 
�����
���%&5

����������������!"#� T. reesei $���!"#��	���%�&�' +�.1 �,�&�/�%&�/��/���%&5?*������������  

��������	

���
���� ������
��������
�-

������������������� 

������
���
��������� 
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��
�+%&5 3.15 �,-� DTG curve ��"� �,-���7������,�&5��$,��
���#4����� (���
��*�� 

TGA) �%&�/��/�	��
�*� <05���*���$����0��������&��
�����/���������,�&5��$,��%��

���*����?��!�����
0#� ����>�?����� �����%&5?*������������ ���5**&�����C��&�*������%&5�	��
�*�

,��*�� 200 ��@��<��<&�� +&� (S) <05�������������,-��������7��
�����',����/%&5��*���

������#4�?���4�+���#4�7�� �0�?*�+/��7��������"5��+�����������?,�*"5�$!����������&#���!"#�

����$���  

������7	%&5 Thermogram %&5?�����7�������,���
%���2��<���2����#� �,-���*����

,E��������������7��%�����*����
�����',����/$7���,���
% ?��$�� �F*��<���2�� �<���2�� 

$�������� (Williams and Besler 1996) �����#� ��
�+%&5 3.15 ���������0�?��$�������%&5�4���� 

DTG 
��$7������',����/��������,��$//7���9 ���?������ �+"5��B�/������,�&5��$,��%&5����


0#���/���%&5����������������	���%�&�' ������"� 7�#�$7��	��
�*�,��*�� 240 ��@��<��<&�� 

�,-�7��?, �,-�!���
���������7��
���F*��<���2�� (H) <05���#��	�%&5,��*�� 320 ��@�

�<��<&�� �����������7��
���<���2�� (C) ���5*7��%&5�	��
�*�,��*�� 280 ��@��<��<&�� 

��#��	�%&5,��*�� 360 ��@��<��<&�� 

����>�?����� �����%&5?*�����������������	���%�&�' ,���E+&�%&5��������������7��
��

�F*��<���2�����������!�� $7����/?*���>�+&�%&5��*+��B'��/�������7��
���<���2��?��!����� 

%�#�9 %&5��������5*7�� *&�<���2���,-����',����/���������%&5����0����������� 30 7�����
��*��/

��%&5?��������%���/��/���%&5��������������������	���%�&�'%�#��	���%�&�'��*$��!�����&��

�,-����� 3 ��� +/��� +&�%&5����!��%&5�	� �,-�+&�����������7��
���<���2�� (C) $7�+&�
���F*�

�<���2�� (H) ���/��>�?*�!����� ���������!"5���� ������,-��+�����������������������	���%�&�' %�#�

�F*��<���2��$���<���2�������������*��� �*"5��4�?,����F*��<���2���0����5**&�������7������ 

�����#����*������*%�#���<%&5����
0#�����������7��
���F*��<���2�� ��������7��,E����������

����7��
���<���2�� %4����+&�
���������7��
���<���2�� ?*�,���E!�������%&5?*��������

���� $7������%&5����������������	���%�&�' �F*��<���2��/����������������������2�����?<*' 

xylanase %&5���7����	���%�&�' $��*&������������<���2���,-������*��
0#� (
�+%&5 3.11(b)) 

�����#� +&�
�� DTG curve %&5?������������7��
���<���2���0�����!��*��
0#���
��%&5+&����

�������7��
��
���F*��<���2�����/���� ��*+��B'��/,��*��
���F*��<���2��%&5���� 

���������������"5�9 ��/	��� +&�%&5,���E
0#���!����	��
�*� 350 - 470 ��@��<��<&�� 

��&5��
�����/,E��������������7��
�������� $7���� DTG curve 2���O+����7����������%&5?*�

����������� ����>����*&���+&� $������,E��������������7��%�����*����%&5+/��!����	��
�*�

�&# ������������������',����/ (L1 $�� L2) %&5���?*���*�����/	?��$��!������"���?� �������

������������!"#� T. reesei *&��������',����/ L1 ���� ��
��%&5������������!"#��	���%�&�'

��* +�.1 ���/*&��������',����/ L2 ���� 
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������ 3.15: DTG curve 
�����
���%&5����������������!"#� T. reesei $���!"#��	���%�&�'

��* +�.1 �,�&�/�%&�/��/���%&5?*������������ %���/��/������@���<���� 
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�+%&5 3.16 �,-� DTG curve 
��7�������%�#���*�!�����* �+&��$7�%���/������@

$%���/������@���<���� +/��� ��������%����%&5����������/��
�+%&5 3.15 2���O+��

��!����	��
�*� 350 - 470 ��@��<��<&�� <05���&5��
�����/,E��������������7��
�������� 

��*����4�$������,-����,E������� (L1 $�� L2) �����%&5?*������������*&+&� L1 %&5!����� 

��
��%&5���',����/%&5���+&� L2 <05�����7��%&5�	��
�*�,��*�� 400 ��@��<��<&�� ��7�������

%&5����������������!"#���* +�.1 *&,��*�����������!����� �����#� ����7�&�*<���������P��

2�����������%&5������������!"#��	���%�&�'��* +�.1 �������*������?�����%�&����?�������

�*/���'%&5�	��
�*��+&�� 450-500 ��@��<��<&��  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 3.16: DTG curve $���,E��������������7��
�����
���%&5����������������!"#� T. 

reesei $���!"#��	���%�&�'��* +�.1 �%&�/��/���%&5?*������������ %���/������@ (air) 

(L1) (L2) 
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3.6  �	
���
�������#	�$�����%�&!����'�!��

�����*�� 

 ���
���%&5�������/������������������!"#��	���%�&�'%&5$7�7������ �*"5��4����%&5���"�

�������������$7������%����?,���%&5�	��
�*� 500 ��@��<��<&���+"5��4����������%�&�'%&5���

