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TÓM�TẮT

Trong�hai�thập�kỷ�qua,�pin�nhiên�liệu�vi�sinh�vật�(Microbial�fuel�cells�-�MFCs)�đã�được�chú�ý�vì�chúng�có�
thể�chuyển�đổi�trực�tiếp�năng�lượng�hóa�học�từ�các�hợp�chất�hữu�cơ�để�tạo�ra�điện�sinh�học.�Với�việc�sử�dụng�MFC,�
năng�lượng�sinh�khối�có�thể�được�thu�trực�tiếp�dưới�dạng�điện�năng,�đây�là�năng�lượng�sạch,�phổ�biến�và�tiện�lợi�
nhất.�Do�đó,�MFC�được�xem�là�một�phương�pháp�đầy�hứa�hẹn�khác�để�khai�thác�năng�lượng�bền�vững�trong�sinh�
khối.�Có�nhiều�cơ�chất�đã�được�nghiên�cứu�để�sử�dụng�làm�nguồn�cấp�nguyên�liệu�sử�dụng�trong�MFC.�Chúng�bao�
gồm�nhiều�loại�nước�thải�nhân�tạo,�nước�thải�thực�và�sinh�khối�lignocellulosic.�Trong�số�các�yếu�tố�ảnh�hưởng�đến�
hiệu�suất�của�MFCs:�thiết�kế,�vật�liệu�điện�cực,�cơ�chất,�màng�trao�đổi,�vi�sinh�vật�hoạt�động�điện,�pH,�nhiệt�độ�vận�
hành,…�Cơ�chất�là�thách�thức�quan�trọng�nhất�trong�công�nghệ�MFCs,�đòi�hỏi�sự�ổn�định�lâu�dài.�Việc�sử�dụng�cơ�
chất�không�ổn�định�ảnh�hưởng�trực�tiếp�đến�hiệu�suất�của�MFC.�Tương�tự,�ảnh�hưởng�của�các�chất�lên�cộng�đồng�
vi�sinh�vật�cũng�được�thảo�luận.�Bài�tổng�quan�này�cập�nhật�những�tiến�bộ�gần�đây�trong�việc�cải�tiến�công�nghệ�
MFC�để�tăng�cường�hiệu�suất�phát�điện,�đặc�biệt�là�các�cơ�chất�khác�nhau�được�dùng�trong�MFC�cho�đến�nay�cũng�
như�các�cơ�chất�tiềm�năng�trong�tương�lai.

Từ�khóa:�Cơ�chất,�mật�độ�năng�lượng,�pin�nhiên�liệu�vi�sinh,�xử�lý�nước�thải.
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ABSTRACT

� Over� the�past� two�decades,�microbial� fuel�cells�(MFCs)�have�gained�attention�because� they�can�directly�
convert�chemical�energy�from�organic�compounds�to�bioelectricity.�Using�MFCs,�biomass�energy�can�be�directly�
KDUYHVWHG�LQ�WKH�IRUP�RI�HOHFWULFLW\��ZKLFK�LV�WKH�PRVW�FRQYHQLHQW��ZLGHO\�DYDLODEOH��DQG�FOHDQ�HQHUJ\��7KHUHIRUH��

0)&V� DUH� FRQVLGHUHG� WR� EH� DQRWKHU� SURPLVLQJ� ZD\� WR� KDUQHVV� VXVWDLQDEOH� HQHUJ\� LQ� ELRPDVV� DQG� DGG� D� QHZ�

GLPHQVLRQ�WR�WKH�ELRPDVV�HQHUJ\�LQGXVWU\��0DQ\�VXEVWUDWHV�KDYH�EHHQ�VWXGLHG�IRU�PLFURELDO�QRXULVKPHQW��7KHVH�

include�a�variety�of�arti¿cial�and�natural�wastewater�and�lignocellulosic�biomass.�Among�factors�essential�for�long-
WHUP�VWDELOLW\�LQ�0)&V��WKH�VXEVWUDWH�LV�WKH�PRVW�FKDOOHQJLQJ��6WXGLHV�KDYH�VKRZQ�WKDW�DQ�XQVWDEOH�VXEVWUDWH�GLUHFWO\�

KDUPV� WKH� SHUIRUPDQFH� RI�0)&V��7KLV� UHYLHZ�GLVFXVVHV� WKH� HIIHFW� RI� VXEVWUDWHV� RQ� WKH�PLFURELDO� FRPPXQLW\��

)XUWKHUPRUH�� LW� SURYLGHV� XSGDWHV� RQ� UHFHQW� DGYDQFHV� LQ� LPSURYLQJ�0)&� WHFKQRORJ\�� SDUWLFXODUO\� WKH�GLIIHUHQW�

substrates�discovered�in�MFCs�to�date,�power�generation�ef¿ciency,�and�potential�substrates�in�the�future.

Keywords:�Microbial�fuel�cell,�substrate,�wastewater�treatment,�power�density.
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1.�INTRODUCTION

'XH� WR� WKH� XQVXVWDLQDEOH� QDWXUH� DQG� KDUPIXO�

HQYLURQPHQWDO� LPSDFWV�RI�IRVVLO� IXHOV��DWWHQWLRQ�

WR�UHQHZDEOH�HQHUJ\�KDV�LQFUHDVHG���5HQHZDEOH�

HQHUJ\� KDV� EHFRPH� DQ� LPSRUWDQW� DOWHUQDWLYH� WR�

IRVVLO�IXHOV�VLQFH�LW�SURGXFHV�XVHIXO�HQHUJ\�ZLWKRXW�

EHLQJ�GHSOHWHG��,Q�DGGLWLRQ��ZDWHU�VKRUWDJH�LV�RQH�

RI�WKH�FULWLFDO�JOREDO�LVVXHV��$FFRUGLQJ�WR�FOLPDWH�

FKDQJH� IRUHFDVWV�� WKLV� SUREOHP� ZLOO� EH� HYHQ�

PRUH�VHYHUH�LQ�WKH�IXWXUH���7KH�LQFUHDVH�LQ�ZDWHU�

GHPDQG�KDV�OHG�WR�DQ�LQFUHDVH�LQ�WKH�DPRXQW�RI�

ZDVWHZDWHU� JHQHUDWHG��$W� WKH� VDPH� WLPH�� WKHUH�

LV�DQ� XUJHQW� QHHG� IRU� UHQHZDEOH� HQHUJ\� GXH� WR�

WKH� UDSLG�GHSOHWLRQ� RI� IRVVLO� IXHOV� DQG�JURZLQJ�

FRQFHUQ�DERXW�FOLPDWH�FKDQJH���0DQ\�FRXQWULHV�

ZRUOGZLGH�DUH�ORRNLQJ�IRU�DOWHUQDWLYH�UHVRXUFHV�

VXFK�DV�ELRPDVV�DV�D�PRUH�UHOLDEOH��VXVWDLQDEOH��

DQG� HQYironmentally� bene¿cial� resource� to�
UHGXFH�WKH�QHHG�IRU�IRVVLO�IXHOV��7R�GDWH��ELRPDVV�

FDQ�EH�FRQYHUWHG� LQWR�GLIIHUHQW�W\SHV�RI�HQHUJ\�

SURGXFWV�VXFK�DV�KHDW��JDV��IXHO��DQG�HOHFWULFLW\��

0)&V� DUH� D� W\SH� RI� SRZHU� JHQHUDWLRQ� GHYLFH�

WKDW� XVHV� EDFWHULD� DV� ELRORJLFDO� FDWDO\VWV� WR�

JHQHUDWH�HOHFWULFLW\�E\�R[LGL]LQJ�RUJDQLF�PDWWHU�

IURP� WKH� ZDVWHZDWHU� WKURXJK� UHVSLUDWLRQ��� ,W�

KDV� FRQVLGHUDEOH� SRWHQWLDO� IRU� DSSOLFDWLRQV� LQ�

ZDVWHZDWHU� WUHDWPHQW��� HOHFWULFDO� HTXLSPHQW��

DQG�ELRVHQVRUV���5HFHQWO\��UHDFWRUV�ZLWK�D�VFDOH�

RI� VHYHUDO� KXQGUHG� OLWHUV� KDYH� EHHQ� GHVLJQHG��

7KH� PRYH� WR� EULQJ� WKLV� WHFKQRORJ\� IURP� WKH�

ODERUDWRU\�VFDOH�WR�WKH�FXUUHQW�SLORW�VFDOH�EURXJKW�

LW�FORVHU�WR�SUDFWLFDO�DSSOLFDWLRQ��
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0)&V� IXQFWLRQ� WKURXJK� EDFWHULDO�

DFWLYLWLHV�� UHVXOWLQJ� LQ� HOHFWURQ� SURGXFWLRQ�

IURP� WKHVH�VXEVWUDWHV��7R�SURGXFH�SRZHU�� WKHVH�

HOHFWURQV�DUH�WUDQVIHUUHG�IURP�WKH�QHJDWLYH�DQRGH�

WR� WKH� SRVLWLYH� FDWKRGH� WKURXJK� D� FRQGXFWLYH�

material�and�a�load�or�resistor�(Figure�1).�

)RU�D�V\VWHP�WR�EH�FDWHJRUL]HG�DV�DQ�0)&��

LWV�VXEVWUDWH�PXVW�EH�UHSOHQLVKHG�FRQWLQXRXVO\�RU�

intermittently;�otherwise,�it�is�considered�a�bio-
EDWWHU\�� (OHFWURQ�PHGLDWRUV� RU� VKXWWOHV� WUDQVIHU�

HOHFWURQV�WR�WKH�DQRGH��WKURXJK�HOHFWURQ�WUDQVIHUV�

GLUHFWO\�DVVRFLDWHG�ZLWK�WKH�PHPEUDQH�RU�WKURXJK�

QDQRZLUHV� IRUPHG� E\� EDFWHULD���� RU� SRVVLEO\�

WKURXJK�VRPH�RWKHU�XQH[SORUHG�ZD\V��&KHPLFDO�

PHGLDWRUV��VXFK�DV�QHXWUDO�UHG�RU�DQWKUDTXLQRQH�

����GLVXOIRQDWH�FDQ�EH�XVHG�LQ�0)&V�WR�IDFLOLWDWH�

HOHFWULFLW\�JHQHUDWLRQ�E\�EDFWHULD�WKDW�FDQQRW�XVH�

WKH�HOHFWURGH�ZLWKRXW�DLG����6XSSRVH�WKH�V\VWHP�

KDV� QR� DGGHG� H[RJHQRXV� PHGLDWRUV�� ,Q� WKDW�

FDVH�� WKH� 0)&� LV� FRQVLGHUHG� � ³PHGLDWRU�OHVV´�

HYHQ�LI�WKH�HOHFWURQ�WUDQVIHU�PHFKDQLVP�PD\�EH�

XQNQRZQ���

Figure�1.�6WUXFWXUH�GLDJUDP�RI�D�PLFURELDO�IXHO�FHOO���

5HVHDUFK�LV�LQFUHDVLQJ�RQ�0)&V��FRQVWUXFWHG�

with� various�materials� and� con¿gurations.�The�
RSHUDWLQJ�FRQGLWLRQV�DOVR�GLIIHU� LQ�WHPSHUDWXUH��

S+�� HOHFWURQ� DFFHSWRU�� RSHUDWLQJ� WLPH�� VXUIDFH�

DUHDV� RI� HOHFWURGHV�� DQG� UHDFWRU� VL]H�� 6WXGLHV�

UHSRUW�SRWHQWLDOV�XVLQJ�GLIIHUHQW�UHIHUHQFH�VWDWHV�

DQG� RFFDVLRQDOO\� RQO\� XVLQJ� D� VLQJOH� UHVLVWRU�

(load).�These�and�sometimes�the�lack�of�essential�
GDWD�� VXFK� DV� UHVLVWDQFH� LQWHUQDO� WR� WKH� V\VWHP��

