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Abstract

インドネシアは世界最大のヤシ油生産
国。その製造過程で出る有機廃棄物を
利用し、食用資源と競合しないバイオ
燃料を効率生産する方法を検証した。

Introduction
%LRHWKDQRO�SURGXFWLRQ�EDVHG�RQ�VXJDU�DQG�VWDUFK�KDV�
EHHQ�JHWWLQJ�IDPLOLDU�WR�VXEVWLWXWH�IRVVLO�IXHOV�GXH�WR�
OLPLWHG�VXSSOLHV�DQG�JOREDO�ZDUPLQJ�LVVXHV��8QIRU-
WXQDWHO\��WKLV�GHYHORSPHQW�KDV�EHHQ�UHWDUGHG�E\�WKH�
JURZLQJ�FRQFHUQV�RI�FRPSHWLWLRQ�ZLWK� IRRG�DYDLO-
DELOLW\��DFWXDO�QHW�HQHUJ\�RXWSXW��UHVWULFWLRQV�RQ�ODQG�
XVH�� DQG� WKH� KLJK�SURGXFWLRQ� FRVW[1]��2Q� WKH� RWKHU�

KDQG�� OLJQRFHOOXORVLF� ELRPDVV� IURP� DJULFXOWXUDO�
ZDVWH�LV�DYDLODEOH�LQ�DEXQGDQFH�LQ�PDQ\�FRXQWULHV��
EXW�QRW�ZHOO�XWLOL]HG�� ,W�GRHV�QRW�QHHG� IHUWLOH� ODQG�
DQG�FDQ�LPSURYH�WKH�HPLVVLRQ�EDODQFH�RI�JUHHQKRXVH�
JDVVHV[2]��7KH� ELRHWKDQRO� GHULYHG� IURP�QRQ�HGLEOH�
OLJQRFHOOXORVLF� ELRPDVV� LV� FDOOHG� WKH� ³VHFRQG�
JHQHUDWLRQ�ELRHWKDQRO�´�

$MHQJ�$UXP�6DUL���$KPDG�)DL]�,EDGXUUDKPDQ���-RNR�
:DOX\R���0XU\DQWR���)HQL�$PULDQL���'LDQ�%XUKDQL���
<DQQL�6XGL\DQL���+D]QDQ�$ELPDQ\X�
��5HVHDUFKHU��5HVHDUFK�&HQWHU�IRU�&KHPLVWU\��,QGRQHVLDQ�,QVWLWXWH�RI�
6FLHQFHV��,QGRQHVLD
��6WXGHQW��'HSDUWPHQW�RI�&KHPLFDO�DQG�%LRORJLFDO�(QJLQHHULQJ��1DWLRQDO�
,QVWLWXWH�RI�7HFKQRORJ\��:DND\DPD�&ROOHJH��-DSDQ

Effective production of second generation bioethanol: 
Perspective study on wastewater pretreatment 

Over the last ten years, there has been a dramatic increase in bioethanol production based on sugar 
cane and other vegetables. However, it faced a drawback as the high price of raw materials caused the 
production cost to be higher too. There is a need to explore alternative feedstocks such as lignocellulosic 

biomass because of its abundance in many countries but still neglected. Indonesia is the largest producer of 
palm oil in the world, and has high amount of oil palm empty fruit bunches (OPEFB) which could be utilized for 
bioethanol production. It consists of four main processes: pretreatment, hydrolysis, fermentation, and distillation 
of product ethanol. Pretreatment process used  600 kg OPEFB as a feed, and generated 76.46 kg bioethanol and 
3,000 liters wastewater (called “black liquor”) containing high COD and potentially toxic chlorinated compounds. 
Many researches regarding optimization process of bioethanol production and life cycle analysis of the process 
have been conducted. However, research concerning the wastewater pretreatment is still limited. Currently, we are 
developing technology for degradation of black liquor using combined treatment that consists of coagulation, Fenton, 
combination coagulation-Fenton. Each method has the ability to degrade black liquor in the range 50-98%. However, 
these systems also produce a sludge as new waste. Therefore, we are developing new technology to utilize this 
sludge as an environment-friendly activated carbon material based on Fe and Al. In our best knowledge, it is the first 
report regarding the utilization of black liquor sludge for activated carbon. This study was conducted considering 
the environmental aspect which should be applied through the development of an integrated engineering process 
for black liquor in production of the second generation bioethanol.
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� 7KLV�SDSHU�LV�D�FRQFLVH�RYHUYLHZ�RI�WKH�EDVLF�FRQ-
FHSWV�LQ�ELRHWKDQRO�SURGXFWLRQ�IURP�RLO�SDOP�HPSW\�
IUXLW�EXQFKHV��7KHUH�DUH�VWLOO�VRPH�FKDOOHQJHV�ZKLFK�
VKRXOG�EH�IDFHG�LQ�ZDVWHZDWHU�WUHDWPHQW�IURP�SUH-
WUHDWPHQW�SURFHVV�RI�VHFRQG�JHQHUDWLRQ�ELRHWKDQRO��
)RU�WKLV�UHDVRQ��WKUHH�DGYDQWDJHRXV�PHWKRGV��UHJDUG-
LQJ�EODFN� OLTXRU¶V� HI¿FLHQW� GHJUDGDWLRQ�� LQFOXGLQJ�
3$&� FRDJXODWLRQ�� )HQWRQ�� DQG� )HQWRQ�3$&� ZHUH�
VWXGLHG��$W�WKH�HQG�RI�WKLV�SDSHU��WKH�SRWHQWLDO�FRQ-
YHUVLRQ�RI�EODFN�OLTXRU�VOXGJH�WR�EH�DFWLYDWHG�FDUERQ�
LV�DOVR�GLVFXVVHG��

Potential of agricultural wastes in 
Indonesia
,Q�,QGRQHVLD��WKH�FRPPRQO\�XVHG�DJULFXOWXUDO�UHVL-
GXHV�IRU�ELRHWKDQRO�SURGXFWLRQ�DUH�PDLQO\�GHULYHG�
IURP� RLO� SDOP�HPSW\� IUXLW� EXQFKHV� DQG� IURQGV���
ULFH��KXVN�DQG�VWUDZ���FRUQ��FRUQ�FRE���VXJDU�FDQH�
�EDJDVVH���DQG�IURP�IRUHVW�SURGXFW�ZDVWH[3]��7DEOH���
VKRZV�WKH�VXPPDU\�IRU�WKH�SRWHQWLDO�RI�ELRHWKDQRO�
SURGXFWLRQ�IURP�DJULFXOWXUDO�ZDVWHV�LQ�,QGRQHVLD�

Bioconversion of oil palm empty fruit 
bunch to bioethanol
$V� WKH� ODUJHVW� SDOP� RLO� SURGXFHU� LQ� WKH� ZRUOG��
,QGRQHVLD�SURGXFH�FUXGH�SDOP�RLO�ZKLFK�OHDYHV�RLO�
SDOP�HPSW\�IUXLW�EXQFK��23()%��DV�D�ZDVWH�ZLWK�
FRPSDULVRQ�PDVV�UDWLR������[4]��$V�D�OLJQRFHOOXORVLF�
ELRPDVV��23()%�FRQWDLQV�FHOOXORVH����������������
KHPLFHOOXORVH� ��������������� DQG� OLJQLQ� ������
�������[4,5,6]��2XW�RI�WKH�WKUHH�PDMRULW\�FRQWHQWV�RI�
OLJQRFHOOXORVLF�ELRPDVV�RQO\�FHOOXORVH�DQG�KHPLFHO-
OXORVH�FDQ�EH�FRQYHUWHG�WR�HWKDQRO��5HVHDUFK�&HQWHU�
IRU�&KHPLVWU\��,QGRQHVLDQ�,QVWLWXWH�RI�6FLHQFHV�KDV�
EHHQ�GHYHORSLQJ�WKH�WHFKQRORJLFDO�SURFHVV�IRU�ELR-
HWKDQRO�SURGXFWLRQ�IURP�23()%��7KH�SURFHVV�LWVHOI�
FRQVLVWV�RI�IRXU�VWHSV��SUHWUHDWPHQW�WR�EUHDNGRZQ�WKH�
PDLQ�FRPSRQHQWV��K\GURO\VLV�RI�FHOOXORVH�WR�SURGXFH�
VXJDUV��IHUPHQWDWLRQ�RI�VXJDUV�WR�HWKDQRO��DQG�GLVWLO-
ODWLRQ�WR�REWDLQ�SXUL¿HG�HWKDQRO��
� 7KH� SULPDU\� SXUSRVHV� RI� SUHWUHDWPHQW� SURFHVV�

DUH� UHPRYLQJ� OLJQLQ�DQG�KHPLFHOOXORVH�� LQFUHDVLQJ�
VXUIDFH� DUHD� DQG� WR� IUDFWLRQDWH� DPRUSKRXV� FHO-
OXORVH[7,8,9,10]��7KH� \LHOG� RI� FHOOXORVH� K\GURO\VLV� LV�
LQFUHDVHG� IRXU�IROG� DIWHU� SUHWUHDWPHQW� SURFHVV[11]� 

7KHUH� DUH� VHYHUDO� W\SHV� RI� SUHWUHDWPHQW� SURFHVV��
LQFOXGLQJ�SK\VLFDO��PHFKDQLFDO��FKHPLFDO��ELRORJLFDO��
RU�D�FRPELQDWLRQ�RI� WKHVH� W\SHV[10,12,13,14,15,16]��7KH�
FKHPLFDO� SUHWUHDWPHQW� RI� OLJQRFHOOXORVLF� FDQ� XVH�
HLWKHU�GLOXWH�RU�VWURQJ�DFLG��DQG�VRGLXP�K\GUR[LGH�
�1D2+���)RU�WKLV�VWXG\��ZH�XVHG�DONDOLQH�SUHWUHDW-
PHQW��1D2+���,W�ZDV�DLPHG�WR�DOWHU�WKH�VWUXFWXUH�RI�
FHOOXORVLF�ELRPDVV�E\�UHPRYLQJ�OLJQLQ�DQG�KHPLFHO-
OXORVHV�� VR� WKDW� WKH� FHOOXORVH� EHFDPH�PRUH� DFFHV-
VLEOH� WR� WKH� HQ]\PHV� WKDW� FRQYHUW� FDUERK\GUDWH�
SRO\PHUV� LQWR� IHUPHQWDEOH� VXJDUV[16]�� 7KH� GHJUHH�
RI� SRO\PHUL]DWLRQ� DQG� FU\VWDOOLQLW\� ZLOO� GHFUHDVH�
ZKLFK�SURYRNHV�OLJQLQ�VWUXFWXUH�GLVUXSWLRQ[8]��'XULQJ�
DONDOL� SUHWUHDWPHQW�� OLJQLQ� DQG� KHPLFHOOXORVH� DUH�
VROXELOL]HG�DQG�RU�GHFRPSRVHG�LQ�WKH�DTXHRXV�SKDVH�
UHVXOW�LQ�D�VROXEOH�IUDFWLRQ�FRQWDLQLQJ�KHPLFHOOXORVHV�
DQG� OLJQLQ� GHJUDGDWLRQ� SURGXFWV�� ZKLOH� FHOOXORVH�
UHPDLQ� LQ� WKH� VROLG� IUDFWLRQ� UHVXOW� LQ� DQ� LQVROXEOH�
FHOOXORVH�ULFK�IUDFWLRQ[17,18,19]��
� +RZHYHU��WKH�SURGXFWLRQ�RI�������NJ�ELRHWKDQRO�
XVLQJ�����NJ�RLO�SDOP�HPSW\�IUXLW�EXQFKHV�UHVXOWHG�
LQ������OLWHUV�ZDVWHZDWHU�IURP�DONDOLQH�SUHWUHDWPHQW�
SURFHVV��7KLV�ZDVWHZDWHU� LV� FDOOHG� ³EODFN� OLTXRU´��
,W� KDV� EODFN� FRORU� ZLWK� KLJK� &2'� ������� SSP��
DQG�DOVR�PD\�FRQVLVW�SRWHQWLDOO\� WR[LF�FKORULQDWHG�
FRPSRXQGV��VXVSHQGHG�VROLGV��SKHQROLFV��DQG�UHVLQ�
DORQJ�ZLWK�OLJQLQV��

Table 1.  Production of agricultural wastes and bioethanol 
potential in Indonesia

7\SHV <HDU
3URGXFWLRQ�

�PLOOLRQ�WRQV����
\HDU

%LRHWKDQRO�
SRWHQWLDO�
�OLWHU���WRQ�

(PSW\�IUXLW�
EXQFKHV ���� ����� ������

3DOP�RLO�IURQGV ���� �� ������
5LFH�VWUDZ ���� ���� �����
5LFH�KXVNV ���� ����� �����
&RUQ�FRE ���� ���� ����
6XJDUFDQH ���� ��� ��

Modified from Sudiyani et al. (2015)[3]
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� 7KH� VHFRQG� SURFHVV� LV� VDFFKDULILFDWLRQ�� 7KH�
REMHFWLYH� IRU� WKLV� LV� WR� EUHDNGRZQ� WKH� SUHWUHDWHG�
FHOOXORVLF� PROHFXOHV� LQWR� VLPSOH� VXJDU� E\� XVLQJ�
HQ]\PDWLF�K\GURO\VLV��(Q]\PDWLF�K\GURO\VLV� LV� WKH�
NH\� WR� FRVW�HIIHFWLYH� HWKDQRO� SURGXFWLRQ[11]�� 7KH�
VDFFKDUL¿FDWLRQ�WKDW�ZH�FRQGXFWHG�LQ�WKLV�VWXG\�GLG�
QRW�JHQHUDWH�ZDVWH�DV�LW�VLPXOWDQHRXVO\�FDUULHG�RXW�
ZLWK�WKH�IHUPHQWDWLRQ�SURFHVV��
� 7KH� ELRPDVV� LV� K\GURO\]HG� E\� FHOOXORO\WLF�
HQ]\PHV�LQWR�IHUPHQWDEOH�VXJDUV��ZKLFK DUH�GLUHFWO\�
IHUPHQWHG�WR�HWKDQRO��7KH�PDLQ�UHTXLUHPHQW�IRU�WKH�
PLFURRUJDQLVPV� XVHG� LQ� IHUPHQWDWLRQ� LV� LW� VKRXOG�
XWLOL]H� D� EURDG� UDQJH� RI� VXEVWUDWHV�� KLJK� HWKDQRO�
\LHOG�� WLWHU�DQG�SURGXFWLYLW\��DQG�KLJK� WROHUDQFH� WR�
HWKDQRO�� WHPSHUDWXUH�� DQG� LQKLELWRUV� SUHVHQFH� LQ�
K\GURO\VDWH[11]��7KH�PDLQ�DGYDQWDJHV�RI�VLPXOWDQHRXV�
VDFFKDULILFDWLRQ� DQG� IHUPHQWDWLRQ� SURFHVV� DUH�
FRPSDUDWLYHO\�ORZHU�FRVWV��KLJKHU�HWKDQRO�\LHOGV�GXH�
WR� D� UHPRYDO�RI� IHHGEDFN� LQKLELWLRQ�RQ�HQ]\PDWLF�
VDFFKDUL¿FDWLRQ[20]� 8QIRUWXQDWHO\��PLFURRUJDQLVPV�
IRU� WKH� GLIIHUHQW� RSWLPXP� FRQGLWLRQV� IRU� HQ]\PH�
K\GURO\VLV� LQ� VLPXOWDQHRXV� VDFFKDULILFDWLRQ� DQG�
IHUPHQWDWLRQ� LV� UDUHO\� IRXQG[21]� &XUUHQWO\��ZH� DUH�
GHYHORSLQJ�WKH�SURGXFWLRQ�RI�JOXWDWKLRQH�DQG�\HDVW 

H[WUDFWHG�IURP�WKLV�ZDVWHZDWHU�

Wastewater treatment in bioethanol 
production
*UHHQ�SURGXFW�LQQRYDWLRQ�LV�WKH�LQWHUDFWLRQ�EHWZHHQ�
WHFKQRORJLFDO� LQQRYDWLRQ� DQG� VXVWDLQDELOLW\� WKDW�
DSSOLHG�LQ�LQGXVWU\��:DVWHZDWHU�WUHDWPHQW�SOD\V�D�YLWDO�
UROH�LQ�SHRSOH¶V�GDLO\�OLYHV�UHJDUGLQJ�WKH�SXUL¿FDWLRQ�
RI� ZDVWHZDWHU� DQG� WKH� GLVSRVDO� RI� UHDG\�IRU�UHXVH�
ZDWHU�WR�KXPDQ�VRFLHW\��)RU�DQ�LQGXVWU\��ZDVWHZDWHU�
WUHDWPHQW� LV� FRQGXFWHG� WR� IXO¿OO� WKH� REOLJDWLRQV� RI�
HQYLURQPHQWDO�PDQDJHPHQW� DQG� UHJXODWLRQ�DQG�KDV�
EHFRPH�D�EUDQGLQJ�DV�D�JUHHQ�LQGXVWU\�DQG�SURGXFW��
7KH�PDLQ� IRFXVHV� RI� WKH� JUHHQ� LQGXVWU\� DUH�ZDVWH�
PDQDJHPHQW��XWLOL]DWLRQ�� RI�UHQHZDEOH�HQHUJ\�DV�RLO�
VXEVWLWXWLRQ��UHGXFWLRQ�RI�KD]DUGRXV�VXEVWDQFHV��DQG�
LQFUHDVH�RI�HQYLURQPHQW�IULHQGO\�PDWHULDOV�ZLWK� WKH�
PLQLPXP�FRVW�

� &RQVLGHULQJ� KRZ� FRXQWULHV� DQG� LQWHUQDWLRQDO�
RUJDQL]DWLRQV�FRPSHWH�WR�SURGXFH�DOWHUQDWLYH�HQHUJ\��
ZH� WULHG� WR� DGGUHVV� WKLV� LVVXH��7KH� DVVHVVPHQW� RI�
HQYLURQPHQWDO� DQG� SURGXFW� GLVVHPLQDWLRQ� DV�ZHOO�
DV�WUDLQLQJ��FDSDFLW\�EXLOGLQJ�DQG�PRQLWRULQJ�ZKLFK�
KHOS�DFKLHYLQJ�WKH�VXVWDLQDELOLW\�FULWHULD�VKRXOG�EH�
LGHQWL¿HG��)XUWKHUPRUH��SODQQLQJ�DQG�SDUWQHUVKLSV�
ZLWK�SXEOLF�DJHQFLHV�DQG�GRQRUV�VKRXOG�DOVR�EH�LQWH-
JUDWHG�LQWR�WKH�SURMHFW�GHVLJQ�WR�VXSSRUW�VXVWDLQDELO-
LW\��
� 8QIRUWXQDWHO\��ZDVWH�LVVXH�LQ�ELRHWKDQRO�SURGXF-
WLRQ�LV�RIWHQ�QHJOHFWHG��7KH�8QLWHG�1DWLRQV�GHFODUHG�
WKH� SHULRG� RI� ����� ±� ����� WR� EH� WKH� ³'HFDGH� RI�
6XVWDLQDEOH�(QHUJ\�IRU�$OO´��XQGHUOLQLQJ�WKH�LPSRU-
WDQFH�RI�HQHUJ\�DFFHVV�IRU�VXVWDLQDEOH�GHYHORSPHQW�
LQ� GHYHORSLQJ� FRXQWULHV�� �7KHUHIRUH�� WR� DFKLHYH� D�
VXVWDLQDEOH� SURFHVV�� ZDVWHZDWHU� WUHDWPHQW� VKRXOG�
EH�LQWHJUDWHG�LQWR�GHVLJQLQJ�WKH�UHVHDUFK�IRU�HQHUJ\�
SURGXFWLRQ�� +D]DUGRXV� ZDVWH� JHQHUDWHG� IURP� WKH�
ELRHWKDQRO� SURGXFWLRQ� VKRXOG� DOVR� EH� FRQVLGHUHG�
EHFDXVH�LW�DOVR�SRVHV�D�GDQJHU�IRU�HQYLURQPHQW�VXV-
WDLQDELOLW\��,Q�WKLV�UHVHDUFK��ZH�LQWHJUDWHG�,QGRQHVLDQ�
FOHDQ�HQHUJ\�WHFKQRORJLHV�ZLWK�ZDVWH�PDQDJHPHQW�
DQG�OLIH�F\FOH�DVVHVVPHQW�LQ�VHFRQG�JHQHUDWLRQ�ELR-
HWKDQRO�SURGXFWLRQ��%\�WKLV��ZH�UHGXFHG�ZDWHU�SRO-
OXWLRQ�ZKRVH�DGYHUVH�LPSDFWV�WR�KXPDQ�KHDOWK�DQG�
HQYLURQPHQW�DUH�H[SHFWHG�WR�REWDLQ��
� 2XU� UHVHDUFK�KDV� VXFFHVVIXOO\�REWDLQHG� HWKDQRO�
ZLWK�SXULW\�FRQFHQWUDWLRQ�RI��������Y�Y��DQG�SUR-
GXFWLRQ�FDSDFLW\�RI����OLWUHV�SHU�GD\��0DQ\�DWWHPSWV�
KDYH�EHHQ�PDLQO\�GLUHFWHG�WRZDUG�WKH�LPSURYHPHQW�
RI� WKH� SRWHQWLDO� RI� OLJQRFHOOXORVLF� ZDVWH� WR�
SURGXFH� ELRHWKDQRO�� KRZHYHU� RQO\� D� IHZ� VWXGLHV�
KDYH� FRQGXFWHG� UHVHDUFKHV� UHJDUGLQJ� ZDVWHZDWHU�
WUHDWPHQW��$� JUHDW� YDULHW\� RI� SK\VLFDO�� FKHPLFDO��
ELRORJLFDO�SURFHVVHV��DQG�WKH�FRPELQDWLRQ�RI�WKHP��
KDYH�EHHQ�LQYHVWLJDWHG�IRU�EODFN�OLTXRU�WUHDWPHQW�LQ�
WKH�SDSHU�PDQXIDFWXULQJ�SURFHVV��(YHQ�WKRXJK�EODFN�
OLTXRU�RQO\�FRQWULEXWHV��������RI�WRWDO�ZDVWHZDWHU�
EXW� LW� DIIHFWHG� DSSUR[LPDWHO\� ���� RI� WKH� WRWDO�
SROOXWLRQ� ORDG�RI�SXOS� DQG�SDSHU�PLOO� HIÀXHQWV>��@��
7KHUHIRUH�� EHIRUH� UHOHDVHG� WR� WKH� HQYLURQPHQW��
WKH�ZDVWHZDWHU� VKRXOG� EH� WUHDWHG� E\� UHPRYLQJ� RU�
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UHGXFLQJ�FHUWDLQ�KDUPIXO�FRQVWLWXHQWV�XVLQJ�SK\VLFDO��
FKHPLFDO�� DQG� ELRORJLFDO�PHWKRGV��7DEOH� �� VKRZV�
VHYHUDO�PHWKRGV�IRU�ZDVWHZDWHU�WUHDWPHQW�DQG�WKHLU�
SURFHVVHV�
� &RDJXODWLRQ�DQG�)HQWRQ�PHWKRGV�DUH�FRPPRQO\�
XVHG� WR� WUHDW� RUJDQLF� SROOXWDQWV� LQFOXGLQJ� EODFN�
OLTXRU�� 3RO\DOXPLQLXP� &KORULGH� �3$&�� KDV� EHHQ�
IRXQG�WR�EH�DQ�HIIHFWLYH�FRDJXODQW�WR�WUHDW�SXOS�DQG�

SDSHU�PLOO�DQG�G\HV�ZDVWHZDWHU��,W�ZDV�DEOH�WR�UHGXFH�
&2'�DQG�FRORU�LQ�SXOS�SDSHU�PLOO�ZDVWHZDWHU�DERXW�
�����DQG������UHVSHFWLYHO\��DQG�SUHFLSLWDWHG�DERXW�
������VXVSHQGHG� VROLG>��@�� )HQWRQ�PHWKRG�KDV� WKH�
DELOLW\� WR�GHVWUXFW� WKH�RUJDQLF�FRPSRXQG�VWUXFWXUH�
E\� XVLQJ�2+� UDGLFDO� V\VWHP>��@�� 7RUUDGHV� HW� DO�>��@ 
UHSRUWHG�WKDW�&2'�DQG�FRORU�ZHUH�UHPRYHG�����DQG�
�����UHVSHFWLYHO\��E\�XVLQJ�WKLV�PHWKRG�
� 8S� WR� QRZ�� EODFN� OLTXRU� IURP� WKH� SUHWUHDWPHQW�
SURFHVV�RI�ELRHWKDQRO�SURGXFWLRQ�LQ�WKH�SLORW�SODQW�DW�
5HVHDUFK�&HQWHU�IRU�&KHPLVWU\��,QGRQHVLDQ�,QVWLWXWH�
RI�6FLHQFHV��LV�GLVFKDUJHG�GLUHFWO\�LQWR�WKH�HQYLURQ-
PHQW�� ,W� HYDSRUDWHV� QDWXUDOO\� ZLWK� WKH� KD]DUGRXV�
FRPSRXQG�VWLOO�SUHVHQFH�LQ�WKLV�OLTXRU��7R�PLQLPL]H�
WKH� DPRXQW� RI� EODFN� OLTXRU�� ZH� KDYH� UHXVHG� EODFN�
OLTXRU�LQ�WKH�SUHWUHDWPHQW�SURFHVV>����@��+RZHYHU��EODFN�
OLTXRU�WUHDWPHQW�LV�VWLOO�QHHGHG�LI�EODFN�OLTXRU�ZLOO�EH�
GLVFKDUJHG�LQWR�WKH�HQYLURQPHQW��'LUHFW�GLVFKDUJH�RI�
EODFN�OLTXRU�LV�SURKLELWHG�E\�,QGRQHVLDQ�*RYHUQPHQW�
5HJXODWLRQ�1R������RI�������7KHUHIRUH��WR�IXO¿OO�WKLV�
UHJXODWLRQ�� ZH� KDYH� EHHQ� GHYHORSLQJ� EODFN� OLTXRU�
ZDVWHZDWHU�WUHDWPHQW�FRPELQLQJ�VHYHUDO�WHFKQRORJLHV�
LQFOXGLQJ� FRDJXODWLRQ� XVLQJ� 3RO\� $OXPXQLXP�
&KORULGH��3$&���)HQWRQ�PHWKRG�XVLQJ�)H62��+�2���
DQG�FRPELQDWLRQ�3$&�)HQWRQ��)LJXUH���SURYLGHV�WKH�
VFKHPH�IRU�WKLV�UHVHDUFK��

Table 2.  Wastewater treatment types and their unit 
operations

0HWKRGV 8QLW�RSHUDWLRQV

3K\VLFDO

•�6FUHHQLQJ
•�&RPPLQXWLRQ
•�)ORZ�HTXDOL]DWLRQ
•�6HGLPHQWDWLRQ
•�)ORWDWLRQ
•�*UDQXODU�¿OWUDWLRQ

&KHPLFDO

•�&KHPLFDO�SUHFLSLWDWLRQ
•�$GVRUSWLRQ
•�'LVLQIHFWLRQ
•�'HFKORULQDWLRQ
•�&RDJXODWLRQ
•� �$GYDQFHG�2[LGDWLRQ�3URFHVV��)HQWRQ��
SKRWR�)HQWRQ�

%LRORJLFDO
•�$FWLYDWHG�VOXGJH
•�$HUDWHG�ODJRRQ
•�7ULFNOLQJ�¿OWHUV
•�5RWDWLQJ�ELRORJLFDO�FRQWDFWRUV

Modified from Zwain and Dahlan (2014)[22]

Figure 1.  Research scheme of black liquor wastewater treatment
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� 7KH� FRDJXODWLRQ� DQG� )HQWRQ� EHKDYLRU¶V� ZHUH�
HYDOXDWHG� UHJDUGLQJ� OLJQLQ� UHPRYDO�� VOXGJH�ZHLJKW��
GHFRORUL]DWLRQ� RI� EODFN� OLTXRU�� DQG�&2'��)URP�DOO�
FRPELQDWLRQ�� WKH�DGGLWLRQ�RI�3$&�)HQWRQ�JDYH� WKH�
KLJKHVW�GHFRORUL]DWLRQ�RI�EODFN�OLTXRU�DQG�GHJUDGDWLRQ�
RI�OLJQLQ��2Q�WKH�RWKHU�KDQG��WKH�PD[LPXP�UHPRYDO�
RI�&2'�DQG�WKH�ORZHVW�VOXGJH�ZHLJKW�ZHUH�REWDLQHG�
IURP� )HQWRQ� SURFHVV�� )HQWRQ� UHDJHQW� LV� D� UHDFWLRQ�
EHWZHHQ�K\GUR[\O�UDGLFDO�DQG�LRQ�)H����,RQ�)H���ZDV�
FRPPRQO\�XVHG�DV�FRDJXODQW��7KH�LQFUHDVLQJ�RI�+�2� 
DOVR� LQFUHDVH� WKH�EODFN� OLTXRU�GHFRORUL]DWLRQ�GXH� WR�
WKH�GHFRPSRVLWLRQ�RI�)H�����LRQV�ZLWK�IUHH�K\GUR[\O�
UDGLFDOV�DW�D�KLJKHU�UDWH��7KH�DFWLRQ�RI�)HQWRQ�UHDJHQW�
GHSHQGV� RQ� WKH�+�2�� FRQFHQWUDWLRQ� EHFDXVH� LW� FDQ�
LQGXFH�WKH�PROHFXODU�GHJUDGDWLRQ�
� 6LQFH�WKH�DPRXQW�RI�)HQWRQ�UHDJHQW�XVHG�LV�ORZHU�
WKDQ�WKH�DPRXQW�RI�FRDJXODQW��WKH�VOXGJH�SURGXFHG�
ZDV�DOVR�IHZHU��7KH�DGGLWLRQ�RI�3$&�LQFUHDVHG�WKH�
SHUIRUPDQFH�RI�)HQWRQ� UHDJHQW�� DV� WKH�3$&�FRXOG�
FRDJXODWH�RUJDQLF�FRPSRXQG�DQG�GHFUHDVH�WKH�S+>��@��
$FLGLF�FRQGLWLRQ�DIWHU�3$&�DGGLWLRQ�ZDV�VXLWDEOH�IRU�
WKH� SUHFLSLWDWLRQ� RI� OLJQLQ��/LJQLQ� IUDJPHQWV�ZLWK�
DYHUDJH�PROHFXODU�ZHLJKW�UDQJLQJ�IURP�����������
FDQ�EH�EURNHQ�LQWR�VPDOO�IUDJPHQWV�E\�XVLQJ�FRDJX-
ODWLRQ�DQG�)HQWRQ�PHWKRG��+RZHYHU��WKH�UHPDLQLQJ�
RI�WXUELGLW\�FDXVHG�E\�WKH�SUHVHQFH�RI�����SKHQRO�
SURSDQH�XQLWV�FRXOG�QRW�EH�HI¿FLHQWO\�UHPRYHG�RQO\�
E\�FRDJXODWLRQ�PHWKRG>��@�

Study for impact assessment of waste-
water treatment
)XUWKHU�GDWD�LQ�7DEOH���FDQ�EH�XVHG�WR�SHUIRUP�D�OLIH�
F\FOH�DQDO\VLV�LQ�D�ODUJHU�VFDOH��+HQFH��WKH�SHUIRU-
PDQFH�RI�WKHVH�WHFKQRORJLHV�VKRXOG�EH�WHVWHG�¿UVW�DW�
SLORW�VFDOH��EHIRUH�UHDG\�WR�EH�DSSOLHG�LQ�LQGXVWULDO�
VFDOH�� %HIRUH� FRQGXFWLQJ� WKH� /LIH� &\FOH�$VVHVV-
PHQW��/&$���WKH�¿UVW�VWHS�WR�GR�LV�WR�VHW�WKH�V\VWHP�
ERXQGDU\��)LJXUH���LOXVWUDWHG�WKH�V\VWHP�ERXQGDU\�
IRU�WKH�EODFN�OLTXRU�WUHDWPHQW��,Q�WKLV�VWXG\��WKH�SUH�
WUHDWPHQW� SURFHVV� RI� ELRHWKDQRO� SURGXFWLRQ� LV� QRW�
LQFOXGHG�LQVLGH�WKH�ERXQGDULHV��/DQG�XVH�LV�QRW�WDNHQ�
LQWR�DQDO\VLV�EHFDXVH�WKLV�UHVHDUFK�ZDV�FDUULHG�RXW�

LQ�ODERUDWRU\�VFDOH��$QRWKHU�GDWD�WKDW�VKRXOG�EH�FRQ-
VLGHUHG�LV�WKH�HQHUJ\�LQSXWV��HOHFWULFLW\�SURYLGHG�IRU�
LQVWUXPHQWDWLRQ���6LPD3UR�������ZDV�XVHG�WR�VHOHFW�
LPSDFW� FDWHJRULHV�� FKDUDFWHUL]DWLRQ� PRGHOV�� DQG�
RSWLRQDO� �QRUPDOL]DWLRQ��JURXSLQJ��DQG�ZHLJKWLQJ��
HOHPHQWV�RI�WKH�OLIH�F\FOH�LPSDFW�DVVHVVPHQW��/&,$��
DFFRUGLQJ�WR�,62��������
� 8VLQJ�WKUHH�W\SHV�RI�ZDVWHZDWHU�WUHDWPHQW��VHY-
HUDO� SDUDPHWHUV� LQ� EODFN� OLTXRU�ZHUH� VXFFHVVIXOO\�
UHGXFHG��7KH�RSWLPXP�UHVXOW�IURP�HDFK�WUHDWPHQWV�
ZHUH�VKRZHG�LQ�7DEOH���

Conversion of black liquor sludge to 
activated carbon
7KH�QH[W�SURFHVV�LV�WR�FRQYHUW�WKH�VOXGJH�JHQHUDWHG�
IURP� WKH� FRDJXODWLRQ� DQG� )HQWRQ� SURFHVV� WR� EH� D�
YDOXH�DGGHG�SURGXFW��7KH� LPSRUWDQW� IDFWRUV�ZKLFK�
VKRXOG� EH� FRQVLGHUHG� LQ PDNLQJ� WKHVH� DGYDQFHG�
PDWHULDOV�DUH�HI¿FLHQF\��ORZ�FRVW��DQG�ZLOO�QRW�JHQ-
HUDWH�DQ\�QHZ�ZDVWH��]HUR�ZDVWH���2QH�RI�WKH�DOWHU-
QDWLYHV� LV� WR� FRQYHUW� WR� DFWLYDWHG� FDUERQ�� 7R� RXU�
NQRZOHGJH��WKLV�LV�WKH�¿UVW�VWXG\�UHJDUGLQJ�WKH�XWL-
OL]DWLRQ�RI�ELRHWKDQRO�EODFN�OLTXRU�DIWHU�FRDJXODWLRQ�
SURFHVV� WR�EH�DFWLYDWHG�FDUERQ��7KLV� UHVHDUFK�SUR-
SRVHG�DQ�DOWHUQDWLYH�WHFKQRORJ\�IRU�GHYHORSLQJ�DFWL-
YDWHG�FDUERQ�IURP�EODFN�OLTXRU�VOXGJH�WKDW�FDQ�PHHW�
HQYLURQPHQWDO�VXVWDLQDELOLW\�FULWHULD�DQG�DOVR�FDQ�EH�
DSSOLHG�LQ�SXOS�LQGXVWU\��7KLV�SURMHFW�LV�WHFKQLFDOO\�
IHDVLEOH� WR� LPSOHPHQW�EHFDXVH� WKH�DEXQGDQW�DYDLO-
DELOLW\�RI�UHVRXUFHV�LQFOXGLQJ�EODFN�OLTXRU��FRDJXODQW�
DQG�)HQWRQ�UHDJHQW��$FWLYDWHG�FDUERQ�LV�D�SRWHQWLDO�

Table 3.  Degradation efficiency ofcoagulation and Fenton 
process at optimal operating parameters