���"����� +/���������,��*������%&5?����$7�7������$��� ���*&������$���&%&5$7�7�����������

!����� ���$�����
�+%&5 3.17  

2���������%&5?*�����������������!"#��	���%�&�' (Untreated) *&�������,-����&
���*

!*+�����9 *&�@�����&�4�<05��,-����'/��%&5������?�*�?*��*�,�,������,-��4����*�� ��������

���������%&5��������������������!"#��	���%�&�'��* (LD.1) *&�������,-����&
������&��

�����$,I� $����0�������?�*�
�����%�&���7�	%&5�*/���'����7��������"5�9 $���	�%��� �������

������%&5��������������������!"#��� T. reesei *&�������,-�������&��$7��&?*�
���%����/

���&������������!"#��	���%�&�'��* ����������������'%�����*���� ������P�����������,-�

���%�&��������	�*
��������%&5������?�*�?��?*��*/���' $������+�5*�	��
�*���������������
0#�

��"��+�5*����������������������
0#��������*����4����*�%��%&5���"������&#���?,�*�?��   

�����
�����?,��$����0��������������'7�����������%�#���*��������&���<' �+"5����%��/

�0�,��*��
��<�����$��,��*��
���������%�&�'�"5�9 %&5�,-�*�%��  

 

 

 

 

 

 

 

 

 

������ 3.17: ������
���&$�����*����&��
���������%&5?*�����$������������������	���%�&�'

$�����%&5�	��
�*� 500 ��@��<��<&��  

 

Untreated Mixed culture (LDD1) T. reesei 
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       3.6.1 ����+��
�%�����"� 

$������� 3.1: �����������'���',����/%����*&
�����������������&���<'  

+�
"�,����% (�!��	�-���������
) $�������

�&!�*�� SiO2 K2O CaO MgO Mn2O3 Fe2O3 P2O5 SO3 ��" 

CT 72.60 17.94 1.86 2.67 0.56 0.18 2.88 1.21 99.9 

LD 73.65 1.12 2.52 1.07 9.88 0.13 9.83 1.66 99.9 

TR 82.53 2.55 2.64 1.18 3.42 0.17 4.70 2.66 99.9 

�*����7	: CT �"� �������!	���/�	*; LD �"� ����
�����%&5������������!"#���* +�.1; $�� TR �"�����
��

���%&5������������!"#� T. reesei 

 

����������������'���',����/%����*& 
���������%&5�������������������

�!"#��	���%�&�' (LD $�� TR) �,�&�/�%&�/��/!	���/�	*%&5?*�?����������������������!"#��	���%�&�' 

(CT) ���7����%&5 3.1 +/��� ,��*��<�����
��%	�7��������������������/%&5754������,I��*�� (����

�� 99) ����*�� 2���������%&5����������������!"#��� Trichoderma reesei *&�������
��<��������

%&5�	�����	�* �"������� 82.5 ��
��%&5�������%&5��������������������!"#��	���%�&�'��* +�.1 <05�

*&��7�������������
�����%�&����%&5����	� ���/*&�������
��<������+&�������� 73.6 ������

����/%&5������&����/<��������7��������������!	���/�	* 

�����?��>7�* �*"5�+������,��*��
�����?<�'%&5�,-����',����/�"5�9 ���*���� +/���

��������� LD ��#� *&$*����&� $�� �������� ,�,�������,��*��%&5��� 2��B�7	%�#�����&#*&

�#4�������*�������,
�����,����/���?<�'�0������� 19.7 ��
��%&5������� TR *&,��*��
��

$*����&�$��������������,
�����,����/���?<�'��*����+&�������� 8.1 $����!	�

��/�	**&�+&�������� 3.4 �%����#� �4���*%&5����
0#��"� B�7	%�#����%&5+/*����7����������� LD *&

%&5*������?� 

���%&5+/$*����&�$�������������������!	���/�	* (CT) *&,��*��%&5754� /��!&#��� B�7	

%�#����?*�?��*&���������7�#�$7����5*7�� $7�*&,��*���+�5*
0#������������4����?,�������/�����

�������������!"#��	���%�&�' ������7�����/+/��� %�#�$*����&� $���������� �����*&%&5*�

��� Manganese sulfate (MnSO4) $�� Di-potassium hydrogen phosphate (KH2PO4) <05��,-�

����,����/��������7��������&#���!"#��	���%�&�'%&5�!������%���� (Basal media) ��5���� $��

���%&5+/$*����&�$������������7�������������� LD �,-�,��*��%&5�������+�����!���%&5�	��

�%�&�'*&��7���������C�7�/27%&5���?���0����$*����&�$����������������������&#���!"#�*��!� 

%4����/�������/9 substrate %&5�	���%�&�'��@���������$���*&����/���*�
�*
��
��B�7	%�#�������
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*������/������"5�9  B�7	%�#�����0����������*��"�������<�/?��2�� substrate �����#� ��

7������� LD <05�*&,��*��
��<�����7���#4�������*
������������7������� TR �0�%4����+/

$*����&�$������������7����������� LD �,-��������%&5���������7����������� TR  

3.6.2 
���
�����������+��
�%���#��#	����"�+/��	;
 

�+"5��"�����������������'%����*&%&5+/���������7�������7���9 ������%����%&5����

*� 7��������������%�#���*����4�?,��������'���',����/%��$��$�����*�,-���0�2���!��%����

�����&#���/�
������&���<' �������������'$�����
�+%&5 3.18 

�������%&5+/��7�����������%�#���*�"�<�����!�������P�� <05���*+��B'��/+&�%&5*&P��

��������5*7�#�$7�*	* 2theta �%����/ 17 ��@�?,���0�,��*�� 28 ��@� +&�%&5*&������������!���&# 