RU� SRZHU� GHQVLWLHV� REWDLQHG� IURP� SRODUL]DWLRQ�

FXUYHV� XVLQJ�GLIIHULQJ�PHWKRGV��KDYH�FUHDWHG�D�

FKDOOHQJH� LQ�LQWHUSUHWLQJ� DQG�FRPSDULQJ�UHVXOWV�

DPRQJ�VWXGLHV���

0)&� KDV� EHHQ� DQ� LQWHUHVWLQJ� WRSLF� IRU�

PRUH�WKDQ����\HDUV�QRZ�QRW�RQO\�EHFDXVH�RI�LWV�

HOHFWULFLW\� JHQHUDWLRQ� EXW� DOVR� EHFDXVH� LW� LV� DQ�

HQYLURQPHQWDOO\� IULHQGO\� ZDVWHZDWHU� WUHDWPHQW�

WHFKQRORJ\����0DQ\� W\SHV� RI� ZDVWHZDWHU� WRGD\�

FRQWDLQ� YDULRXV� WR[LF� ZDVWHV�� PDNLQJ� WKHP�

H[SHQVLYH� WR� WUHDW� EHIRUH� EHLQJ� GLVFKDUJHG�

LQWR� WKH� HQYLURQPHQW�� 3UHYLRXV� VWXGLHV� KDYH�

GHPRQVWUDWHG� WKH� DELOLW\� RI� 0)&V� WR� WUHDW�

FRQWDPLQDWHG� ZDVWHZDWHU� FRQWDLQLQJ� PHWDOV��

IRRG��DQG�XULQH��HYHQ�SURGXFLQJ�GULQNLQJ�ZDWHU�

SRVW�WUHDWPHQW������� 0)&V� KDYH� FRH[LVWHG� ZLWK�

biological� ¿lter� tanks� in� wastewater� treatment�
WR� HQKDQFH� SROOXWLRQ� FRQWURO� DQG� LPSURYH�

WUHDWPHQW� FDSDFLW\���� 0RVW� WUHDWPHQW� PHWKRGV�

DLP� WR� UHPRYH� RUJDQLF� FRPSRXQGV� WKDW� UHGXFH�

chemical� oxygen� demand� (COD),� azo� dyes,���
DQG� KHDY\� PHWDO� ZDVWH���� 7KH� DHUDWLRQ� V\VWHP�

LQ�ZDVWHZDWHU�WUHDWPHQW�LV�UHSRUWHG�WR�FRQVXPH�

PRUH�WKDQ�����RI�WKH�HOHFWULFLW\�UHTXLUHG�LQ�WKH�

WUHDWPHQW�SURFHVV��ZKLOH�WKH�0)&V�XVH�DQDHURELF�

EDFWHULD� IRU� WKH� ZDVWHZDWHU� WUHDWPHQW� SURFHVV��

ZKLFK�LQGLFDWHV�D�SRWHQWLDO�IRU�HQHUJ\�VDYLQJ�RI�
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0)&V���� ,Q�DGGLWLRQ��0)&V�XVHG� DV�ELRVHQVRUV�

DUH� H[SHFWHG� WR� EH� RQH� RI� WKH� SURPLVLQJ�

DSSOLFDWLRQV� RI�0)&�GHULYHG� WHFKQRORJ\�� 6XFK�

ELRVHQVRUV�KDYH�EHHQ�VWXGLHG�WR�PHDVXUH�YDULRXV�

SDUDPHWHUV��LQFOXGLQJ�&2'��YRODWLOH�IDWW\�DFLGV��

dissolved� oxygen� (DO),� biochemical� oxygen�
demand�(BOD),�toxic�substances�and�microbial�
DFWLYLW\����7KLV�KHOSV�WR�UHGXFH�WKH�WLPH�DQG�FRVW�

UHTXLUHG�WR�PHDVXUH�WR[LFLW\�LQ�ZDWHU�

5HFHQW� DGYDQFHPHQW� LQ� WKH� DSSOLFDWLRQ�

RI� SRZHU� JHQHUDWLRQ� FDSDELOLWLHV� LQFOXGHV�

XVLQJ� 0)&V� WR� SRZHU� D� VPDOO� FRPSXWHU��

(158� mW)� directly� and� continuously� without�
DQ\�PDQDJHPHQW� HTXLSPHQW�RU�SRZHU�VRXUFH����

7KH� SHUIRUPDQFH� HQKDQFHPHQW� RI� 0)&� LV�

DFFRPSOLVKHG� WKURXJK� PDQ\� DVSHFWV�� VXFK� DV�

HOHFWURGH�PDWHULDO�DQG�VXUIDFH��HOHFWURFKHPLFDOO\�

active� bacteria� (EAB),� substrate,� and� load�
UHVLVWDQFH�

2.�DESIGN�OF�MFCs�REACTOR

0DQ\� W\SHV� RI� 0)&� GHVLJQV� KDYH� EHHQ�

UHVHDUFKHG� DQG� GHYHORSHG�� (DFK� GHVLJQ� KDV� LWV�

DGYDQWDJHV� DQG� GLVDGYDQWDJHV� DQG� LV� VXLWDEOH�

for�speci¿c�uses.�Various�factors�are�considered�
LQ� GHVLJQLQJ� 0)&V�� 7KH� VL]H�� VKDSH�� DQG�

con¿guration� of� reactors� widely� differ� and� are�
ZKROO\�GHFLGHG� XSRQ�E\� WKH� GHVLJQHU��7KHUH� LV�

QR� H[LVWLQJ� UHFRPPHQGHG� VWDQGDUG� GHVLJQ� \HW��

The�MFC’s�overall�performance�is�signi¿cantly�
affected�by�reactor�con¿gurations,�including�the�
YROXPH��R[\JHQ�VXSSO\��DUHD�RI� WKH�PHPEUDQH��

DQG� VSDFLQJ� EHWZHHQ� HOHFWURGHV�� $PRQJ� WKH�

VWXGLHG�VWUXFWXUHV��GRXEOH�FKDPEHU�+�W\SH�0)&�

LV� W\SLFDOO\� XVHG� EHFDXVH� RI� LWV� LRQ� H[FKDQJH�

PHPEUDQH�� IDFLOLWDWLQJ� SURWRQ� GLIIXVLRQ� DQG�

OLPLWLQJ�WKH�FURVVRYHU�RI�VXEVWUDWH�DQG�R[\JHQ����

,W� LV� XS� WR� WKH� GHVLJQHU� WR� GHFLGH� WKH� SURMHFW¶V�

DLPV�DQG�SODQ�WKH�GHVLJQ�DFFRUGLQJO\��3UHVHQWO\��

WKH� DYDLODEOH� UHDFWRU� GHVLJQV� DUH� KRUVHVKRH�

VKDSHG�� F\OLQGULFDO�� FXEHG�� GXDO�� DQG� VLQJOH�

FKDPEHU�� DQG�+�W\SH��6RPH�DUH�PDGH�RI�JODVV��

ZKLOH�RWKHUV�DUH�PDGH�XS�RI�D�YDULHW\�RI�SODVWLF�

PDWHULDOV�

$OVR�� VL]HV� UDQJH� ZLGHO\�� ZLWK� UHDFWRU�

YROXPHV�RI�D�IHZ�VTXDUH�PLOOLPHWHUV�DQG�RWKHUV�

RI�XS�WR�D�VTXDUH�PHWHU��UDQJLQJ�IURP�PLFUROLWHUV�

WR� WKRXVDQGV� RI� OLWHUV�� 7KH� IXHO� FHOO� GHVLJQ� LV�

DQ� LPSRUWDQW� HOHPHQW� LQ� WKH� 0)&�PLFURELDO�

electrolysis� cell� (MEC).� Single-chamber� cells�
KDYH�EHHQ�FUHDWHG�IURP�D�WZR�FKDPEHU�GHVLJQ�WR�

HOLPLQDWH� WKH�PHPEUDQH����)XUWKHUPRUH��VLQJOH�

chamber�MFCs� have� shown� promising� results;�
KRZHYHU�� GXDO�FKDPEHU� LV� VWLOO� ZLGHO\� VWXGLHG��

'XDO�FKDPEHU�FHOOV�DUH�HDVLHU� WR�FRQVWUXFW�WKDQ�

VLQJOH�FKDPEHU� UHDFWRUV��$�VLPSOH�0)&�GHYLFH�

FDQ� HLWKHU� EH�GXDO�� RU�VLQJOH�FKDPEHUHG��EDVHG�

RQ� WKH� DQRGH� DQG� FDWKRGH� FKDPEHU� DVVHPEO\��

6HYHUDO� 0)&� GHVLJQ� DQG� VWUXFWXUH� DGDSWDWLRQV�

KDYH�EHHQ�PDGH�IURP�WKHVH�WZR�W\SLFDO�GHVLJQV���

+�VKDSHG� IXHO� FHOOV� FRPPRQO\� FRQVLVW�

RI�WZR�ERWWOHV�FRQQHFWHG�E\�D�WXEH�FRQWDLQLQJ�D�

VHSDUDWRU��XVXDOO\�D�FDWLRQ�H[FKDQJH�PHPEUDQH�

(CEM)�such�as�Na¿on,���or�Ultrex,���RU� D�SODLQ�
salt�bridge�(Figure�2).���7KH�YLWDO�FRQVLGHUDWLRQ�
IRU� WKLV� GHVLJQ� LV� VHOHFWLQJ� D� PHPEUDQH� WKDW�

DOORZV� SURWRQ� WUDQVIHU� EHWZHHQ� WKH� FKDPEHUV�

EXW� KLQGHUV� WKH� FDWKRGH� FKDPEHU¶V� VXEVWUDWH�

or� electron� acceptor� (usually� oxygen)� from�
crossing.�Using�a�glass�tube�heated�and�bent�to�
a�U-shape�is�a�cost-effective�method�to�connect�
WKH�ERWWOHV��$JDU�DQG�VDOW�DUH�XVHG�DV�D�&(0�LQ�

the�U-shaped�glass�tube�and�are�inserted�through�
the� bottles’� lids� (Figure� 2).� However,� it� was�
REVHUYHG�WKDW�0)&V�XVLQJ�VDOW�EULGJH�JHQHUDWHV�

ORZ�SRZHU�EHFDXVH�RI�KLJK�LQWHUQDO�UHVLVWDQFH��

+�VKDSHG� 0)&� GHYLFHV� DUH� JHQHUDOO\�

DFFHSWHG� IRU� EDVLF� SDUDPHWHU� UHVHDUFK�� $Q�

H[DPSOH�LV�WHVWLQJ�WKH�SRZHU�SURGXFHG�XVLQJ�QHZ�

PDWHULDOV�RU�QHZ�PLFUREHV�GHYHORSLQJ�IURP�VRPH�

FRPSRXQG� GHFRPSRVLWLRQ��+RZHYHU�� WKLV�0)&�

W\SH� W\SLFDOO\� JHQHUDWHV� ORZ� SRZHU� GHQVLWLHV��

7KH� UHODWLYH�VXUIDFH�DUHD�RI� WKH�FDWKRGH� WR�WKDW�

RI�DQRGH���DQG�WKH�PHPEUDQH�VXUIDFH���DIIHFW�WKH�

SRZHU�JHQHUDWLRQ�
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Figure�2.�MFC�types�device�with�a�salt�bridge�(pointed�by�arrow)�which�is�easily�assembled.��

/LPLWDWLRQV� WR� WKH� SRZHU� GHQVLWLHV�

JHQHUDWHG� LQ� WKHVH� V\VWHPV� DUH� W\SLFDOO\� GXH�

WR� FRQVLGHUDEOH� LQWHUQDO� UHVLVWDQFH� DQG� ORVVHV�

IURP� WKH� HOHFWURGHV�� 7KHUHIRUH�� WR� FRPSDUH�

V\VWHPV¶� SRZHU� SURGXFWLRQ�� LW� LV� ORJLFDO� WR�

HYDOXDWH� XVLQJ� HTXDOO\� VL]HG� DQRGHV�� FDWKRGHV��

DQG� PHPEUDQHV���� )HUULF\DQLGH�� WKH� FDWKRGLF�

HOHFWURQ� DFFHSWRU�� LPSURYHV� SRZHU� JHQHUDWLRQ�

EHFDXVH� RI� WKH� KLJK� FRQFHQWUDWLRQV� RI� HOHFWURQ�

acceptors.� In�an�H-shaped�reactor�using�Na¿on�
DV�&(0��FRPSDUHG�WR�D�3W�FDWDO\VW�DQG�GLVVROYHG�

R[\JHQ� LQ� WKH� FDWKRGH�� IHUULF\DQLGH� LQFUHDVHG�

WKH�SRZHU�SURGXFHG�E\�����WR�����WLPHV����0)&V�

ZLWK�WKH�KLJKHVW�SRZHU�GHQVLWLHV�DQG�ORZ�LQWHUQDO�

UHVLVWDQFHV� WKDW� KDYH� EHHQ� SXEOLVKHG� VR� IDU�

UHSRUWHG� WKH� XVH� RI� IHUULF\DQLGH� LQ� WKH�FDWKRGH�

FKDPEHU���(YHQ�WKRXJK�WKLV�FKHPLFDO�LV�H[FHOOHQW�

DV�D�FDWKRO\WH�IRU�V\VWHP�SHUIRUPDQFH�� LW�LV�QRW�

VXVWDLQDEOH� WR� XVH� VLQFH� LW� LV� QRW� FKHPLFDOO\�

UHJHQHUDWHG�� 7KHUHIRUH�� IHUULF\DQLGH� XVH� LV�

UHVWULFWHG� WR� EDVLF� ODERUDWRU\� UHVHDUFK� RQO\��

6HYHUDO�VWXGLHV�KDYH�DOVR�H[SORUHG�XVLQJ�FDWKRGH�

directly�in�contact�with�air�(Figure�3A,�B),�either�
ZLWK�RU�ZLWKRXW� D�PHPEUDQH���� ,Q� RQH� VWXG\�� D�

VHSDUDWRU� EDVHG� RQ� NDROLQ� FOD\� DQG� D� FDWKRGH�

PDGH�RI�JUDSKLWH�ZHUH�FRQQHFWHG�WR�FRPELQH�WKH�

VHSDUDWRU�DQG�FDWKRGH�VWUXFWXUH����0)&V�XVLQJ�DLU�

cathodes�improved�power�densities�signi¿cantly�
FRPSDUHG�WR�0)&V�ZLWK�DTXHRXV�FDWKRGHV��7KH�

most� straightforward� con¿guration� involves�
SODFLQJ�WKH�DQRGH�DQG�FDWKRGH�RQ�HLWKHU�VLGH�RI�

a�tube,�sealing�the�anode�against�a�Àat�plate,�and�
H[SRVLQJ�WKH�FDWKRGH�WR�DLU�RQ�RQH�VLGH�DQG�ZDWHU�

on�the�other�(FLJXUH��$��

Figure�3.�MFC�types� in� studies:� (A)� single-chamber,� simple�“tube”�arrangement� of� air-cathode��;� (B)�stacked�
0)&��ZLWK�RQH�RXW�RI�WZR�FHUDPLF�VXSSRUWV�UHPRYHG����

$ %
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Figure�4.�MFC�operated�continuously:�(A)�upward�Àowing,�tubular�type�MFC�with�inner�graphite�bed�anode�and�
outer�cathode;���(B)�Àat�plate�design�where�a�serpentine�pattern�for�Àuid�Àow.��

A

B

$�PHPEUDQH¶V�SXUSRVH� LQ� DQ� DLU�FDWKRGH�

GHYLFH� LV� WR� SUHYHQW�ZDWHU� OHDNDJH� WKURXJK� WKH�

FDWKRGH�� +RZHYHU�� LW� DOVR� GHFUHDVHV� R[\JHQ�

GLIIXVLRQ�LQWR�WKH�DQRGH�FKDPEHU��7KH�EDFWHULDO�

R[\JHQ�GHPDQG�LQ�WKH�DQRGH�FKDPEHU�FDQ�ORZHU�

Coulombic� ef¿ciency,� which� is� the� fraction� of�
HOHFWURQV�UHFRYHUHG�RYHU� WKH�PD[LPXP�QXPEHU�

RI� HOHFWURQV� WKDW� FDQ� SRVVLEO\� EH� UHFRYHUHG����

$OWKRXJK� K\GURVWDWLF� SUHVVXUH� RQ� WKH� FDWKRGH�

ZLOO� FDXVH� ZDWHU� OHDNV�� WKLV� FDQ� EH�PLQLPL]HG�

XVLQJ� coatings,� such� as� polytetraÀuoroethylene�
(PTFE),� outside� the� cathode.� These� coatings�
DOORZ�WKH�GLIIXVLRQ�RI�R[\JHQ�EXW�OLPLW�WKH�EXON�

ORVV�RI�ZDWHU���

7KH�V\VWHPV�PHQWLRQHG�VR� IDU�DUH�EDWFK�

RSHUDWHG� GHYLFHV�� 6HYHUDO� RWKHU� EDVLF� GHVLJQV�

also�exist� that�provide�continuous�Àow�through�
WKH� DQRGH� FKDPEHU�� 6RPH� GHVLJQV� LQFOXGH� DQ�

RXWHU�F\OLQGULFDO� UHDFWRU�DQG�D�FRQFHQWULF�LQQHU�

FDWKRGH� WXEH����6RPH�DUH�WKH�RWKHU�ZD\�DURXQG�
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KDYLQJ�DQ� LQWernal�cylindrical�anode�¿lled�with�
granular� media� and� an� outer� cathode� (Figure�
�$�����$QRWKHU� GHVLJQ� YDULDWLRQ� LV� DQ� XSZDUG�

Àowing� ¿xed-bed� bio¿lm� reactor,� with� Àuid�
Àowing�continuously�through�permeable�anodes�
WR�D�PHPEUDQH�WKDW�VHSDUDWHV�WKH�DQRGH�IURP�WKH�

FDWKRGH� FKDPEHU���� 6\VWHP� GHVLJQV� UHVHPEOLQJ�

K\GURJHQ�IXHO�FHOOV�KDYH�EHHQ�HPSOR\HG��ZKHUH�

D�&(0�LV�SODFHG�EHWZHHQ�WKH�FDWKRGH�DQG�DQRGH�

(Figure�4B).�Stacking�systems�as�a�series�of�Àat�
SODWHV�RU�OLQNLQJ�WRJHWKHU�LQ�VHULHV�FDQ�LQFUHDVH�

overall�system�voltage�(Figure�3B).��

6HGLPHQW� 0)&V� KDYH� EHHQ� GHYHORSHG��

7KHVH�DUH�FUHDWHG�E\�SXWWLQJ�DQ�HOHFWURGH�LQVLGH�

marine� sediment� abundant� in� sul¿des� and�
RUJDQLF� VXEVWDQFHV�� DQG� WKH� RWKHU� HOHFWURGH� LV�

SODFHG� LQ� WKH�RYHUO\LQJ�R[LF�ZDWHU��:LWK� WKHVH��

electricity� is� produced� suf¿ciently� to� provide�
SRZHU�WR�VRPH�PDULQH�GHYLFHV����*UDSKLWH�GLVNV���

DQG�SODWLQXP�PHVK�HOHFWURGHV���KDYH�EHHQ�XVHG�

DV� HOHFWURGHV�� ³%RWWOHEUXVK´� FDWKRGHV� KDYH� D�

KLJK� VXUIDFH� DUHD� DQG� DUH� FRUURVLYH�UHVLVWDQW��

Therefore,� these� ¿nd� applications� for� seawater�
EDWWHULHV� DQG� DUH� SURPLVLQJ� IRU� ORQJ�WHUP�

RSHUDWLRQ����+�WXEH�GXDO�FKDPEHU�V\VWHPV�KDYH�

DOVR� EHHQ� DSSOLHG� WR� VHGLPHQW� 0)&V� WR� VWXG\�

EDFWHULDO�FRPPXQLWLHV����Modi¿cations�have�also�
been�done�to�produce�hydrogen.�Using�a�slight�
H[WHUQDO� SRWHQWLDO� LQ� WKH� 0)&�� WKH� SRWHQWLDO�

SURGXFHG�DW�WKH�DQRGH�E\�WKH�EDFWHULD�ZDV�DVVLVWHG��

PDNLQJ�FDWKRGLF�K\GURJHQ�JHQHUDWLRQ�SRVVLEOH����

7KHVH� DUH� FDOOHG� ELRHOHFWURFKHPLFDO� DVVLVWHG�

microbial� reactors� (BEAMRs)� or�bio-catalyzed�
HOHFWURO\VLV� V\VWHPV� DQG� DUH� QRW� FRQVLGHUHG� DV�

UHDO�IXHO�FHOOV�VLQFH�WKH\�DUH�RSHUDWHG�WR�JHQHUDWH�

QRW� HOHFWULFLW\�� EXW� K\GURJHQ�� +DYLQJ� D� VHFRQG�

FKDPEHU�IRU�K\GURJHQ�JDV�FDSWXUH�ZRXOG�PDNH�LW�

SRVVLEOH�WR�GHYHORS�YDULRXV�GHVLJQV�IRU�K\GURJHQ�

JHQHUDWLRQ�

3.�ELECTROACTIVE�BIOFILMS

Electroactive� bio¿lms� (EAB)� have� been�
identi¿ed� in� many� natural� ecosystems� such� as�
VRLOV��VHGLPHQWV��VHDZDWHU��RU�IUHVKZDWHU�DQG�LQ�

VDPSOHV�FROOHFWHG�IURP�D�ZLGH�UDQJH�RI�GLIIHUHQW�

microbially-rich� environments� (sewage� sludge,�

DFWLYDWHG� VOXGJH�� RU� LQGXVWULDO� DQG� GRPHVWLF�

efÀuents).� The� microbes� transfer� the� electrons�
WR�WKH�HOHFWURGH�WKURXJK�YDULRXV�HOHFWURQ�WUDQVIHU�

PHFKDQLVPV�� +RZHYHU�� WKH� HOHFWURQ� WUDQVIHU�

PHFKDQLVP� SOD\V� D� YLWDO� UROH� LQ� PD[LPL]LQJ�

WKH� PLFUREH� WR� HOHFWURGH� LQWHUDFWLRQ� DQG� KHOSV�

SURYLGH� DQ�XQGHUVWDQGLQJ�RI�KRZ�VXFK�V\VWHPV�

RSHUDWH�LQ�WKH�0)&����5HVHDUFKHUV�KDYH�SURSRVHG�

three� extracellular� electron� transfer� (EET)�
PHFKDQLVPV���� 'HSHQGLQJ� RQ� WKH� PHFKDQLVPV�

LQYROYHG��WKH�GLVWDQFHV�RI�((7�PD\�YDU\�JUHDWO\��

IURP�WKH�QDQRPHWHU�VFDOH�LQ�WKH�FDVH�RI�HOHFWURQ�

WUDQVIHU� DFURVV� WKH� FHOO� HQYHORSH� WR� OHQJWKV�

H[FHHGLQJ�RQH�FHQWLPHWHU�IRU�FDEOH�EDFWHULD���

3.1.�Direct�electron�transfer

The�¿rst�transfer�mechanism�uses�direct�electron�
transfer� (DET)�between�electron�carriers� in�the�
EDFWHULD� DQG� WKH�VROLG�HOHFWURQ�DFFHSWRUV����7KH�

PHFKDQLVP�LV�FDUULHG�RXW�E\�WKH�SUHVHQFH�RI�RXWHU�

PHPEUDQH�F\WRFKURPHV�WKDW�FDQ�LQWHUDFW�GLUHFWO\�

ZLWK�WKH�VROLG�VXUIDFH�WR�FDUU\�RXW�UHVSLUDWLRQ����

'(7�FDQ�RFFXU� WKURXJK�GLUHFW�SK\VLFDO� FRQWDFW�

EHWZHHQ� WKH� FHOO� DQG� DQ� HOHFWURGH� ZLWKRXW� WKH�

LQYROYHPHQW�RI�DQ\�GLIIXVLEOH�UHGR[�FRPSRXQGV��

7KLV�LV�DFKLHYHG�LI�WKH�PLFUREH�FRQWDLQV�UHGR[�

DFWLYH� SURWHLQV� RQ� WKH�RXWHU� VXUIDFH� RI� WKH�FHOO�

PHPEUDQH�RU�FHOO�HQYHORSH��H�J���F\WRFKURPHV����

Àavoproteins,��� RU� PXOWL�FRSSHU� SURWHLQV����

ZKLFK�DOORZ� WUDQVSRUW�RI�HOHFWURQV�EHWZHHQ�WKH�

LQVLGH�RI� WKH�FHOO�DQG�DQ�H[WHUQDO�HQYLURQPHQW��

$FFRUGLQJ� WR� VWXGLHV� UHSRUWHG� VR� IDU�� WKUHH�

GLIIHUHQW�PHFKDQLVPV�DFFRPSOLVKLQJ�WKLV�W\SH�RI�

HOHFWULFDO� FRQQHFWLRQ� KDYH� EHHQ� SURSRVHG��:� (i)�
(7�WKURXJK�HOHFWULFDOO\�FRQGXFWLYH�SLOL����(ii)�ET�
EHWZHHQ� UHGR[�SURWHLQV�ERXQG� WR� WKH�RXWHU�FHOO�

VXUIDFHV����or�(iii)�ET�through�abiotic�conductive�
PDWHULDOV���

3.2.�Mediated�electron�transfer

7KH� VHFRQG� WUDQVIHU� PHFKDQLVP� HPSOR\V� DQ�

HOHFWURQ�VKXWWOH�EHWZHHQ�EDFWHULD�DQG�HOHFWURGHV��

The� mediated� electron� transfer� (MET)� has�
UHGR[�PHGLDWRUV�LQYROYHG� LQ�VKXWWOLQJ�HOHFWURQV�

EHWZHHQ� EDFWHULD� DQG� HOHFWURGHV���� 0(7� WDNHV�

SODFH�E\�WKH�SUHVHQFH�RI�UHGR[�DFWLYH�PHGLDWLQJ�
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FRPSRXQGV��ZKLFK�VKXWWOH�HOHFWURQV�EHWZHHQ�DQ�

H[WHUQDO� GRQRU�DFFHSWRU� DQG� D� PLFURRUJDQLVP��

6RPH�FRPSRXQGV�VKRZQ�WR�EH�HIIHFWLYH�HOHFWURQ�

VKXWWOHV� LQFOXGLQJ� ERWK� LQRUJDQLF� DQG� RUJDQLF�

compounds� have� been� identi¿ed� potassium�
IHUULF\DQLGH���� Àavin� mononucleotide���� QHXWUDO�
UHG����SKHQD]LQHV��SKHQR[D]LQHV��SKHQRWKLD]LQHV��

DQG� TXLQRQHV���� �����DQWKUDTXLQRQH�����

GLVXOIRQLF� DFLG� GLVRGLXP� VDOW�� VDIUDQLQH�

2�� UHVD]XULQ�� PHWK\OHQH� EOXH�� DQG� KXPLF�

DFLGV���� $V� PXOWLSOH� SULRU� VWXGLHV� KDYH�

SURYHQ� WKDW� EDFWHULD� H[FUHWH� YDULRXV� SULPDU\�

DQG� VHFRQGDU\� PHWDEROLWHV�� ZKLFK� PD\� EH�

LQYROYHG� LQ� ((7� DV� GLIIXVLEOH� PHGLDWRUV����

7KXV��WKHVH�GLVDGYDQWDJHV�OHDG�WR�WKH�JHQHUDO�

UHOLQTXLVKPHQW� RI� WKLV� DSSURDFK�� %HFDXVH�

0(7�XVHV�QDWXUDO�HOHFWURQ� VKXWWOHV�DQG�'(7�

PHFKDQLVPV�� LW� LV� JHQHUDOO\� HVWDEOLVKHG� WKDW�

arti¿cial�mediators�are�no�longer�signi¿cant���

3.3.�Indirect�electron�transfer

7KH� WKLUG� W\SH� RI� PHFKDQLVP� LV� LQGLUHFW�

electron�transfer�(IET),�which�is�based�on�the�
HOHFWURFKHPLFDO� V\QWKHVLV�RI�D�ZLGH�UDQJH�RI�

PLFURELDO�HOHFWURQ�GRQRUV�DQG�DFFHSWRUV��+HUH��

WKH� FRPSRXQGV� XVHG� DV� HOHFWURQ� GRQRUV� RU�

DFFHSWRUV�XQGHUJR�LUUHYHUVLEOH�UHGR[�SURFHVVHV��

FUHDWLQJ� QHZ� FRPSRXQGV� VXFK� DV� K\GURJHQ�

RU� IRUPLF� DFLG�� $GGLWLRQDOO\�� HOHFWURDFWLYH�

(metabolic)� substances� can� be� secreted�
E\� PLFURRUJDQLVPV� DQG� WUDQVIHU� HOHFWURQV�

EHWZHHQ�WKH�PLFUREHV�DQG�HOHFWURGHV���

4.�FACTORS�AFFECTING�THE�ACTIVITY�
OF�MFCs

4.1.�Electrode�materials

$Q� LPSRUWDQW� JRDO� RI� WKH� DQRGH� FKDPEHU� LQ�

WKH�0)&�LV�WR�VHUYH� DV�DQ�HOHFWURQ�UHFHLYHU�IRU�

WKH� HOHFWULF� FXUUHQW� JHQHUDWLRQ�� $Q� HIIHFWLYH�

DQRGH� PDWHULDO� LV� HOHFWULFDOO\� FRQGXFWLYH��

ELRFRPSDWLEOH�� IUHH� IURP�FRUURVLRQ�DQG�IRXOLQJ�

RYHU�WLPH��LQH[SHQVLYH��DQG�ZLWK�D�KLJK�VXUIDFH�

DUHD����The�electrode�materials�greatly�inÀuence�
WKH�SHUIRUPDQFH�RI�WKH�0)&����&DUERQ�PDWHULDOV�

DUH� XVHG� DV� HOHFWURGHV� LQ� 0)&� EHFDXVH� WKH\�

DUH� QRQ�FRUURVLYH�� KLJKO\� ELRFRPSDWLEOH�� DQG�

H[KLELW�VRPH�GLVWLQFWLYH�VXUIDFH�FKDUDFWHULVWLFV�RI�

electrode�materials.�Modi¿cation�of�the�electrode�
PDWHULDO�KDV�EHHQ�VKRZQ�WR�EH�DQ�HIIHFWLYH�ZD\�WR�

LPSURYH�WKH�SHUIRUPDQFH�RI�WKH�0)&���

0DQ\�VWXGLHV�KDYH�VKRZQ�WKDW�HOHFWURGHV�

with� nanoparticle� modi¿cation� are� more�
ef¿cient� than� simple� electrodes.� This� change�
LQ� WKH� SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV� RI� WKH�

HOHFWURGH� KHOSV� WKH� PLFURRUJDQLVP� EHWWHU� ELQG�

and� transfer� electrons.� The� ef¿ciency� of�MFC�
FDQ� EH� LQFUHDVHG� WKURXJK� WKH� LPSURYHPHQW� RI�

EDFWHULDO� DGKHVLRQ� DQG� HOHFWURQ� WUDQVIHU� ZLWK�

the�modi¿cation�of� the�electrode� surface.���7KH�
bio¿lm�attached�to�the� electrode�is�an�essential�
HOHPHQW� RI� HOHFWURFKHPLFDO� ELRUHDFWLRQ���� 7KH�

growth�and�development�of�bio¿lms�on�the�MFC�
HOHFWURGHV�� HVSHFLDOO\� RQ� WKH� DQRGH� HOHFWURGH��

ZLOO�KHOS�RUJDQLF�PDWWHU� R[LGDWLRQ�DQG� WUDQVIHU�

HOHFWURQV�WR�WKH�FDWKRGH����7KH�DQRGH�HOHFWURGH�RI�

WKH�0)&�PXVW�FRQWDLQ�D�VWDEOH�DQG�KRPRJHQHRXV�

ELRUHDFWRU�IRU�HQKDQFHG�HQHUJ\�JHQHUDWLRQ���

,Q� VXPPDU\�� WKH�HOHFWURGH�SURSHUWLHV�DQG�

WKH� FRUUHODWLRQ� EHWZHHQ� HOHFWURGH�� VXEVWUDWH��

DQG� EDFWHULD� DUH� WKH�PDLQ� IDFWRUV� DIIHFWLQJ� WKH�

SHUIRUPDQFH� RI� 0)&�� ,W� FDQ� EH� VHHQ� WKDW� WKH�

GHYHORSPHQW� RI� 0)&� WHFKQRORJ\� LV� D� GLYHUVH�

FRPELQDWLRQ�RI�VSHFLDOWLHV�VXFK�DV�ELRFKHPLVWU\��

HOHFWURFKHPLVWU\�� PHFKDQLFDO� HQJLQHHULQJ�� DQG�

PDWHULDOV�VFLHQFH�

4.2.�Proton�exchange�system

,Q� D� GXDO�FKDPEHU� GHVLJQ�� WKH� DQRGH� DQG� WKH�

FDWKRGH�FRPSDUWPHQWV�DUH�VHSDUDWHG�E\�DQ�LRQ�

VHOHFWLYH� PHPEUDQH�� DOORZLQJ� SURWRQ� WUDQVIHU�

IURP� WKH� DQRGH� WR� WKH� FDWKRGH� DQG� SUHYHQWLQJ�

R[\JHQ� GLIIXVLRQ� LQ� WKH� DQRGH� FKDPEHU� IURP�

WKH� FDWKRGH� FRPSDUWPHQW�� 7KH� PHPEUDQH� LQ�

WKH� 0)&V� SOD\V� DQ� LPSRUWDQW� UROH� LQ� 0)&�

SHUIRUPDQFH�� 7KH� PRVW� FRPPRQO\� XVHG�

PDWHULDOV�IRU�3(0�DIIHFW�WKH�LQWHUQDO�UHVLVWDQFH�

DQG�FRQFHQWUDWLRQ�RI�WKH�SRODULVDWLRQ�ORVV�RI�WKH�

system�and� inÀuences� the� power� output� of� the�
MFCs.�There�are�several�signi¿cant�types�of�ion�
H[FKDQJH� PHPEUDQHV� XVHG� LQ� 0)&� V\VWHPV��

anion� exchange� membranes� (AEM),� cation�
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H[FKDQJH� Pembranes� (CEM),� and� polarized�
membranes�(PBM).��

7KH�ELRUHDFWRU�DUFKLWHFWXUH��PDWHULDO�W\SH��

DQG� UHDFWRU� JHRPHWU\� GHWHUPLQH� WKH� GHYLFH¶V�

performance� and� cost.� Studies� aim� to� ¿nd� the�
RSWLPDO� FRPELQDWLRQ� RI� PDWHULDOV� DQG� GHVLJQ�

WKDW�ZLOO� UHVXOW� LQ� KLJK� SHUIRUPDQFH�� ORZ� FRVW��

DQG�PXOWLSOH�IXQFWLRQV�WR�HVWDEOLVK�D�VWDQGDUG�IRU�

FRQYHQLHQW� DQG� HFRQRPLFDOO\� IHDVLEOH� VFDOLQJ�

up.�One�such�effort�is�using�CEM�such�as�Na¿on�
GHULYHG�IURP�WKH�H[LVWLQJ�WHFKQRORJ\�RQ�K\GURJHQ�

3(0)&��� RU� WUHDWPHQW� V\VWHPV� RQ�ZDWHU�XVLQJ�

PHPEUDQHV���� Since�Na¿on� is� expensive,� most�
UHVHDUFK�LV�FRQFHQWUDWHG�RQ�SRVVLEOH�DOWHUQDWLYHV��

LQFOXGLQJ� LQYHVWLJDWLRQV� RQ� PDWHULDOV� VXFK� DV�

nylon� and� glass� ¿bers,� j-cloth,� biodegradable�
SODVWLF� EDJV�� DQG� FHUDPLFV���� 6HYHUDO� ZDVWH�

PDWHULDOV��VXFK�DV�ODERUDWRU\�JORYHV�DQG�QDWXUDO�

UXEEHU�� KDYH� DOVR� EHHQ� WHVWHG���� 5HVXOWV� VKRZ�

that� these� materials� offer� bene¿ts� in� terms� of�
PHPEUDQH�IRXOLQJ��

0)&�RSHUDWLRQ�ZDV�VWXGLHG�XVLQJ�VLPLODU�

PHWDOV� LQ�GLIIHUHQW�VROXWLRQV�RU�GLIIHUHQW�PHWDOV�

LQ�VLPLODU�VROXWLRQV�ZKHQ�OLTXLG�HOHFWURO\WHV�DUH�

HPSOR\HG� LQ�WKH�DQRGH� DQG�FDWKRGH�� DV�ORQJ�DV�

WKH�FDWKRGH�LV�QRW�H[SRVHG�WR�RSHQ�DLU��,RQV�DUH�

FRQWDLQHG� LQ�OLTXLG�VROXWLRQV��ZKLFK�FUHDWHV�WKH�

QHHG�IRU�DQ�LRQ�H[FKDQJH�PHPEUDQH��7KHUHIRUH��

LQ� WKHRU\�� D� PHPEUDQH� LV� QRW� D� QHFHVVLW\� IRU�

0)&V���� JLYHQ� WKDW� WKH� DQRGH� DQG� FDWKRGH� DUH�

either� dissimilar� (electrochemically� separated)�
RU� LGHQWLFDO� EXW� SODFHG� DW� D� GLVWDQFH� DSDUW� WR�

DYRLG�VKRUW�FLUFXLW�

0HPEUDQH�OHVV� 0)&� ZDV� WKHUHIRUH�

GHYHORSHG����:KLOH�WKLV�HOLPLQDWHV� WKH�QHHG�IRU�

KLJK�FRVW� PHPEUDQHV� DQG� IRXOLQJ� SUREOHPV��

WKH�GRZQVLGH�LQYROYHV�R[\JHQ�GLIIXVLRQ��ZKLFK�

FUHDWHV� DGYHUVH� FRPSHWLWLRQ� ZLWK� WKH� DQRGH�

RQ� WKH� DYDLODEOH� HOHFWURQV�� 0RVW� 0)&V� KDYH�

EHHQ� GHVLJQHG� WR� KDYH� ULJLG�� LQHUW� VWUXFWXUDO�

PDWHULDOV� IRU� KRXVLQJ� DQRGH� DQG� FDWKRGH� KDOI�

FHOOV��UHJDUGOHVV�RI�WKH�SUHVHQFH�RI�PHPEUDQHV��

&XUUHQWO\�� VWXGLHV� KDYH� HPHUJHG� XVLQJ� ��'�

SULQWLQJ� LQ� WKH� IDEULFDWLRQ� RI� 0)&V���� ��'�

SULQWLQJ� RI� 0)&� ELRUHDFWRUV� DOVR� KDV� WKH�

DGYDQWDJH� RI� FUHDWLQJ� FRPSOHWH� UHDFWRUV��$V� D�

UHVXOW��WKHVH�SURGXFWV�FDQ�EH�HPSOR\HG�LQ�YDULRXV�

DSSOLFDWLRQV�DQG�HQYLURQPHQWV���

7KH�FKDOOHQJH�RI�HOHFWURGH�VSDFLQJ�FDQ�EH�

DGGUHVVHG� E\�PDWHULDO� W\SH�� 3RURVLW\�� VWUHQJWK��

FKHPLFDO�LQHUWQHVV��DQG�ORQJHYLW\�DUH�WKH�IDFWRUV�

WKDW�PD\�DGGUHVV�WKLV�FKDOOHQJH�ZKLOH�KLQGHULQJ�

R[\JHQ�SHQHWUDWLRQ��7KH�PDWHULDOV�WKDW�KDYH�EHHQ�

VWXGLHG� VR� IDU� DUH� FDQYDV���� SKRWRFRS\� SDSHU����

microporous� ¿ltration�membranes,��� DQG� Q\ORQ�
LQIXVHG�PHPEUDQH���

4.3.�pH

MFCs� are� very� susceptible� to� the� inÀuence� of�
H[WHUQDO�S+�RQ�WKHLU�DELOLW\�WR�JHQHUDWH�UHQHZDEOH�

HQHUJ\� DQG� UHPRYH� FRQWDPLQDQWV�� :KHQ� WKH�

H[WHUQDO�S+�FKDQJHV��PDQ\�SK\VLRORJLFDO�FKDQJHV�

RFFXU�� LQFOXGLQJ� FKDQJHV� LQ� LRQ� FRQFHQWUDWLRQ��

proton�shutdown,�microbial�cell�pH,�and�bio¿lm�
IRUPDWLRQ�DW�WKH�DQRGH�HOHFWURGH��S+�YDOXH�SOD\V�

D�YLWDO�UROH�LQ�WKH�JURZWK�RI�PLFURRUJDQLVPV��DQG�

LW�LV�QHFHVVDU\�WR�FRQVLGHU�WKH�ULJKW�S+�FRQGLWLRQV�

IRU� WKH� PLFURRUJDQLVPV� WR� DFKLHYH� PD[LPXP�

SHUIRUPDQFH�� 7KH� EDFWHULD� UHVSRQVLEOH� IRU�

JHQHUDWLQJ� HOHFWULFLW\� LQ� WKH� 0)&� ZHUH� PRUH�

DFWLYH� DW� S+��� WR� �� LQ� WKH� DQRGH� FKDPEHU� DQG�

DW� QHXWUDO� RU� VOLJKWO\� KLJKHU� S+� LQ� WKH� FDWKRGH�

FKDPEHU��7KH�DFWLYLWLHV�RI�WKH�EDFWHULD�GHFUHDVH�

GXH� WR� WKH� ORZ�S+� LQ� WKH� DQRO\WH��ZKLFK� KDV� D�

tremendous� effect� on� the� bio¿lm� formation�
DQG�SRZHU�RXWSXW�RI�WKH�0)&��7KH�PDLQ�HIIHFW�

of� pH� on� the� electrolyte� inÀuences� bacterial�
PHWDEROLVP�DQG� WKH� FDWKRGLF� R[\JHQ� UHGXFWLRQ�

UHDFWLRQ�UDWH����

4.4.�Temperature

7HPSHUDWXUH�DIIHFWV�PLFURELDO�PHWDEROLVP��PDVV�

GLVSODFHPHQW�� DQG� WKHUPRG\QDPLFV�� OHDGLQJ�

WR� DQ� HIIHFW� RQ� 0)&� SHUIRUPDQFH�� 2UHOODQD�

HW� DO���� UHSRUWV� WKDW� 0)&V� RSHUDWH� VWDELOLW\� DW�

the� temperature� range� of�25°C� to�30°C.�MFCs�
RSHUDWLQJ� DW� KLJKHU� WHPSHUDWXUHV� KDYH� DQ�

DGYDQWDJHRXV� SHUIRUPDQFH� DQG� EHWWHU� VXEVWUDWH�
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UHPRYDO�� 7KLV� LV� EHFDXVH� WKH� WHPSHUDWXUH�

contributes� to� the� initial� bio¿lm� formation,�
DXJPHQWDWLRQ� RI� WKH� EDFWHULDO� PHWDEROLVP��

DQG� PHPEUDQH� SHUPHDELOLW\���� 7KH� RSWLPXP�

WHPSHUDWXUH� IRU� PHVRSKLOLF� PLFUREHV� UDQJHV�

from� 35°C� to� 40°C.� Warmer� temperatures�
JHQHUDOO\� SRVLWLYHO\� DIIHFW� SRZHU� JHQHUDWLRQ��

&(�� DQG� &2'� UHPRYDO���� 0)&V� RSHUDWLQJ�

DW� KLJKHU� WHPSHUDWXUHV� KDYH� D� SHUIRUPDQFH�

DGYDQWDJH�DQG�VXEVWUDWH�UHPRYDO��7KLV�LV�EHFDXVH�

RI� WKH� WHPSHUDWXUH� FRQWULEXWHV� WR� WKH� LQLWLDO�

bio¿lm�formation,�augmentation�of�the�bacterial�
PHWDEROLVP�� DQG� PHPEUDQH� SHUPHDELOLW\����

7KHVH�UHVXOWV�LQGLFDWH�WKDW�WHPSHUDWXUH�SOD\V�DQ�

LPSRUWDQW�UROH�LQ�VKDSLQJ�PLFURELDO�FRPPXQLWLHV�

of� the� anode� bio¿lms� and� the� cell’s� internal�
UHVLVWDQFH� LQ�0)&V�WKURXJK�FKDQJHV� LQ�VSHFLHV�

HYHQQHVV���

4.5.�Substrate

7KH�VXEVWUDWH�LV�FRQVLGHUHG�RQH�RI�WKH�HVVHQWLDO�

biological�factors�related�to�the�power�ef¿ciency�
LQ�0)&V����2UJDQLF�VXEVWUDWHV�UDQJH�IURP�VLPSOH�

WR� FRPSOH[�� DQG� WKHLU�PL[WXUHV� FDQ� EH�XVHG� DV�

D� QXWULHQW� VRXUFH�E\�HOHFWULFDOO\� DFWLYH�EDFWHULD�

IRU�SRZHU�JHQHUDWLRQ�LQ�0)&V��6WXGLHV�UHSRUWHG�

that�substrates�for�MFCs�range�from�simple�(i.e.,�
glucose,�acetate,�sucrose,�etc.)�to�complex�(i.e.,�
DPLQR�SURWHLQV��DFLGV��HWF���������$VLGH�IURP�WKRVH��

VRPH� ZDVWHZDWHU� VXFK� DV� VHDIRRG� LQGXVWULDO�

ZDVWHZDWHU����SHWUROHXP�UHF\FOLQJ�ZDVWHZDWHU����

bamboo� fermentation�efÀuent,���ZHUH�XVHG�DV� D�
FRPSOH[� VXEVWUDWH� LQ�0)&�� ,Q�PRVW� FDVHV�� WKH�

XOWLPDWH�SXUSRVH�RI�ZDVWHZDWHU�XVH�LV�WR�UHPRYH�

WKH� SROOXWDQWV�SUHVHQW� LQ� WKH�ZDVWHZDWHU�EHIRUH�

UHOHDVLQJ� WKHP� LQWR� WKH� HQYLURQPHQW��'LIIHUHQW�

UHVHDUFKHUV� XVHG� YDU\LQJ� XQLWV� WR� UHSUHVHQW�

0)&�SHUIRUPDQFH��$� XQLW�PRVW� RIWHQ� XVHG� LV�

FDOOHG� SRZHU� GHQVLW\�� ZKLFK� FDQ� VLJQLI\� DQ�

amount�of�power�(time�rate�of�energy�transfer)�
SHU� XQLW� DUHD� RI� WKH� DQRGH� HOHFWURGH� VXUIDFH�

(mW/m��� RU� WKH� SRZHU� GHQVLW\� SHU� YROXPH�

of� the� cell� (mW/m���� 7KLV� UHYLHZ� GLVFXVVHV�

WKH� PRVW� FRPPRQO\� XVHG� VXEVWUDWHV� ZLWK� WKH�

FRUUHVSRQGLQJ�0)&�SHUIRUPDQFH�

5.�RESEARCH�ON�SUBSTRATES�AND�THEIR�
EFFECT�ON�MFCs�PERFORMANCES

5.1.�Acetate

,Q�PRVW�RI�WKH�UHVHDUFK�RQ�0)&��DFHWDWH�KDV�EHHQ�

WKH�PRVW�ZLGHO\�XVHG�VXEVWUDWH�W\SH�IRU�HOHFWULFLW\�

JHQHUDWLRQ��$V�D�VLPSOH�VXEVWUDWH��DFHWDWH�LV�ULFK�

LQ� FDUERQ� ZKLFK� HOHFWURDFWLYH� PLFURRUJDQLVPV�

FDQ�HDVLO\�PHWDEROL]H��,RQV�DUH�SUHVHQW�LQ�DFHWLF�

DFLG�WKDW�WHQGV�WR�SURPSW�HOHFWURDFWLYH�PLFUREHV��

Notably,� acetate� is� the�¿nal� product� of�various�
PHWDEROLF� SDWKZD\V� IRU� KLJKHU�RUGHU� FDUERQ�

VRXUFHV����$V�D�VLPSOH�FRPSRXQG��DFHWDWH�LV�HDVLHU�

WR�GHJUDGH�LQ�0)&V����/LX�HW�DO����REVHUYHG�WKDW�

WKH� DFHWDWH�IHG� VLQJOH�FKDPEHU� 0)&� REWDLQHG�

D� SRZHU�JHQHUDWLRQ�RI� ����P:�P�������PJ�/��

ZKLFK�ZDV� DSSUR[LPDWHO\����� KLJKHU� WKDQ� WKH�

power�produced�by�an�MFC�with�butyrate�(305�
P:�P��������PJ�/���/LX�HW�DO����REVHUYHG� WKDW�

WKH�0)&� IHG� E\� DFHWDWH� VXEVWUDWH� DQG� DFHWDWH�

DFFOLPDWL]HG�PLFURELDO�FRQVRUWLD�REWDLQHG�PRUH�

WKDQ� WZLFH� KLJKHU� SRZHU� JHQHUDWLRQ� ZLWK� KDOI�

RSWLPDO� H[WHUQDO� ORDG� UHVLVWDQFH� FRPSDUHG� WR�

0)&�ZLWK�SURWHLQ�ULFK�ZDVWHZDWHU�DV�VXEVWUDWH��

+RZHYHU��D�ZLGH�UDQJH�RI�PLFURELDO�FRPPXQLW\�

compositions�was�observed�in�the�anode�bio¿lm�
IRU�WKH�SURWHLQ�HQULFKHG�ZDVWHZDWHU�FRPSDUHG�WR�

WKH�DFHWDWH�VXEVWUDWH��&KDH�HW�DO����HYDOXDWHG�WKH�

SRZHU�JHQHUDWLRQ�RI�IRXU�GLYHUVH�VXEVWUDWHV�ZKHUH�

WKH� DFHWDWH�IHG� 0)&� REWDLQHG� WKH� PD[LPXP�

SRZHU� JHQHUDWLRQ�ZLWK�&(� RI� ������ZKLOH� WKH�

RWKHU� VXEVWUDWH�RSHUDWHG� 0)&� DFKLHYHG� WKH�

lower�power�generation�with�butyrate�(43.0%),�
propionate� (36.0%)� and� glucose� (15.0%).�
'LQK� HW� DO���� UHSRUWHG� WKDW� D� SRZHU� GHQVLW\� RI�

������ P:�P�� ZDV� SURGXFHG� IURP� DFHWDWH� DW�

WKH� FRQFHQWUDWLRQ� RI� ��� P0�� $Q� 0)&� XVLQJ�

D� PL[WXUH� RI� DFHWDWH� DQG� ODFWDWH� VXEVWUDWHV� DW��

���P0�\LHOGHG�D�SRZHU�GHQVLW\�RI��������P:�P���

5.2.�Glucose

$QRWKHU� FRPPRQ� VXEVWUDWH� XVHG� LQ� 0)&� LV�

JOXFRVH��7KH�SUHVHQFH�RI�JOXFRVH�LQ�ZDVWHZDWHU�

VOXGJH� HQKDQFHV� WKH� FRQGXFWLYLW\� SURSHUW\� RI�

WKH�0)&��
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*HQHUDOO\�� 0)&� XVLQJ� JOXFRVH� DV�

VXEVWUDWH� DFKLHYHV� ORZ� SRZHU� JHQHUDWLRQ� E\�

lower�electron�transfer�(CE)�ef¿ciency�between�
HOHFWURDFWLYH�EDFWHULD�DQG�HOHFWURGH��7KLV�LV�GXH�

WR�PHWKDQRJHQLF�DQG� IHUPHQWDWLYH�EDFWHULD�WKDW�

DUH� XQUHODWHG� WR� HOHFWULFLW\� SURGXFWLRQ� LQ� WKH�

0)&� V\VWHP� WKDW� UHDGLO\� FRQVXPH� JOXFRVH����

7KHUHIRUH��D�FRPELQDWLRQ�RI�VLPSOH�DQG�FRPSOH[�

VXEVWUDWHV�LV�UHFRPPHQGHG�WR�EH�XVHG�LQ�0)&V���

5.3.�Synthetic�wastewater

9DULRXV� V\QWKHWLF� RU� FKHPLFDO�ZDVWHZDWHU�ZLWK�

NQRZQ� FRPSRVLWLRQV� KDYH� EHHQ� XVHG� LQ�0)&V�

DV� WKH� FRQGXFWLYLW\�� S+�� DQG� RWKHU� SDUDPHWHUV�

DUH� HDVLO\� FRQWUROOHG�� 0RKDQ� HW� DO���� RSHUDWHG�

0)&V� IHG� ZLWK� YDULRXV� ORDGLQJV� RI� V\QWKHWLF�

ZDVWHZDWHU�WR�REWDLQ�DQ�LGHDO�ORDGLQJ�UDWH�

$�IHZ�PHGLD�XVHG�GXULQJ�EDFWHULDO�JURZWK�

FRQWDLQ� ODUJH� TXDQWLWLHV� RI� UHGR[� PHGLDWRUV��

LQFOXGLQJ� KLJK�LQWHQVLW\� ZDVWHZDWHU� FRPSRVHG�

RI� UHGXFHG� VSHFLHV� RI� VXOIXU� DQG� F\VWHLQH� WKDW�

FDQ� VHUYH� DV� DQ� DELRWLF� GRQRU� RI� HOHFWURQV� DQG�

LPSURYH� SRZHU� RXWSXW� IRU� D� EULHI� SHULRG����

However,� this� does� not� adequately� reÀect� the�
V\VWHP¶V� SHUIRUPDQFH�� 2QH� VROXWLRQ� XWLOL]HV�

D� PLQLPXP� VDOW� VROXWLRQ� FRQWDLQLQJ� RQO\� RQH�

HOHFWURQ� GRQRU�� OLNH� JOXFRVH� RU� DFHWDWH�� 6XQ� HW�

DO����XVHG�V\QWKHWLF�ZDVWHZDWHU�SUHSDUHG�IUHVK�E\�

GLVVROYLQJ� JOXFRVH� LQ� WDS� ZDWHU� XQWLO� WKH�&2'�

FRQFHQWUDWLRQ�ZDV� DERXW�����PJ�/��7KH�SRZHU�

GHQVLW\�ZDV��������P:�P���7KH�&2'�UHPRYDO�

ef¿ciency�was�about�60%,�and�the�efÀuent�COD�
ZDV�DERXW�����PJ�/��5RGULJR�HW�DO����VWXGLHG�WKH�

SURGXFWLRQ�RI�HOHFWULFLW\�DQG�WKH�R[LGDWLRQ�RI�WKH�

SROOXWDQWV� FRQWDLQHG� LQ� D� V\QWKHWLF� ZDVWHZDWHU�

IHG� ZLWK� JOXFRVH� DQG� SHSWRQH� RI� VR\EHDQ� DV�

FDUERQ� VRXUFHV��:DVWH�IHG�0)&� WKDW� LV� VORZO\�

ELRGHJUDGDEOH�JHQHUDWHV�KLJKHU�HQHUJ\��,W�LV�PRVW�

OLNHO\�EHFDXVH�RI�WKH�IRUPDWLRQ�RI�LQWHUPHGLDWHV�

WKDW�IDYRU�WKH�SURGXFWLRQ�RI�HOHFWULFLW\�

5.4.�Brewery�efÀuent

Brewery� efÀuent� is� generally� nontoxic� and�
FKDUDFWHUL]HG� E\� KLJK� &2'� DQG� WRWDO� QLWURJHQ�

FRQWHQW� LQ� WKH� SUHVHQFH� RI� KLJKHU� RUJDQLF�

FRQWHQWV��PDLQO\�FRQVLVWLQJ�RI�SURWHLQ�DQG�VWDUFK�

FRPSRQHQWV����:DQJ�HW� DO����UHSRUWHG�WKH�SRZHU�

generation�ef¿ciency� from�brewery�wastewater�
LQ� WKH� QRQ�GLDSKUDJP� 0)&� ZLWK� D� PD[LPXP�

SRZHU�GHQVLW\�RI�����P:�P��at�20°C.�The�test�
UHVXOWV� VKRZ� WKDW�0)&�FDQ�JHQHUDWH�HOHFWULFLW\�

IURP� KLJK�LQWHQVLW\� ZDVWHZDWHU� ZLWK� &2'�

FRQFHQWUDWLRQV�UDQJLQJ�IURP�����WR�������PJ�/��

%UHZHU\� ZDVWHZDWHU� LV� D� SUHIHUUHG� VXEVWUDWH�

LQ� 0)&� EHFDXVH� WKH� VWUHQJWK� LV� ORZ� DQG� DOVR�

EHFDXVH� WKH� RUJDQLF� PDWWHU� LV� GHULYHG� IURP�

IRRG��WKXV�UHVXOWLQJ�LQ�ORZ�LQKLELWRU\�FRPSRXQG�

FRQFHQWUDWLRQV�� VXFK� DV� DPPRQLD� FRQWDLQHG� LQ�

DQLPDO�ZDVWHZDWHU����

5.5.�Dye�wastewater

$]R�G\HV�DUH�DEXQGDQW�LQ�WKH�WH[WLOH�DQG�G\HLQJ�

LQGXVWULHV��7KH�SUHVHQFH�RI�KLJK�FRQFHQWUDWLRQV�

RI�G\HV�ZLOO�KDYH�VHYHUH�HQYLURQPHQWDO�HIIHFWV��

VXFK� DV� EORFNLQJ� WKH� SDVVDJH� RI� R[\JHQ� DQG�

OLJKW�LQWR�WKH�ZDWHU��ZKLFK�ZLOO� VHULRXVO\�DIIHFW�

DTXDWLF� OLIH����� 7KHUHIRUH�� UHPRYLQJ� G\HV�

from� these� efÀuents� before� discharge� into� the�
HQYLURQPHQW� LV� QHFHVVDU\�� 6RPH� SURFHVVLQJ�

WHFKQRORJ\�� VXFK� DV� SK\VLFDO�� FKHPLFDO��

DQG� HOHFWURFKHPLFDO� WUHDWPHQWV�� DUH� EHLQJ�

HIIHFWXDWHG� EHIRUH� GLVFKDUJLQJ� LQWR� WKH� ODQG�����

5HFHQWO\�� 0)&� WHFKQRORJLHV� KDYH� FRQYHUWHG�

FKHPLFDO� HQHUJ\� GLUHFWO\� WR� HOHFWULFLW\� WKURXJK�

D� ELRORJLFDO� SDWKZD\����� 4LX� HW� DO����� XVHG� D�

QRYHO�FRPELQHG�SURFHVV�RI�FRQVWUXFWHG�ZHWODQG�

microbial�fuel�cell�and�three�dimensional�bio¿lm�
HOHFWURGH� UHDFWRU� WR� WUHDW� UHDFWLYH� EULOOLDQW� UHG�

;��%� G\H� ZDVWHZDWHU�� 7KH� UHVXOWV� VKRZHG�

WKDW� WKH� GHFRORUL]DWLRQ� UDWH� RI� WKH� FRPELQDWLRQ�

SURFHVV� ZDV� RYHU� ����� DQG� WKH� &2'� UHPRYDO�

UDWHV� UDQJLQJ� IURP� ������ WR� ������ ZHUH�

DFKLHYHG�� )DWLPD� HW� DO����� GHVLJQHG� DQG�

optimized�for�ef¿cient� treatment�of�recalcitrant�
WH[WLOH�ZDVWHZDWHU��$�PD[LPXP� SRZHU� GHQVLW\�

RI� ���� P:�P�� ZDV� REWDLQHG� XQGHU� RSWLPL]HG�

FRQGLWLRQV��$V�D�UHVXOW��WKH�0)&¶V�FRORU�UHPRYDO�

DQG� &2'� UHGXFWLRQ� ZHUH� XS� WR� ��� DQG� �����

&RQVHTXHQWO\�� WUHDWLQJ� ZDVWHZDWHU� FRQWDLQLQJ�

D]R� G\H� DQG� ZDVWHZDWHU� FRQWDLQLQJ� RUJDQLF�

PDWWHU�WKDW�LV�HDVLO\�ELR�GHJUDGHG�VLPXOWDQHRXVO\�
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FDQ�EH�SHUIRUPHG�E\�FRPELQLQJ�WKH�WZR�GLIIHUHQW�

W\SHV� RI�ZDVWHZDWHU� LQ�0)&� WKDW� FDQ� LPSURYH�

ERWK�FRVW�DQG�HQHUJ\�����7KH�GRZQVLGH�RI�WKLV�LV�

that� signi¿cant� development� is� still� needed� in�
¿nding� a� dense� bacterial� community� suitable�
IRU� G\HV�PL[HG� ZLWK� VLPSOH� FDUERQ� VRXUFHV� WR�

SURYLGH� D� UHDOLVWLF� VROXWLRQ� LQ� WKH� ZDVWHZDWHU�

WUHDWPHQW�RI�0)&V�

5.6.�Lignocellulosic�biomass

/LJQRFHOOXORVLF�ELRPDVV�LV�DEXQGDQWO\�DYDLODEOH�

LQ� QDWXUH�� PDLQO\� JHQHUDWHG� IURP� DJULFXOWXUDO�

ZDVWH�� DQG� FRQVLGHUHG� D� SURPLVLQJ� DQG� FRVW�

HIIHFWLYH�IHHGVWRFN�IRU�HQHUJ\�SURGXFWLRQ����

'XH� WR� WKHLU� QHZ� DYDLODELOLW\� DQG�

UHSURGXFLELOLW\�� OLJQRFHOOXORVLF� FRPSRXQGV�

GHULYHG� IURP� DJULFXOWXUDO� E\�SURGXFWV� DUH�

IDYRUDEOH� UDZ�PDWHULDOV� IRU� ORZ�FRVW�HOHFWULFLW\�

JHQHUDWLRQ����� +RZHYHU�� PLFURRUJDQLVPV� LQ� WKH�

0)&�FDQQRW�XVH�LWV�OLJQRFHOOXORVLF�ELRPDVV�IRU�

HQHUJ\�SURGXFWLRQ��,W�PXVW�EH�EURNHQ�GRZQ�LQWR�

PRQRVDFFKDULGHV�RU�RWKHU�UHGXFLQJ�DJHQWV���

Until� now,� much� biomass,� including�
IRUHVW� GHWULWXV� LQ� D� IRUHVWHG� ZHWODQG����� NLWFKHQ�

ZDVWH�����FKLWLQ�����FRZ�GXQJ�����RUDQJH�SHHO�ZDVWH�

ELRPDVV������ZKHDW�VWUDZ�����DOJDH�JURZQ������ULFH�

VWUDZ�����SRWDWR�ZDVWHV�����hydrothermal�lique¿ed�
FRUQVWDON� ELRPDVV����� IRRG�ZDVWH����� OHPRQ� SHHO�

ELRPDVV����KDV�EHHQ�H[SORLWHG�DV�IXHO�VRXUFHV�IRU�

ELRHQHUJ\�SURGXFWLRQ�LQ�0)&V�

'DL� HW� DO���� XVHG� ZDVWHZDWHU� IURP�

ELRK\GURJHQ� IHUPHQWDWLRQ� DV� D� SRWHQWLDO�

VXEVWUDWH�� 7KH� ZDVWHZDWHU� XVHG� LV� UHSRUWHG� WR�

contain�end-product�metatabs�(acetic�acid,�lactic�
DFLG�� DQG�EXW\ULF�DFLG���ZKLFK� FRQVWLWXWH�D� ULFK�

VRXUFH�RI�VXEVWUDWHV� IRU�EDFWHULD��7KLV�LV�D�W\SH�

RI�ZDVWHZDWHU�ZLWK�D�VWDEOH�FRPSRVLWLRQ��ULFK�LQ�

QXWULHQWV�DQG� ORZ� LQ� WR[LF�FRPSRQHQWV��+RX�HW�

DO�����UHSRUWHG�WKDW�DQDHURELFDOO\�GLJHVWHG�NLWFKHQ�

ZDVWH�SURGXFHG�D�SRZHU�GHQVLW\�RI������P:�P����

ELRPDVV� FRQFHQWUDWLRQ� ZKLFK� ZDV� ���� PJ�/��

and� COD� removal� ef¿ciency� of� 43.59%�when�
*ROHQNLQLD�6'(&����ZDV�FXOWLYDWHG�LQ�WKH�VLQJOH�

FKDPEHU� 0)&�� 0LUDQ� HW� DO����� GHPRQVWUDWHG�

ELRHOHFWULFLW\� SURGXFWLRQ� IURP� RUDQJH� SHHO�

ZDVWH�ZLWKRXW�FKHPLFDO�SUHWUHDWPHQW�RU� DGGLQJ�

H[WUD� PHGLDWRUV�� 7KH� PD[LPXP� SRZHU� GHQVLW\�

ZDV� ������ “� ����� P:�P��� /LX� HW� DO����� KDV�

VKRZQ� WKH� FRQWLQXRXV� SURGXFWLRQ� RI� HOHFWULFLW\�

IURP� FRUQVWDON� ELRPDVV� DIWHU� K\GURWKHUPDO�

OLTXHIDFWLRQ� WUHDWPHQW�� $� PD[LPXP� SRZHU�

GHQVLW\�RI�����P:�P���$ERXW�����RI�&2'�DQG�

72&�ZHUH�HIIHFWLYHO\�UHPRYHG��,Q�WKH�VWXG\�RI�

/L� HW� DO������ HOHFWULFLW\� UHFRYHU\� ZDV� DFKLHYHG�

with�ef¿cient�organic�biodegradation�in�the�MFC�
XVLQJ�FDQWHHQ�EDVHG�IRRG�ZDVWH�DV�VXEVWUDWHV��$�

PD[LPXP� SRZHU� GHQVLW\� RI� ����:�P�� DQG� DQ�

DYHUDJH�RXWSXW�YROWDJH�RI�����9�ZDV�REWDLQHG�

%LRPDVV� TXDOLW\� LV� RIWHQ� GHWHUPLQHG� E\�

LWV�LQKHUHQW�SURSHUWLHV�VXFK�DV�PRLVWXUH�FRQWHQW��

EXON�GHQVLW\��\LHOG��VL]H�DQG�VKDSH��ZKLFK�DIIHFW�

LWV� ELRFRQYHUVLRQ� DQG� DELOLW\� WR� ELRHOHFWULFLW\�

SURGXFWLRQ�LQ�0)&�����0RVW�RI�WKH�UDZ�ELRPDVV�

RU� ELRPDVV� GHULYHG� IURP� RUJDQLF�ZDVWH�FDQ� EH�

XVHG�DV�D�VXEVWUDWH�IRU�0)&��LPSO\LQJ�WKDW�0)&�

LV�ZLGHO\�DGDSWDEOH� IRU�HQHUJ\�KDUYHVWLQJ�IURP�

ELRPDVV�

6.�APPLICATIONS�OF�MFC

Using� MFC� technology� is� very� attractive�
EHFDXVH� ZDVWH� FDQ� EH� UHGXFHG� DQG� FRQYHUWHG�

LQWR� HQHUJ\�� UHGXFLQJ�ZDVWH� GLVSRVDO� FRVWV� DQG�

increasing�economic�ef¿ciency.�This�technology�
KDV� OHG� WR� PDQ\� LPSRUWDQW� DSSOLFDWLRQV�� VXFK�

DV� ELRHOHFWULFLW\� SURGXFWLRQ�� ZDVWHZDWHU�

WUHDWPHQW��PHWDO�UHPRYDO�UHFRYHU\��ELRK\GURJHQ�

SURGXFWLRQ��ELRVHQVRUV��HWF�

6.1.�Wastewater�treatment�with�bioelectricity�
production

:DVWHZDWHU� WUHDWPHQW� DQG� ELRHOHFWULFLW\�

JHQHUDWLRQ� KDYH� EHFRPH� 0)&¶V� PRVW� KHDYLO\�

UHVHDUFKHG� DUHDV�� )RRG� SURFHVVLQJ� ZDVWHZDWHU��

GRPHVWLF� ZDVWHZDWHU�� VHZDJH� VOXGJH�� DQG�

PDQ\� RWKHU� W\SHV� RI� ZDVWHZDWHU� DUH� ULFK� LQ�

RUJDQLF� PDWWHU� DQG� FDQ� SURYLGH� D� ZLGH� UDQJH�

RI�PLFURRUJDQLVPV�XVHG� LQ�0)&��)XUWKHUPRUH��

ZDVWHZDWHU� FRQWDLQLQJ� KHDY\�PHWDOV� DQG� RWKHU�

KDUPIXO� SROOXWDQWV� KDV� DOVR� EHHQ� XVHG� DV� D�
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VXEVWUDWH� LQ� 0)&� WR� UHGXFH� SROOXWLRQ����� 7KH\�

FDQ� UHPRYH� &2'� XS� WR� ���� DQG� &RXOXPELF�

ef¿ciency�up�to�80%.����0HKPRRG�HW�DO��UHSRUWHG�

WKDW�WKLV�LV�DQ�HIIHFWLYH�DQG�KLJKO\�FRVW�HIIHFWLYH�

PHWKRG� WR� UHPRYH� QLWURJHQ�DQG� RUJDQLF�PDWWHU�

IURP� OHDFKDWH�� ELRORJLFDO� WUHDWPHQW����� 7KH�

WUDGLWLRQDO� ZDVWHZDWHU� WUHDWPHQW� PHWKRGV� KDYH�

PDQ\� OLPLWDWLRQV�� VXFK� DV� HQHUJ\� FRQVXPSWLRQ�

IRU� WKH� DHUDWLRQ� RI� ZDVWHZDWHU� DQG� JHQHUDWLRQ�

RI� KDUPIXO� HPLVVLRQV� WR� WKH� HQYLURQPHQW�����

0)&� WHFKQRORJ\� LV� XVHG� WR� WUHDW� ZDVWHZDWHU�

ZLWK� D� FRPSOHWHO\� GLIIHUHQW� PHWKRG� EHFDXVH�

RI� LWV� DELOLW\� WR� FDSWXUH� HQHUJ\����� $OVR�� 0)&�

could� be� an� ef¿cient� method� of� electricity�
JHQHUDWLRQ��'X�=��DQG�HW�DO��UHSRUWHG�WKDW�0)&�

KDV� SRWHQWLDO� DSSOLFDWLRQV� IRU� ZDVWH� WUHDWPHQW�

DQG� HQHUJ\� JHQHUDWLRQ� LQ� VSDFHVKLSV����� :DQJ�

HW�DO��UHSRUWHG�D�PD[LPXP�SRZHU�RI�����:�P���

ZLWK� WKH� FXUUHQW� EHLQJ� ���� “� ����P$� DQG� KLJK�

ELRPDVV�UHWHQWLRQ�����5RMDV�)ORUHV�HW�DO��UHSRUWHG�

KDYLQJ� D� SHDN� YROWDJH� DQG� FXUUHQW� RI� ������ “�

0.096�V�and�(1.130�±�0.018�mA).�The�maximum�
SRZHU�GHQVLW\�ZDV�������“������:�FP��DW�������

P$�FP�� FXUUHQW� GHQVLW\� ZDV� DFKLHYHG� XVLQJ�

EOXHEHUU\�ZDVWH�DV�VXEVWUDWH����

6.2.�Biosensors

0)&V� XVHG� DV� ELRVHQVRUV� KDYH� DWWUDFWHG�

LQFUHDVLQJ� DWWHQWLRQ� EHFDXVH�RI� WKHLU� VLPSOLFLW\�

DQG� UREXVWQHVV� LQ� YDULRXV� DSSOLFDWLRQV�� 2QH�

VXFK� VHQVRU�PHDVXUHV� WKH� DPRXQW� RI� K\GURJHQ�

SHUR[LGH�SURGXFHG�DQG�WKH�ODFN�RI�R[\JHQ��KDYLQJ�

WKH� DGYDQWDJHV� RI� EHLQJ� HDVLO\� IDEULFDWHG� DQG�

DVVHPEOLQJ� VPDOO�VL]HG� V\VWHPV�����0)&�EDVHG�

ELRVHQVRUV�DUH�UHSRUWHG�WR�EH�PXFK�PRUH�VWDEOH�

DQG�GXUDEOH�WKDQ�WUDGLWLRQDO�%2'�ELRVHQVRUV�����

0)&�EDVHG�ELRVHQVRUV�DUH�DOWHUQDWLYH�GLVVROYHG�

oxygen� (DO)� measurement� strategy.� They�
DUH� EDVHG� RQ� WKH� IXQGDPHQWDO� SULQFLSOH� WKDW� LV�

EDVHG� RQ�FDWKRGH� EHKDYLRU��:DQJ�HW� DO�� XVHG�D�

PLQL� DXWRQRPRXV� 0)&�EDVHG� IRU� PRQLWRULQJ�

KH[DYDOHQW� FKURPLXP� LQ� ZDVWHZDWHU����� $OVR��

WKH� SRWHQWLDO� RI� UHPHGLDWLQJ� WR[LFDQWV�� VXFK�

DV� SKHQROV�� IRUPDOGHK\GH�� DQG� SHWUROHXP�

FRPSRXQGV��LV�DQRWKHU�DSSOLFDWLRQ�RI�0)&��������

6.3.�Biohydrogen�production

+\GURJHQ� PD\� EH� SURGXFHG� LQ� 0)&V�� VXFK�

DV� VHFRQGDU\� IXHOV�� LQVWHDG� RI� HOHFWULFLW\�� 7R�

JHQHUDWH� K\GURJHQ� JDV� LQ� D� W\SLFDO� 0)&�� WKH�

DQRGLF� SRWHQWLDO� PXVW� EH� LQFUHDVHG� ZLWK� D�

VXSSOHPHQWDO� YROWDJH� RI� DERXW� ����9� RU� PRUH�

WR� RYHUFRPH� WKLV� WKHUPRG\QDPLF� EDUULHU�� 7KH�

R[\JHQ� LQ� WKH� FDWKRGH� FKDPEHU� VKRXOG� DOVR�

EH� HQKDQFHG����� 0)&V� SURYLGH� VLPXOWDQHRXV�

ZDVWHZDWHU� UHPHGLDWLRQ� DORQJ� ZLWK� K\GURJHQ�

JHQHUDWLRQ� KDV� SURYHQ� WR� EH� D� VXVWDLQDEOH�

SURFHVV� IRU� HQHUJ\� SURGXFWLRQ����� &KDH� HW�

DO�� GHPRQVWUDWHG� D� VRODU�SRZHUHG� PLFURELDO�

HOHFWURO\VLV�FHOO�IRU�K\GURJHQ�SURGXFWLRQ��7KHLU�

ZRUN� GHPRQVWUDWHG� WKDW� VRODU� HQHUJ\� FRXOG�

EH� FRXSOHG� LQWR� DQ�0)&� GHYLFH� DQG� SURYLGH� D�

FULWLFDO�GULYLQJ�IRUFH�IRU� WKH�ELRHOHFWURFKHPLFDO�

UHDFWLRQ�����7KH�SURGXFWLRQ�RI�K\GURJHQ�E\�0)&�

LV�DQ�HQYLURQPHQWDOO\�IULHQGO\�PHWKRG�FRPSDUHG�

WR�JOXFRVH�IHUPHQWDWLRQ����

7.�CONCLUSION

3RZHU�JHQHUDWLRQ�WKURXJK�DQ�0)&�XVLQJ�TXDOLW\�

VXEVWUDWHV�R[LGL]HG�E\�EDFWHULDO�VSHFLHV�RIIHUV�D�

SURPLVLQJ�WHFKQRORJ\�IRU�WKH�IXWXUH��,Q�SUHYLRXV�

VWXGLHV�� VLPSOH� VXEVWUDWHV� VXFK� DV� ODFWDWH� DQG�

acetate� were� widely� used;� however,� in� recent�
\HDUV��PDQ\�DYDLODEOH�VXEVWUDWHV�KDYH�EHHQ�XVHG�

DV� DQRGH� FKDPEHU� QXWULHQWV� WR� XWLOL]H� ZDVWH�

ELRPDVV� DQG� WKHLU� WUHDWPHQW�� 7KH� SURGXFWLRQ�

RI� HOHFWULFLW\� IURP� UHQHZDEOH� ZDVWH� ELRPDVV�

XVLQJ� 0)&� WHFKQLTXHV� KDV� EHHQ� FRQVLGHUHG� D�

PDMRU�GHYHORSPHQW�FRPSDUHG�WR�WUDGLWLRQDO�QRQ�

UHQHZDEOH�ELRIXHOV��,W�LV�H[SHFWHG�WKDW�WKH�0)&�

WHFKQRORJ\�ZLOO� EH� GHVLJQHG� WR� DGDSW� D�YDULHW\�

RI� VXEVWUDWHV�WR�PDNH�LW� D�VXVWDLQDEOH�VRXUFH�RI�

ELRHQHUJ\�

The� power� generation� ef¿ciency� of�
WKH� V\VWHPV� LV� VWLOO� YHU\� ORZ�� ZKLFK� SUHYHQWV�

WKHP� IURP� EHLQJ� ZLGHO\� XVHG� DQG� OLPLWV� WKHLU�

SUDFWLFDO� DSSOLFDWLRQV�� ,W� KDV� EHHQ� GLVFRYHUHG�

that�power�density�and�combined�ef¿ciency�can�
EH� LQFUHDVHG� WKURXJK� WKH� DSSURSULDWH� VHOHFWLRQ�

RI�PLFURRUJDQLVPV��PRGHV�RI�RSHUDWLRQ��VXLWDEOH�

PDWHULDOV�IRU�FRQVWUXFWLRQ��DQG�LPSURYHG�GHVLJQ�
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RI�0)&V��,Q�DGGLWLRQ��WKH�ODUJH�VFDOH�DSSOLFDWLRQ�

RI� 0)&V� LV� OLPLWHG� E\� LWV� KLJK� FRVW� DQG� ORZ�

ZDVWHZDWHU� EXIIHULQJ�FDSDFLW\��7KHUHIRUH��PRUH�

WHFKQRORJLFDO� DGYDQFHV� DUH� QHHGHG�� HVSHFLDOO\�

LQ� WKH� GHVLJQ� RI� ORZ�FRVW� PDWHULDOV�� 7KH� XVH�

RI� DYDLODEOH� VXEVWUDWHV�� HVSHFLDOO\� ZDVWHZDWHU��

FUHDWHV� FRPSOH[LW\� LQ�0)&V� GXH� WR� WKHLU� KLJK�

RUJDQLF�ORDGV�DQG�LQKLELWRU\�DJHQWV��(VWDEOLVKLQJ�

a� diverse�and�ef¿cient�microbial�community� is�
QHFHVVDU\� WR� XWLOL]H� WKH� ZDVWHZDWHU� VXEVWUDWHV�

ef¿ciently� and� improve� system� performance.�
&RPELQLQJ�0)&�ZLWK�FRQYHQWLRQDO�ZDVWHZDWHU�

WUHDWPHQW�WHFKQRORJLHV�PD\�EH�WKH�EHVW�SRVVLEOH�

DOWHUQDWLYH�IRU�WKLV�WHFKQRORJ\�

7KLV� UHYLHZ� GLVFXVVHV� VXEVWUDWHV� VXFK� DV�

DFHWDWH�� EUHZHU\� ZDWHU�� EDPERR� IHUPHQWDWLRQ�

ZDVWHZDWHU�� LQRUJDQLF� VXEVWDQFHV�� DQG� D]R�

FRRODQWV��ZKLFK�DUH�KDUPIXO�WR�WKH�HQYLURQPHQW�

DQG�RUJDQLVPV��1HZ�IXQFWLRQV�FDQ�EH�H[SORUHG�

WKURXJK� SRZHU� JHQHUDWLRQ� WKURXJK� 0)&� DV�

substrate.� Until� now,� a� variety� of� substrates�
have� been� used� in� MFC� for� high� ef¿ciency/
SHUIRUPDQFH�� (YHQ� VR�� WKH� LPSRUWDQW� IDFWRUV�

WKDW� OLPLWV� WKH� SUDFWLFDO� XVH� RI� 0)&V� QHHG� WR�

EH� ZRUNHG� RXW� DQG� DGGUHVVHG�� VXFK� DV� SRZHU�

RXWSXW�UHGXFWLRQ��LQ�RUGHU� WR�H[SDQG�UHJXODWLRQ��

These� factors� contribute� to� the� dif¿culty� of�
FRPPHUFLDOL]LQJ� 0)&�� VR� PRUH� HIIRUWV� DUH�

QHHGHG� WR�SURYLGH�D�YLDEOH�WHFKQRORJ\� WKDW�FDQ�

EH� HIIHFWLYHO\� DSSOLHG� WR� FRPPHUFLDOL]H� 0)&�

WHFKQRORJ\�

2SWLPDO� DQG� FRVW�HIIHFWLYH� GHVLJQ�

IRU� VFDOHG�XS� YHUVLRQV� RI� ODERUDWRU\�VFDOH�

UHDFWRUV� LV� RQH� RI� WKH�PRVW� FKDOOHQJLQJ� LVVXHV�

LQ�FRPPHUFLDOL]LQJ�0)&V��,Q�WKH�FDVH�RI�&2'�

UHPRYDO�DQG�SRZHU�JHQHUDWLRQ��ODERUDWRU\�VFDOH�

0)&V�KDYH�VKRZQ�RXWVWDQGLQJ�UHVXOWV��+RZHYHU��

PDQ\�DVSHFWV�PXVW�EH�DGGUHVVHG�LQ�RUGHU�IRU�LW�WR�

EH�VFDODEOH�IRU�SUDFWLFDO�DSSOLFDWLRQV�� LQFOXGLQJ�

the�separator�con¿guration,�mechanical�strength,�
HOHFWURGH� FRVW�� DQG�LWV� ORZ�RXWSXW�SRZHU��6LQFH�

PRVW� PLFURELDO� HOHFWURFKHPLFDO� SURFHVVHV� DUH�

EDVHG�RQ�UHGR[�UHDFWLRQV��YDULRXV�HOHPHQWV��VXFK�

DV�HOHFWURGHV��FRXOG�EH�LPSURYHG�WR�HQKDQFH�WKHLU�

performance.� Using� well-surfaced� electrodes�

that�promote�microbial�af¿nity�can�improve�the�
SHUIRUPDQFH�RI�0)&V�

0)&� SHUIRUPDQFH� KDV� EHHQ� LOOXVWUDWHG�

ZKHQ� LW� FRPHV� WR� UHPRYLQJ� FRQWDPLQDQWV��7KH�

key� to�fully�implementing�MFCs� in�the�¿eld�is�
WR�LPSURYH�ORQJ�WHUP�RSHUDWLRQDO�VWDELOLW\��0RVW�

RI� WKH� FXUUHQW�0)&� UHVHDUFK�ZDV�SHUIRUPHG� LQ�

WKH�ODERUDWRU\��7KHUHIRUH��PRUH�VFDOHG�XS�0)&�

UHVHDUFK� LV� QHHGHG� WR� EHWWHU� XQGHUVWDQG� KRZ�

ODUJH�VFDOH�0)&�V\VWHPV�RSHUDWH�DQG�WR�HQKDQFH�

SRZHU� SURGXFWLRQ�ZKLOH� PDLQWDLQLQJ� HFRQRPLF�

IHDVLELOLW\�� 7KLV� LV� HVVHQWLDO� LQ� WKH� FRPPHUFLDO�

DGRSWLRQ�RI�WKLV�WHFKQRORJ\�
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