3DUDPHWHU &RDJXODWLRQ�
�3$&�

)HQWRQ�
�)H62��
+�2��

3$& 
+ 

)HQWRQ
'HFRORUL]DWLRQ�RI�EODFN�
OLTXRU���� ����� ����� �����

'HJUDGDWLRQ�RI�OLJQLQ�
��� ����� ����� �����

5HPRYDO�RI�&2'���� ����� ����� �����
6OXGJH�ZHLJKW��JUDP� ���� ���� ����
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SURGXFW�ZKLFK�FDQ�EH�XVHG�GLUHFWO\�DQG�ZLWK�DSSUR-
SULDWH�PDLQWHQDQFH��LW�FRXOG�EH�XVHG�IRU�ORQJ�WHUP��
7KLV� WHFKQRORJ\� HVWDEOLVKHV� VXVWDLQDEOH� UHF\FOLQJ�
SURFHVV��FRQVHTXHQWO\�VXSSRUWHG�WKH�HQYLURQPHQWDO�
DQG�SUDFWLFDO�YDOXH��
� 7KH�JHQHUDWHG�GU\�VOXGJH�IRUPHG�LQ�SULRU�SURFHVV�
ZDV� VXEMHFWHG� WR� FDUERQL]DWLRQ�DFWLYDWLRQ� SURFHVV�
ZKLFK�IRUPHG�DFWLYDWHG�FDUERQ��&DUERQL]DWLRQ�LV�WKH�
S\URO\VLV�SURFHVV�RI�UDZ�PDWHULDO�WR�UHPRYH�QRQ�FDU-
ERQDFHRXV�HOHPHQWV��:KLOH��DFWLYDWLRQ�LV�D�SK\VLFDO�
DQG�FKHPLFDO�SURFHVV�WKDW�HQVXUHV�WKH�SUHFXUVRU�KDV�
D�SRURXV�VWUXFWXUH�VR�WKDW�LW�KDV�D�ODUJH�VXUIDFH�DUHD��
7KLV�SURFHVV�HQODUJHG�PLFURSRUHV��ZKLFK�UHODWHG�WR�
WKH�GHYHORSPHQW�RI�WKH�VXUIDFH�DUHD�ZKLFK�LV�QHFHV-
VDU\�IRU�DGVRUSWLRQ�
� ,Q� WKLV� H[SHULPHQW�� WKH�GU\�EODFN� OLTXRU� VOXGJH�
ZDV�VXEMHFWHG�WR�DFWLYDWLRQ�SURFHVV�ZLWK�VWHDP�DFWL-
YDWLRQ�EHFDXVH�XVLQJ�FKHPLFDO�DFWLYDWLRQ�FRXOG�JHQ-
HUDWH�FKHPLFDO�ZDVWH�ZKLFK�SRVH�QHJDWLYH�LPSDFW�WR�
WKH�HQYLURQPHQW>��@�
� ���JUDP�RI�DFWLYDWHG�FDUERQ�ZDV�REWDLQHG�IURP���
OLWHU�RI�EODFN�OLTXRU�VOXGJH��)LJXUH�����7KH�VXUIDFH�
PRUSKRORJ\�RI�DFWLYDWHG�FDUERQ�IURP�EODFN�OLTXRU�
VOXGJH�ZDV�REVHUYHG�XVLQJ�6(0�+LWDFKL�68����DW�
����.�[�PDJQL¿FDWLRQ��7KH�6(0�LPDJH�RI�VDPSOH�
VKRZV�FRDUVH�VXUIDFHV��FOXPSLQJ��DQG�VRPH�LPSXUL-
WLHV��,W�ZDV�DVVXPHG�WKDW�WKH�LPSXULWLHV�FDPH�IURP�
WKH� SUHVHQFH� RI� VRGLXP� LQ� DFWLYDWHG� FDUERQ��SBET 

YDOXH�IRU�DFWLYDWHG�FDUERQ�IURP�EODFN�OLTXRU�VOXGJH�
ZDV��������P��J��7KLV�DFWLYDWHG�FDUERQ�ZDV�WHVWHG�
WR�XVH�WR�DGVRUS�PHWK\OHQH�EOXH��0HWK\OHQH�EOXH�LV�
RQH�RI�WKH�PRVW�FDWLRQLF�G\LQJ�PDWHULDOV�IRU�ZRRG��
VLON��DQG�FRWWRQ�WKDW�FRPPRQO\�XVHG�IRU�G\H�DGVRUS-
WLRQ>��@��7KLV�G\H�FDQ�FDXVH�VRPH�KDUPIXO�HIIHFWV�IRU�
ZDWHU�RUJDQLVPV�DQG�KXPDQV��,Q�����J�RI�3$&�EDVHG�
DFWLYDWHG�FDUERQ������SSP�PHWK\OHQH�EOXH�ZDV�VXF-
FHVVIXOO\�GHFRORUL]HG�XS�WR�����RQO\�IRU����PLQ��
� /LJQRFHOOXORVLF� ELRPDVV� KDV� ORQJ� EHHQ� DGYR-
FDWHG� DV� DQ� HVVHQWLDO� IHHGVWRFN� IRU� FRVW�HIIHFWLYH�
ELRHWKDQRO� SURGXFWLRQ� LQ� DQ� HQYLURQPHQW-IULHQGO\�
DQG�VXVWDLQDEOH�PDQQHU�EHFDXVH�RI�WKH�DEXQGDQFH�RI�
OLJQRFHOOXORVH�ULFK�DJULFXOWXUDO�ZDVWHV�UHVLGXHV��8S�
WR�QRZ�UHVHDUFK�RQ�XWLOL]DWLRQ�RI�DJULFXOWXUDO� UHVL-
GXHV� IRU� VHFRQG�JHQHUDWLRQ� ELRHWKDQRO� SURGXFWLRQ�
KDV�VKRZQ�YHU\�HQFRXUDJLQJ�UHVXOWV�ZRUOGZLGH��2XU�
ODERUDWRU\�H[SHULPHQW�DQG�SLORW-VFDOH�WHVWV�GHPRQ-
VWUDWHG�SURPLVLQJ� UHVXOW� IRU�ELRHWKDQRO�SURGXFWLRQ�
IURP�RLO�SDOP�HPSW\�IUXLW�EXQFKHV��7KHUH�UHPDLQV�
VHYHUDO�FKDOOHQJHV�WKDW�VKRXOG�EH�RYHUFRPH�WR�PDNH�
WKH� SURFHVV� HFRQRPLFDOO\� IHDVLEOH�� LQFOXGLQJ�� ����
KDQGOLQJ�RI�DJULFXOWXUDO�ZDVWH������HIIHFWLYH�SUHWUHDW-
PHQW�WHFKQRORJ\������HIIHFWLYH�FHOOXORO\WLF�HQ]\PHV��
����XVH�RI� WKH�KLJKHU�ELRPDVV� ORDGLQJV�� ����XVH�RI�
HI¿FLHQW�IHUPHQWDWLRQ�SURFHVV������XVH�RI�UHFRPEL-
QDQW�PHWDEROLFDOO\�HQJLQHHUHG�PLFURELDO�VWUDLQV��DQG�
¿QDOO\�����ZDVWHZDWHU�WUHDWPHQW��

�D �E

Figure 2.  2a: Appearance of activated carbon from black liquor sludge; 2b: SEM of 
activated carbon from black liquor sludge
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� :KHQ� FRQGXFWLQJ� UHVHDUFK� UHJDUGLQJ� ELRHWKD-
QRO� SURGXFWLRQ�ZKLFK� DLPV� WR� EH� FRPSHWLWLYH� DQG�
HFRQRPLFDOO\�DFFHSWDEOH��WKH�SURGXFWLRQ�FRVW�VKRXOG�
EH�FRQVLGHUHG>��@��7KH�FRVW�RI� IHHGVWRFN�DQG�FHOOX-
ORO\WLF�HQ]\PHV�DUH�WKH�WZR�FULWLFDO�SDUDPHWHUV�IRU�
ORZ�FRVW�HWKDQRO�SURGXFWLRQ��7KH�FRVW�IRU�ELRPDVV�
IHHGVWRFN�UHSUHVHQWV�DURXQG������RI�WKH�HWKDQRO�SUR-
GXFWLRQ�FRVW��7KH�XVH�RI�LQWHJUDWHG�DSSURDFK�ZKLFK�
FRQVLVWV� RI� DQ� HI¿FLHQW� SUHWUHDWPHQW� SURFHVV�� ORZ�
FRVW�HQ]\PH��DQG�VXSHU�PLFUREHV�IRU�IHUPHQWDWLRQ�
FRXOG�DOVR�LPSURYH�WKH�HWKDQRO�SURGXFWLRQ�HFRQRPL-
FDOO\��7KH�WRWDO�FRVW�RI�ELRHWKDQRO�SURGXFWLRQ�ZLOO�EH�
GURSSHG�WR����������O>�����@�

Conclusions
7KH� XWLOL]DWLRQ� RI� DJULFXOWXUDO� ZDVWHV� VXFK� DV�
RLO� SDOP� HPSW\� IUXLW� EXQFKHV� IRU� ELRHWKDQRO�
SURGXFWLRQ� LV� D� FRVW�HIIHFWLYH� DQG� HQYLURQPHQW�
IULHQGO\� DSSURDFK� WR� DFKLHYH� VXVWDLQDEOH� SURFHVV��
5HFHQW�UHVHDUFK�SURJUHVV�LQ�WKH�¿HOGV�RI�ZDVWHZDWHU�
WUHDWPHQW� WR� UHPRYH� FHUWDLQ� KDUPIXO� FRQVWLWXHQWV�
LQ�ELRHWKDQRO�SURGXFWLRQ�IURP�RLO�SDOP�HPSW\�IUXLW�
EXQFKHV�LV�LQGHHG�SURYHG�WR�EH�D�IHDVLEOH�WHFKQRORJ\�
WR�VXSSRUW�HQHUJ\�VHFXULW\� LQ�YHU\�QHDU�IXWXUH��:H�
KDYH�FRQGXFWHG�)HQWRQ�DQG�FRDJXODWLRQ�ÀRFFXODWLRQ�
SURFHVV� WR� WUHDW� EODFN� OLTXRU�ZDVWHZDWHU� REWDLQHG�
IURP� WKH� SUH�WUHDWPHQW� SURFHVV� RI� ELRHWKDQRO�
SURGXFWLRQ�LQ�5HVHDUFK�&HQWHU�IRU�&KHPLVWU\�/,3,��
)XUWKHUPRUH��ZH� VXFFHVVIXOO\�GHYHORSHG� WKH� WHFK-
QRORJ\� WR� JHQHUDWH� DQ� HQYLURQPHQW�IULHQGO\� DFWL-
YDWHG�FDUERQ�PDWHULDO�EDVHG�RQ�$O�IURP�EODFN�OLTXRU�
VOXGJH� LQ� ELRHWKDQRO� ZDVWHZDWHU�� 7KLV� DFWLYDWHG�
FDUERQ� ZDV� VXFFHVVIXOO\� GHFRORUL]HG� PHWK\OHQH�
EOXH�WR�D�VDWLVIDFWRU\�UHVXOW��7KLV�UHVHDUFK�UHVXOWHG�
LQ�DQ� LQQRYDWLYH�SURGXFW� IURP�EODFN� OLTXRU�VOXGJH�
DV�DQ�HIIRUW�WR�IXO¿OO�D�]HUR�ZDVWH�SURJUDP��7R�RXU�
NQRZOHGJH��DFWLYDWHG�FDUERQ�LV�VWLOO�FRQVLGHUHG�DV�D�
KLJK�SHUIRUPDQFH�DGVRUEHQW�ZKLFK�FRPPRQO\�XVHG�
LQ�ZDVWHZDWHU�WUHDWPHQW��6R��WKLV�VWXG\�ZDV�VXFFHVV-
IXOO\� FRQWULEXWHG� WKH� HQYLURQPHQWDO� DQG� SUDFWLFDO�
YDOXH�LQ�WKH�DWWHPSW�WR�DFKLHYH�D�VXVWDLQDEOH�UHF\-
FOLQJ�SURFHVV�RI�ZDVWHZDWHU�IURP�ELRHWKDQRO�SURGXF-

WLRQ�IURP�RLO�SDOP�HPSW\�IUXLW�EXQFKHV�LQ�,QGRQHVLD��
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