$��������>��0���������&��7��
��2���
���<�����$//*&���/&�/��������#��+&��?*��&5����7�<��' 

2���O+����7��������������%&5?*�����������������	���%�&�'�����4�?,��� (untreated) %&5*&

������
�����*�,-�����P��*������7��������"5�9 �����7������%&57������� untreated *&P��


��+&�<���������P��%&5�����%&5�	� �������&# ���+/%�#�2+$%��<&�*���<���7 (K2C2O4) $�� 

K2CO3 <05��"�����0�%&5*�
��2+$%��<&�*%&5*&����*������� ���,����/������&# �,-�����<'%&5%4�

���<���������P��/����������������*%&5�	��
�*� 500 ��@��<��<&�� (Krishnarao et al., 

2001) ��������2��������
��<�����/�������#���5�*&���*?*��,-����/&�/�+�5**��
0#� �4��B�/���&#

��*+��B'��/������%�����
�+�������
���������%&5?*������������ �"� �*"5���*���������#���

�,������*$7����� �*"5�<���������P��*&������*�!���&# ������������7�&�*���?��<���������P��

%&5*&���*/���	%B�`����,-�?,?����� �+������/������4����2��������?��'%&5$+���
��?,��

2��������<�����$�����#� %4�?������4�/�� �*"5��,�&�/�%&�/��/�������%&5���������������

�!"#��	���%�&�' ��
������%&5?��*&������%&5�	�*����&�������$,I� ��	
��?*�*&������
��������*

7������,-�$���     

������<�����$��� ��7��������������*&+&�
�����,����/�"5�9 ,�,��������� ������

��������'2���,�&�/�%&�/��/��,�7��*���P��
��*��7������� +/��� +&�������&#7����/

���,����/����	�*�����7$��$*�����7�,-����� �!�� ��7����������� TR +/���,����/

����!���%�#� Mn3(PO4)2 , K6Mn2O6 $�� Ca2MnO4 ����7����������� LDD1 +/ Mn3(PO4)2 �,-�

���� ���,����/������&# ���������
0#�������%4�,E�������
��B�7	%&5*&������7�����������������

���?�����%�&������������%&5�	��
�*� 500 ��@��<��<&�� ���,����/�����7������&#?*�

������#4���"�������#4�?������*��7����!��������������  $������,��*��
�����,����/

������$��$*�����7%&5+/����
�������&# %4����������7�&�*<���������P�� ���7����4�������

?,$!�������������� �!�� HCl �+"5���������,��,jk��������&#���?,��&����� (Liou, 2004) �0�

�����4�?,���?�����%�&���� �����!���%4����,��*��
��*�%������ $��?��<�����%&5*&���*

/���	%B�`�+�5*���
0#� 
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������ 3.18: XRD Spectra 
���������%&5��������7�&�*7�������������%&5 500 ��@��<��<&��; 

Untreated �"� �������%&5���2��?*�����������������	���%�&�', TR �"� �������%&5���������������

�!"#� T. reesei ������� $�� LDD1 �"� �������%&5����������������!"#��	���%�&�'��* +�.1 ����

��� (��C�����'$%����7���9 ?��$��; � Mn3(PO4)2; � Ca2MnO4 ; � K6Mn2O6 ; � K2SO4 ; 

� K2C2O4 ;  $��  � K2CO3 ) 
 

3.6.3 	�
<�-�����!������%�=	��� 

������7�����/7������������������������	�%��@�'����>�7���$//�������� +/��� 

�������%&5����������������	���%�&�'*&��������	
��2��%�5�?,���$�����
�+%&5 3.19 ������"� 

��	
��������C���7����������� TR *&
�����>����� 50 ��2��*7� (3.19(a)) �"�,��*�� 15 – 

40 ��2��*7� $��*&2���������,-�$// ����P��2�������������'�����%���������&#���/�
��

�4�����>�7��� ��������	
��������&#������,-���	
��
��<���������P�� �������&# ��7�������

���� LD ���+/��	
��%&5*&��������������$7�*&
�����C����� �"�*&
���,��*�� 50-80 ��2�

�*7� ���$�����
�+%&5 3.19(b) <05� ��������������'��	
��%�#���7����������� TR $�� LD ����

�%���������&#���/�
���4�����>�7���+/���*&2��������$//����P���!����&����� 

Diffraction angle (2�) 

Untreated

TR 

LDD1

10  20   30 40 50 
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������ 3.19 ������
����	
��2��%�5�?,���7��������������%&5����������������	���%�&�'$��

���%&5 500 ��@��<��<&�� (a) 7����������� TR (b) 7����������� LDD1 ������7�����/2��

�%���������&#���/�
���4�����>�7��� +/���%�#����*&2���������,-�$//����P�� (
�+��>�) 

b

a 
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��7����������� TR ���+/��	
��%&5*&������$7�7���?,���$���
�+%&5 3.20 ��	
��

��������*&��,�����,-�$��� *&
�����C�����!���$��*��$��+/����%�5�?, �����������,����$��

,��*��%&5+/�!"5����������,-����%�&����/������%&5��������"����������%&5 500 ��@��<��<&�� 

<05�������������&
��7����������� TR ?*��,-��&
�� ���
�+%&5 3.17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

������ 3.20 ��	
���������"5�%&5+/��7����������� TR �������,-����%�&����%&5���"���������� 
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%���� 4 

%��
���,�#	���=+�	
����	�� 

$�����
������!����?<*'�<������ ����������������%�&�����4�+�����2��<���2��%&5

�,-�����,����/����
��$��/$�����
��� �+"5�������"�$7�����%&5�,-�<���������P��<05�*&����

,��*�������� 10-20 2���#4�����
�����$��$��/7�*�4���/��#� +/������*&�	,��������

,����� ����&# 

 ����!����?<*'�<������!����4���>���, <05�*&���*/���	%B�`���$����*����!�����������

�<���2���!�� ����������?���,-�������&��#� ���/����������������$��/%&5754�*�� $������

��>���� �4�+������!����?<*'�<�������+&���������&������������������%�&����,���
%���2�

�<���2����$��/<05�,����/���������� �F*��<���2�� $���<���2�� ������*�����#� ?*���*���

������,-�%&5���+��� �������&# ��������
�����?<*'/���	%B�`%&5���*�� %4������B&����&# ?*�*&���*

��*���*���!��+���!�' 

 ����,-�����	���"�%�#�%��������7�%&5*&����4��!�,��2�!�'��������$��/$7�*&,��*��

*�����������%��7�� �0��4�?,���$�����%&5�!��	���%�&�'���������������� %�#��	���%�&�'!��� 

Trichoderma reesei <05���*������7���?<*'�<������?������	� $���	���%�&�'��* +�.1 %&5��*

+�w��%&5���?��*&����������*����!�����	�*���7�������$�����������7,	z��*�����+"! ������B&�&# 

+/��� �!"#��	���%�&�'��* +�.1 ��*����!������������?�������*&,����%B�
�+ �#4�����
�����

��������	��0������� 55 
������%&5�!���������%&5 pH 6 �	��
�*� 40 ��@��<��<&�� �,-����� 3 

��� ��
��%&5����!��+&���!"#��� T. reesei �+&���������&�������%&5�������� �"� *&������#4�����


�������������	������� 40 �*"5�%���/%&5 pH 5 �	��
�*� 37 ��@��<��<&�� �,-����� 3 ���  

 ������%&5���"��������������������	���%�&�' �����*&���%�&�������"�����?*����� $*���

7����������%&5����������������!"#� +�.1 ���*&���%�&�������"�*������������ 70 2���#4����� 

(����%���������������'%�����*����) $������<�����/��������������,-����$
�����


�����>�$����C��&�?,����������/���������$����� �����#� ������7�����*&���%����

@0���������$��$����/��*��	
��<�����%&5$
�����������
������ �!�� ����!�7�$���%&5*&


���!���������>��� ��"� ���7�7����2�����,{|����&5�� �+"5����?��,��*��<�����%&5���7���*��


0#� $���4����%&5���"�?,%4������������<#4��&����#� �+"5����*&,��*�����%�&�������"�����%&5�	�  

 ������%&5����������������	���%�&�'��* +�.1 ��������������%&5 500 ��@��<��<&�� 

?������*&�������,-����&
������&��$�����"����%�&����������/754�%&5�	� $7������*&���,����/

�"5��!�� $*����&������7 ,�,�����,��*�������� 26.4 2���#4����� ��
��%&5����<05�?�����

���%&5���������!"#� T. reesei ���<�����,��*��������� �"������� 82.5 $7��>���*&����&5�9 ,�,�����

�0������� 17.5 �����#� $�����������!��O+���	���%�&�'�+"5��7�&�*<���������P��%&5*&���*/���	%B�`

������$��/��"������#� ������4��,-�%&5��7���@0�����B&%&5��
����*�%��������&#���?,����  
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********* 

 

������
 1 


���$���"������	�����?��� 

 

� 
���$���" potato dextrose agar (PDA) per liter  

������*  200.0 g Potato, infusion form 

20.0 g Dextrose 

15.0 g Agar 

7�*������*%�#��*����#4����5� $��,��/���,��*�7�
��
����������,-� 1 ��7�  

 

� 
���$���" Basal media per liter  

������*  1.4 g Ammonium sulfate (NH4)2SO4 

2.0 g Di-potassium hydrogen phosphate 

(KH2PO4) 

0.3 g Urea 

0.3 g Calcium chloride (CaCl2) 

0.6 g Magnesium sulfate heptahydrate 

(MgSO4.7H2O) 

0.009 g Ferrous Sulphate heptahydrate 

(FeSO4.7H2O) 

1.4 g Manganese Sulphate (MnSO4) 

0.0014 g  Zinc Sulphate heptahydrate (ZnSO4.7H2O) 

0.75 g  Peptone 

�����������*%�#��*����#4����5� $���7�*�#4����5��+"5�,��/,��*�7�
�����������,-� 1 

��7� �4�?,�05�����!"#��������"5�� autoclave %&5�	��
�*� 121�C �,-����� 30 ��%& $�����>/��7����>� 
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������
 2 


���
�������+�
"�,����$�	���
�@� 

 

- 
���$���" DNS reagent  

       �����*&%&5�!� ?��$��  sodium hydroxide       7.0   g

    3,5 dinitrosalicylic acid      3.74   g

    sodium potassium tartrate  108.05   g 

sodium metabisulfite      2.93   g 

deionized water   500   ml

  

����� sodium hydroxide �����#4� 400 ml ��/&�����' �����#� �7�* 3,5 

dinitrosalicylic acid ��?,$�������������*� �7�* sodium potassium tartrate $�� 

sodium metabisulfite ����������*� �����������%&5?������
�����,��*�7� $���

�7�*�#4�����,-� 500 ml  

 
- 
���$���"���	�	��%�*�*������-@����"@
�$�� 

�����*&%&5�!� ?��$��  citric acid monohydrate  105   g

   sodium hydroxide     30   g

   deionized water   500   ml 

��������/������'
��2<��&�*<��7�% ���*�
�*
�� 1 M �7�&�*2������� 

citric acid monohydrate ��/&�����'�����#4�,��*�� 400 ml ��������*� $����7�* 

sodium hydroxide �������%�5�������*� �����������%&5?������
�����,��*�7�
��� 

500 ml $�����"���������#4���*&,��*�7��,-� 500 ml ,��/ pH ��������7�* sodium 

hydroxide �����%�5�?�� pH 4.5  

�4����/���%���/,����%B�
�+���������
�����?<*'�<�������������������#��&# 

�!���������/������'
��2<��&�*<��7�% %&5��"����������"����*�
�*
���+&�� 0.05 M $��

*& pH 4.8 <05��7�&�*2�����7����������/������'
��2<��&�*<��7�% ���*�
�*
�� 1 M 

,��*�� 5 ml �����
�����,��*�7�
��� 100 ml $�����"���������#4����*&,��*�7��,-� 100 

ml %4������� pH ���?*�?�� pH �,-� 4.8 ���,��/��������7�* sodium hydroxide  
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- 
���$���"���	�	������$�	"�$�I��#	�
����!��
��*����%���"��!"�!� 

�7�&�*���������#4�7��*�7�P�� ���5*7��2���������� anhydrous glucose 

�����#4�,��*�� 400 ml ��/&�����' �����������%&5?�����
�����,��*�7�
��� 500 ml 

�7�*�#4���*&,��*�7��,-� 500 ml ���������#4�7��%&5?��*&���*�
�*
���,-� 1.0 mg/ml  

�4����/��������������/�%&�/������*�
�*
��
���#4�7���&���<' ����!���������

�#4�7��%&5?��*&���*�
�*
���,-� 1.0 mg/ml �7�*��������%����
��� 10 ml ��,��*��

������ 0.2, 0.4, 0.6, 0.8 $�� 1.0 ml 7�*�4���/ ��"����2������7�*��������/������'


��2<��&�*<��7�% ���*�
�*
�� 0.05 M ��*&,��*�7��,-� 2.0 ml %	�����%���� 

�4����/!	�%����<05�?*��7�*���������#4�7�� (“blank” ���*�
�*
�� 0.0 mg/ml) ������

�O+����������/������' �,-� 2.0 ml  

- 
���
�������+�
"�,����$�	����

���

������ 

�	�*����%����%&5*&���������#4�7�����*�
�*
��7���9 +���*�����/����

%����%&5*&���?<*'$��7��������� ���������#4�%&5,��/�	��
�*�?��7�*%&57������ �*"5���/

7�*����%&5�4���� �!�� 1 !�5�2*� �7�* DNS reagent ,��*�� 2.0 ml �+"5���	���#�,E�������

�����������
�����?<*' �����#� ��������%����%�#��*�?,�	�*���#4�%&5�	��
�*� 100 

��@��<��<&�� �,-����� 5 ��%& $����4����*��	�*�������#4�%&5�	��
�*� 0 ��@��<��<&�� 

�&��,-����� 5 ��%& $����4���������%&5�,-����������������%���� *������������"�

$��%&5���*�����"5� 540 ��2��*7� �������"5����,�27�2�27*��7��' ��������������"�

$��%&5����?�������������7������� �4�*��%&�/�,-�������*�
�*
��
���#4�7��������

%������������������?<*' 2���!�������������"�$��
�����������#4�7��*�7�P�� 
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Preparation of amorphous silica nanoparticles from rice straw with microbial 

hydrolysis pretreatment 

Suthee Wattanasiriwecha,*, Darunee Wattanasiriwecha, Jisnuson Svastib 

aSchool of Science, Mae Fah Luang University, Chiang Rai 57100, Thailand.  
bProtein Research Center, Mahidol University, Bangkok 10110, Thailand. 

Abstract  

An enzymatic hydrolysis approach was used in order to develop a milder process 

for preparation of amorphous silica from rice straw. Rice straw was firstly hydrolyzed 

either with a microbial isolate (T. reesei) or a microbial community (LDD1), followed by 

a heat treatment at 500�C for 8 h. After hydrolysis, the rice straw was decomposed by T. 

reesei and by LDD1 to 60% and 45% of the initial weight, of which 12% and 23% ash 

content was determined by thermogravimetric analysis (TGA), respectively. X-ray 

diffraction (XRD) and transmission electron microscopy (TEM) analysis confirmed that 

the major constituent in the ash was amorphous silica with the particle size range between 

50-80 nm. Silica content in the T. reesei pretreated ash was 82.5%, while that in the 

LDD1 pretreated ash was 73.6%. High content of impurities such as manganese and 

phosphate associated with microbial activities were detected in both pretreated ash 

samples.  

Keywords:   Amorphous silica, rice straw, enzymatic hydrolysis. 

 

1.  Introduction 

In Thailand, over 33 million tons of rice straw is generated annually as a by-

product of rice production. Around 8.5-14.4 million tons are disposed off by burning in 

the field during the dry season, which partly contributes to severe air pollution problems 

(Suramaythangkoor and Gheewala, 2008). The main constituents of rice straw are 

cellulose (44%), hemicellulose (26%), and lignin (12%) – amounting to approximately 

82% of the total mass (Sangnark and Noomhorm, 2004). The inorganic constituent 

contributes approximately 11-12% by weight of rice straw and is rich in silica (Agbagla-

Dohnani et al., 2001). This highly active silica has many industrial uses and various 
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extraction methods have been reported. Burning in open air is the most simple process, 

but desirable properties of silica such as high surface area and amorphous characteristics 

may not be preserved (Della et al., 2002). Over-firing of amorphous silica at 700�C or 

above may transform it to crystalline silica such as crystobalite or trydimite (Hamdan et 

al., 1997). The presence of these crystalline phases may not only reduce the reactivity of 

silica in the synthesis of downstream industrial products such as zeolites, but after a 

period of accumulation in lung tissue through the respiratory system, may also cause a 

decease known as silicosis (DHHS, 2002).   

Alternatively, high purity nano-silica could be produced from rice straw ash by 

chemical extraction methods (Kalapathy et al., 2000 & 2002; Zaky et al., 2008). This 

involved dissolution of silica at 100�C in NaOH solution followed by precipitation using 

acid solutions. Apart from the difficulty of handling corrosive solutions, complete 

elimination of the by-products such as Na2SO4 or NaCl trapped inside nanopores of silica, 

by sequential washing and drying steps could be tedious.  

Cellulase enzymes secreted from some strains of lignocellulosic microorganisms 

can effectively digest or shorten long chain of cellulose to water-soluble oligo-, di-, or 

monosaccharides. After enzymatic hydrolysis, rice straw can be utilized as nutrient-rich 

animal feed, as natural fertilizer, or further converted to biofuel by fermentation 

(Malherby & Cloete, 2002). For the last two decades, much research has focused on 

constructing superior lignocellulosic microorganisms, developing more effective substrate 

pretreatment methods, or improving hydrolytic activity of the enzymes to achieve the 

highest yield of sugars from lignocellulosic materials (Sun and Cheng, 2002). Among the 

recent findings, Abdulla and El-Shatoury (2007) reported that Micromonospora, and 

Streptomyces, two isolated cellulolytic actenomycetes, decomposed up to 60% by weight 

of rice straw after 8-12 weeks of incubation. Zhang et.al. (2008) reported that 

Trichoderma reesei ZM4-F3, a mutated cellulolytic fungus, could decompose 68.2% of 

rice straw after 5 days but the rice straw must be pretreated by soaking in an alkaline 

solution at 85�C before the hydrolysis. Despite the use of single strain, Haruta et al. 

(2002) constructed a highly effective microbial community from fermented composting 

materials. The microbial community consisted of both aerobic and anaerobic bacteria that 

were capable of degrading more than 60% of untreated rice straw in 4 days. With such a 

high degree of saccharification being achieved, the residual substrate should contain a 

large proportion of amorphous silica. Thus, collecting the solid residue from hydrolysis of 
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rice straw should be an alternative approach for producing amorphous silica. However, 

little attention has been paid to assess such possibility.  

In the present study, on-site enzymatic hydrolysis of rice straw was carried out 

using either a microbial isolate (Trichoderma reesei TISTR 3080) or a microbial 

community (LDD1), which was reported to be highly capable of decomposing biomass 

(Sun and Cheng, 2002; LDD, 2008). The residual substrate from hydrolysis process was 

collected and characterized prior to heat treatment to remove remaining organic matter. 

The use of corrosive chemicals or excessive heat treatment was avoided throughout this 

study. After pyrolysis, ash samples were studied in terms of silica content and structure. 

Finally, the feasibility and economic viability of this approach for the production of 

amorphous silica is discussed.  

2. Materials and methods 

2.1 Rice straw 

 Rice (Oryza sativa Indica) straw used in this study was obtained from Chiang Rai, 

Thailand. Only the part of the straw approximately between 20cm and 50cm above the 

ground was taken. It was cut to 2-3 cm length then thoroughly washed 3-4 times with 

tapped water prior to placing in an electric oven at 60�C until dry, and storing in a sealed 

plastic bag at room temperature.  

2.2 Microorganisms  

Trichoderma reesei TISTR 3080 was obtained from the culture collection of 

Microbial Center, Thailand Institute of Science and Technology Research (TISTR), 

Bangkok, Thailand. Spores of T. reesei TISTR 3080 (TR) were inoculated in potato 

dextrose broth at 37�C for 24 h and kept as TR stock culture. Microbial community LDD1 

was obtained from Chiang Rai regional centre of the Land Development Department, The 

Ministry of Agriculture and Cooperatives, Thailand. It consisted of effective cellulolytic 

microorganisms including bacterias, actinomycetes, and fungi that were capable of 

decomposing solid agricultural waste into fertilizer (LDD, 2008). LDD1 stock culture was 

prepared by dispersing 10% w/v of LDD1 powder in deionized water. The suspension 

(0.1 ml) was inoculated in a 50 ml trypticase soy broth at 37�C for 24 h.    

2.3 Hydrolysis of rice straw  
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 A 5.0-g rice straw sample was added to 350 ml basal media  ((NH4)2SO4 1.4 g; 

KH2PO4 2.0 g; urea 0.3 g; CaCl2 0.3 g; MgSO4.7H2O 0.6 g; FeSO4.7H2O 0.009 g; MnSO4 

1.4 g; ZnSO4.7H2O 0.0014 g; peptone 0.75 g; distilled water 1000 ml) in a 1000 ml flask 

and sterilized at 121�C for 15 min. Each hydrolysis system was adjusted to an optimal 

condition obtained from preliminary study, i.e. initial pH 5 at 37�C for T. reesei, and 

initial pH 6 at 40�C for LDD. Then a 5-ml stock culture was added to the system and 

incubated on a rotary shaker operated at 150 rpm. After 72 h, the supernatant was taken 

and the amount of reducing sugar produced was determined using DNS method described 

by Ghose (1987). Glucose standard solutions with the concentration of 0.2, 0.4, 0.6, 0.8, 

and 1.0 mg/ml were used for construction of the calibration curves. To determine the 

weight loss, the residual solid substrate was separated using a 60 mesh nylon sieve, then 

washed with water and dried in an electric oven at 105�C until the weight was constant.        

2.4 Substrate residue analysis 

 Microstructure of rice straw before and after 72-h hydrolysis was observed using 

an SEM (LEO 1450 VP). The samples were cut to 3-5 mm long, placed on a sticky carbon 

tape, and gold coated with AC gold sputtering prior to observation. Thermal analysis of 

the residues having an equal weight (4.4 mg) was conducted in an O2 atmosphere using a 

TGA/SDTA 851e STAR thermobalance (Mettler Toledo, Switzerland) with a constant 

heating rate of 20�C/min.  

2.5 Characterization of rice straw ash (RSA) 

To prepare a rice straw ash (RSA) sample, the rice straw residue was placed in a 

porcelain crucible and burnt in an electric furnace at the temperature of 500�C for 8 h 

with a constant heating rate of 2�C/min. After cooling down, the RSA sample was 

immediately placed in an air-tight desiccator. Chemical content of the RSA samples were 

determined using an energy dispersive X-ray fluorescence spectrometer (Horiba, Japan) 

while phase analysis was performed using X-ray powder diffractometer and the software 

X’pert High Score Plus (X’pert Pro MPD, Philips, Netherlands). Approximated particle 

size and crystallinity of RSA samples were verified using a TEM (JEOL JEM-2010, 

Japan).  

3. Results and Discussion 

3.1 Hydrolysis of rice straw  



 5

 Initially, the exterior surface of rice straw was a dense layer of amorphous silica 

with the thickness between 5-10 �m, while the interior part contained lignocellulosic 

layers of collapsed plant cell walls (Fig. 1). After 72 h of hydrolysis by the LDD1 mixed 

culture, the amorphous silica layer was apparently unaffected by the microbial attack, 

while the interior part was significantly “delaminated” (Fig. 2). Microstructural change of 

interior surface of rice straw before and after hydrolysis by LDD1 culture is displayed in 

Fig. 3.  

Decomposition of lignocellulosic materials occurred by at least two mechanisms, 

namely fragmentation and saccharification (Saqib and Whitney, 2006). Fragmentation 

results from enzymatic attack on amorphous regions (e.g. lignin) that bind the other 

crystalline components of the lignocellulosic material together. The LDD1 could 

decompose as much as 55% of rice straw within 72 h, with only 1.26 g/l of reducing sugar 

present (Table 1). However, this amount of reducing sugar is relatively low compared to 

the significant decrease in the substrate weight. Vlasenko et al. (1996) reported that a 48-h 

hydrolysis of pretreated rice straw with a commercial cellulase enzyme resulted in 30% 

weight loss of the substrate with 33 g/l of reducing sugar produced. From the 

microstructure observation of the LDD1 treated rice straw residue, some members of the 

LDD1 microbial community appeared to be highly capable of disintegrating the interior 

layers of rice straw including the top layer, allowing the complex porous structure 

underneath, with a larger surface area to be further hydrolyzed by other members. 

However, the low amount of the reducing sugar measured may result from utilization of 

sugars by the actively growing microorganisms.   

Microstructural change due to aggressive enzymatic degradation was not observed 

in the residual rice straw samples from the T. reesei culture, which showed only 40% 

weight loss, with 0.50 g/l of reducing sugar observed. Cellulase enzymes produced by T. 

reesei may be relatively effective in saccharification, but less capable in fragmentation of 

the lignocellulosic material. To enhance the cellulolytic degradation ability of T. reesei, 

pretreatment e.g. mechanical or chemical process was required (Jin et al., 2006; Zhang et 

al., 2008).  

 

3.2 Thermal analysis  

Thermal analysis results of untreated and residual rice straw samples are shown in 

Fig. 4. Ash content in the untreated rice straw was only 10% while those in the LDD1 and 
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TR pretreated rice straw residues were increased to 23% and 12%, respectively. These 

values indicated a higher degree of bio-degradation in rice straw samples especially by the 

LDD1 culture, and were in good agreement with the hydrolysis results.  

Moisture content in the dried residues was around 2-3% and was completely lost 

at around 100�C. The major weight loss was first observed around 185�C in the untreated 

rice straw, which may be due to the decomposition of volatile matters such as low 

molecular weight water-soluble sugars or salts. Following this, a substantial weight loss 

by approximately 50% occurred with every sample occurred from 245�C to 340�C. This 

was likely to be associated with decomposition of hemicellulose (H) and cellulose (C) 

(Mansaray, 1999; Xiao et al., 2001), the overlapping peaks of which may be better 

resolved in the differential thermogram (DTG) as shown in Fig. 5. The sharp peak of 

cellulose decomposition in the LDD treated sample could be due to its higher surface area 

resulting from effective fragmentation by LDD1.  

Another important change due to the decomposition of lignin occurred between 

350�C and 480�C, resulting in a 20-30% decrease of the initial weight. Two well resolved 

peaks (L1 and L2) were observed in the DTG plot, suggesting that it was likely that two 

components decomposed within this temperature range. Among all the samples, the 

relative height ratio of lignin decomposition peak to the cellulose decomposition peak 

(L/C ratio) in the LDD1 treated sample was smallest, corresponding to the least amount of 

lignin component in the residue. This result thus shows that LDD1 microbial community 

was more capable of degrading lignin components than T. reesei single strain. The 

relatively small L1 and L2 peaks from the untreated rice straw could be due to incomplete 

pyrolysis as discussed below.  

3.3 Characterization of ash  

The rice straw residues from the microbial hydrolysis pretreatment and the 

untreated rice straw were burnt along in an electrical furnace at 500�C for 8 h. The ash 

samples are shown in Fig. 6, and the results of chemical analysis result using the XRF 

technique are given in Table 2. The untreated rice straw ash gave crispy feeling when 

touched with fingers which could result from formation of potassium silicate glass as 

described by Kalapathy et al. (2002). This potassium silicate glass could melt at very low 

temperature and prevent further pyrolysis of the carbonaceous matter, resulting in the 

presence of dark carbon particles in the untreated rice straw ash. From Table 2, the silica 
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content of the untreated rice straw ash was 72.6%. It should be noted that the chemical 

analysis result did not include carbon content, so the actual silica content in this ash 

sample was somewhat lower than the reported value.  

On the other hand, the LDD1 and TR pretreated ash samples were apparently soft 

to the finger, even though their colors were different. The off-white color in the TR 

pretreated ash samples could result from residual carbon compounds that require a higher 

temperature or a longer time for complete burning. The highest silica content of 82.5% 

was found in the TR treated samples. Apparently, less carbon residue and higher silica 

content were expected in the LDD1 treated ash sample, but only 73.6% silica was 

detected. This was due to high impurity content consisting mainly of manganese and 

phosphorus compounds.  

Under the TEM observation, the estimated particle size of amorphous silica in the 

TR treated ash sample was less than 50 nm, while that in the LDD1 treated ash was 

between 50 and 80 nm, as displayed in Fig. 7. The diffused ring in the selected area 

electron diffraction pattern (SADP) mode revealed that these silica nano-particles were in 

amorphous form. XRD analysis of the ash samples confirmed that this silica was in 

amorphous form, as shown in Fig. 8. A broad peak covering diffraction angle of 17�– 28� 

two theta observed in every ash sample was characteristic of amorphous silica. The 

broader silica peak observed in the untreated ash sample could be associated with the 

formation of glass. Manganese and phosphorus, the major impurities in the LDD1 treated 

ash, were also observed in the TR treated ash sample but at lower level. Manganese 

phosphate (Mn3(PO4)2) was found in the LDD1 treated ash, with a trace of calcium 

manganite (Ca2MnO4). These compounds were also found in the TR treated ash sample, 

together with the presence of potassium manganese oxide (K6Mn2O6).   

Another question raised here was why the pretreated rice straw ash samples 

contained a significant amount of manganese and phosphorus? Since only a small amount 

of manganese and phosphorus was found in the untreated rice straw sample, the source of 

manganese and phosphorus was likely from the basal media. Phosphate was an important 

nutrient for many microorganisms including fungi (Gadd, 1999). Many lignocellulosic 

fungi were capable of degrading lignin by producing an enzyme called manganese 

peroxidase (MnP) that could depolymerize lignin and convert it into water soluble 

products (Dorado et.al., 1999). Therefore, manganese and phosphate from the basal media 
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may be used by microorganisms during growth, and become concentrated in the rice straw 

residues as a result of such microbial activities.  

Potassium was the major impurity found in the untreated sample. Apart from 

potassium sulfate, a trace of potassium oxalate (K2C2O4) and potassium carbonate 

(K2CO3) were detected by the XRD analysis of the untreated ash sample. This evidence 

suggested the presence of potassium oxalate monohydrate, a soluble salt found in the 

interior part of rice straw, as reported by Inglesby et. al (2005). This potassium compound 

may dissolve away after soaking in the basal media solution for several hours, leaving 

only a small amount of potassium in the pretreated rice straw ash.   

4. Conclusion 
 

Amorphous silica with the particle size range between 50-80 nm has been 

prepared from rice straw residue with on-site microbial hydrolysis pretreatment using a 

microbial isolate (T. reesei) or a microbial community (LDD1), followed by a heat 

treatment at 500�C for 8 h. The residual weight and the microstructural change of the 

substrate indicated that LDD1 could decompose rice straw more effectively than T. reesei. 

Since the LDD1 pretreated residue contained less amount of lignin, it was believed that 

the LDD1 microbial community was highly capable of hydrolyzing lignin components, 

causing greater disintegration of the lignocellulosic structure. After the rice straw residues 

were heat treated at 500�C, the ash content in the LDD1 pretreated residue was also found 

to be significantly higher by almost two-fold. However, not only silica was present in the 

LDD1 and T. reesei pretreated ash samples, but impurities e.g. manganese and phosphate 

compounds associated with microbial activities were also detected. To improve the silica 

yield, further investigation on washing the decomposed rice straw residues is required. 
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Fig. 1: SEM micrograph on cross-sectional view of rice straw showing initial 
microstructure before hydrolysis. 
 

 
 
 
 
 
 
 
 
 
 

     
 
 
 
 
 

 
 
 
 
 
 
 

 
 

           Fig. 2: SEM micrograph of degraded rice straw after 72 h of LDD1 hydrolysis. 
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  Fig. 3:  SEM micrographs showing interior surface of rice straw (a) before (b) after    
LDD1 hydrolysis for 72 h. 
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Fig. 4: TGA curves of untreated and hydrolyzed rice straw samples. (TR: rice straw 
hydrolyzed by Trichoderma reesei TISTR 3080; LDD1: rice straw hydrolyzed by 
LDD1 microbial community). 
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Fig. 5: DTG curves of untreated and hydrolyzed rice straw samples.  
 (H: hemicelluloses; C: cellulose; L1 and L2: lignin). 
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  Fig. 6: Ashes from untreated and rice straw residues burned at 500�C for 8 h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7: TEM micrograph of silica nano-particles in the LDD1 treated ash sample. The 
small image was SADP of the particles. 
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Fig. 8: XRD spectra of ash samples. Denoted TR, and LDD1 are Trichoderma reesei, 
and LDD1 pretreated samples, respectively. Symbolic representation of each phase 
are as follows; � Mn3(PO4)2; �  Ca2MnO4 ;  � K6Mn2O6 ;  � K2SO4 ;  � K2C2O4 ;  and 
� K2CO3 . 
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        Table 1: Optimal culture conditions and hydrolysis results after 72h incubation 

Culture pH Temperature 
(�C) 

Weight loss 
(%) 

Reducing sugar 
(g/l) 

Ash content 
(%) 

TR 5 37 40 1.26 12 
LDD1 6 40 55 0.50 23 

 
 

Table 2: X-ray fluorescence chemical analysis of ash samples 

Chemical content (% by weight) 
Ash sample 

SiO2 K2O CaO MgO Mn2O3 Fe2O3 P2O5 SO3 

Untreated 72.60 17.94 1.86 2.67 0.56 0.18 2.88 1.21 

LDD1 treated 73.65 1.12 2.52 1.07 9.88 0.13 9.83 1.66 

TR treated 82.53 2.55 2.64 1.18 3.42 0.17 4.70 2.66 
 

 


