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TÓM�TẮT

Các�nhiên�liệu�hóa�thạch�khai�thác�từ�vỏ�Trái�đất�khi�cháy�trong�động�cơ�đốt�trong,�động�cơ�phản�lực�để�tạo�
ra�năng�lượng�phát�thải�khí�carbonic�cùng�các�khí�thải�độc�hại�khác�nên�tác�động�xấu�tới�môi�trường�và�bầu�khí�
quyển�cần�hạn�chế�và�thay�thế�bằng�năng�lượng�tái�tạo.�Việt�Nam�đặt�mục�tiêu�phát�thải�carbon�ròng�bằng�không�
vào�năm�2050�và�đang�thực�hiện�chuyển�đổi�sang�các�năng�lượng�mặt�trời,�gió,�sinh�khối,�sóng�biển.�Pin�nhiên�liệu�
vi�sinh�là�một�hệ�điện�hóa�tạo�ra�dòng�electron�bằng�cách�sử�dụng�các�hợp�chất�hữu�cơ�làm�chất�khử�và�oxy�trong�
không�khí�làm�chất�oxy�hóa.�Trong�hai�thập�kỷ�qua,�pin�nhiên�liệu�vi�sinh�(Microbial�Fuel�Cell�-�MFC)�đã�thu�hút�
các�nhà�khoa�học�và�công�nghệ�vì�khả�năng�chuyển�đổi�trực�tiếp�năng�lượng�hóa�học�từ�các�hợp�chất�hữu�cơ�khác�
nhau�thành�năng�lượng�điện.�Vì�vậy,�MFC�là�một�cách�hứa�hẹn�khai�thác�năng�lượng�từ�sinh�khối.�Trong�bài�tổng�
quan�này,�một�số�kết�quả�của�các�phương�pháp�tiền�xử�lý�sinh�khối�theo�hướng�thu�hoạch�năng�lượng�bằng�MFC�
và�các�vi�sinh�vật�được�sử�dụng�trong�MFC�nhiên�liệu�sinh�khối�đã�được�trình�bày.�Ngoài�ra,�cách�tiếp�cận�và�thiết�
kế�để�cải�thiện�hiệu�suất�của�MFC�sử�dụng�sinh�khối�trong�tương�lai�cũng�được�nêu.�Bài�tổng�quan�đánh�giá�hiệu�
suất�và�khả�năng�ứng�dụng�của�các�dòng�chảy�trong�MFC�dạng�tổ�ong,�đồng�thời�cũng�đánh�giá�hiệu�năng�hoạt�
động,�ưu�điểm�và�nhược�điểm�tương�ứng,�và�các�ứng�dụng�tiềm�năng�trong�tương�lai�của�MFC�với�dòng�tuần�hoàn.
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DUH� ORRNing� for� more� reliable,� sustainable� and�
FOHDQHU� VXEVWLWXWHV� VXFK� DV� ELRPDVV� WR� UHGXFH�

the� need� for� fossil� fuels.�To� date,�biomass� can�
EH�FRQYHUWHG�LQWR�GLIIHUHQW�HQHUJ\�SURGXFWV�VXFK�

as�fuel,�heat,�gas,�and�electricity.�Microbial�fuel�
FHOO� �0)&�� LV� D� SRZHU� JHQHUDWLRQ� GHYLFH� WKDW�

XVHV� EDFWHULD� DV� ELRORJLFDO� FDWDO\VWV� LQ� RUJDQLF�

PDWWHU� R[LGDWLRQ� IURP� ZDVWHZDWHU� WKURXJK�

respiration,� thereby� generating� electricity.�� ,W�
KDV� FRQVLGHUDEOH� SRWHQWLDO� IRU� DSSOLFDWLRQV� LQ�
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� Fossil� fuels,� the� hydrocarbons�within� Earth’s� crust� LPSDFW� RQ� WKH� HQYLURQPHQW� DQG� DWPRVSKHUH� GXULQJ�
burning�in�internal�combustion�engine,�jet�engine�to�produce�energy�have�to�be�limited�and�all�the�countries�have�
WXUQHG�WKHLU�DWWHQWLRQ�WR�UHQHZDEOH�HQHUJ\��9LHWQDP�ZLOO�UHDFK�LWV�QHW�]HUR�FDUERQ�HPLVVLRQ�WDUJHW�E\������DQG�FDOO�

for�fairness�and�justice�in�climate�change�issues.�In�order�to�realise�this�purpose,�the�country�has�to�exploit�more�
and�more�energy�from�renewable�resources�such�as�solar�power,�wind�power�and�biomass.�0LFURELDO�IXHO�FHOO�LV�DQ�

HOHFWURFKHPLFDO�V\VWHP�WKDW�SURGXFHV�WKH�HOHFWURQ�FXUUHQW�E\�XVLQJ�WKH�RUJDQLF�FRPSRXQGV�DV�UHGXFWDQW�DQG�R[\JHQ�

in�the�air�as�oxidant.�Over�the�past�two�decades,�microbial�fuel�cells�(MFC)�have�gained�attention�because�they�can�
directly�convert�chemical�energy�from�various�organic�compounds�into�electrical�energy.�In�MFC,�biomass�energy�
is�directly�harvested�as�electricity,�the�most�exploitable�and�versatile�form�of�energy.�Therefore,�MFC�is�a�promising�
way�to�get�the�energy�from�biomass,�adding�a�new�dimension�to�the�biomass�energy�industry.�In�this�review,�some�
UHVXOWV� RI� WKH�ELRPDVV�SUHWUHDWPHQW�PHWKRGV� WRZDUGV�SRZHU�KDUYHVWLQJ�E\�0)&�DQG� WKH�PLFURRUJDQLVPV�XVHG�

in� the�biomass� fuel�MFC�were�summarized.� In� addition,� strategies� to�improve� the�performance�of�MFC�using�
ELRPDVV�DQG�IXWXUH�VFHQDULRV�ZHUH�KLJKOLJKWHG��7KLV�UHYLHZ�DLPV�WR�HYDOXDWH�WKH�SHUIRUPDQFH�DQG�DSSOLFDELOLW\�

of�Àows� in�honeycomb�MFC.�It� also� assesses� the� respective�performances,�advantages�and�disadvantages,�and�
potential�future�applications�of�MFCs�with�recirculation�Àow.

Keywords:�Biomass,�Àow�velocity,�microbial�fuel�cell,�honeycomb�design.

1.�INTRODUCTION

:DWHU� VKRUWDJH� LV� RQH� RI� WKH� VHYHUH� JOREDO�

issues;� according� to� climate� change� forecasts,�
WKLV�SUREOHP�ZLOO�EH�HYHQ�PRUH�SUHVVLQJ� LQ� WKH�

IXWXUH��� 7KH� LQFUHDVH� LQ� ZDWHU� GHPDQG� KDV� OHG�

WR�D�ULVH�LQ�WKH�DPRXQW�RI�ZDVWHZDWHU�JHQHUDWHG��

At�the�same�time,�the�need�for�renewable�energy�
EHFRPHV� LPPHGLDWH� EHFDXVH� RI� IRVVLO� IXHOV¶�

UDSLG� GHSOHWLRQ�DQG� WKH�JURZLQJ� FRQFHUQ�DERXW�

FOLPDWH�FKDQJH��0DQ\�FRXQWULHV�ZRUOGZLGH�
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wastewater� treatment,�� electrical� equipment,��
DQG� ELRVHQVRUV���Recently,� reactor� designs�with�
D� VFDOH� RI� VHYHUDO� KXQGUHG� OLWHUV� KDYH� EHHQ�

GHYHORSHG��� 6KLIWLQJ� WKLV� WHFKQRORJ\� IURP� WKH�

ODERUDWRU\�VFDOH�WR�WKH�DFWXDO�SLORW�VFDOH�ZLOO�EULQJ�

WKH�WHFKQRORJ\�FORVHU�WR�SUDFWLFDO�DSSOLFDWLRQ�

Several� researchers� found� that� Àuid�
motion� impacts� the�energy�ef¿ciency�of�MFCs�
signi¿cantly.�Increasing�Àow�parameters�such�as�
Àow�rate�and� recirculation�Àow�rate�have�been�
VKRZQ� WR� HQKDQFH� WKH� SRZHU� SURGXFHG� E\� WKH�

0)&���0DVV�WUDQVSRUW�LV�DOVR�DQ�HVVHQWLDO�IDFWRU�

LQ�LPSURYLQJ�0)&�SRZHU�SURGXFWLRQ�GXH�WR�WKH�

effects� of� Àow� regime,�� mass-liquid� transfer,�
bio¿lm�formation,�and�the�substrates.��6XSSRVH�
WKH�PDVV�WUDQVIHU�EHWZHHQ�WKH�VXEVWUDWH�DQG�WKH�

bio¿lm� is� low,� some�bacteria�may�detach� from�
the�bio¿lm�as�environmental�conditions�become�
unfavorable,��� thereby� increasing� the� bio¿lm�
damage,� activation� loss� and�mass� transfer� loss�
RI� WKH�0)&����Furthermore,�most� of� the�MFCs�
LQWURGXFHG� LQWR� ZDVWHZDWHU� WUHDWPHQW� SODQWV�

have�continuous�Àow�and�cyclic�Àow�regimes,���
ZKLFK�FRPSOLFDWHV�WKH�LQYHVWLJDWLRQ�RI�WKH�PDVV�

WUDQVIHU�GXH�WR�WKH�UHJLPH�FDXVHG�E\�FRQYHFWLRQ�

7KLV�SDSHU�UHYLHZV�WKH�0)&�KRQH\FRPE�

GHVLJQ�DQG�DQDO\]HV�WKH�DVSHFWV�RI�WKH�GHVLJQ�WKDW�

DIIHFW�0)&� SHUIRUPDQFH� WR� IRFXV� WKH� UHVHDUFK�

GLUHFWLRQ�IRU�0)&�GHVLJQ�LPSURYHPHQW�

���0,&52%,$/�FUEL�CELL

0)&�LV�DQ�HQHUJ\�SURGXFLQJ�GHYLFH�ZLWK�EDFWHULD�

as�biocatalysts,�converting�the�energy�in�organic�
FRPSRXQGV�LQWR�HOHFWULFLW\��$�VLPSOH�0)&�VHWXS�

is�shown�in�Figure�1,�consisting�of�an�anode�in�
WKH�DQRGH�FKDPEHU�DQG�D�FDWKRGH�LQ�WKH�FDWKRGH�

chamber,� separated� by� a� proton� exchange�
PHPEUDQH��3(0���0)&�ZRUNV�RQ�WKH�SULQFLSOH�

WKDW�D�ELRFDWDO\VW�R[LGL]HV�RUJDQLF�PDWWHU�LQ�WKH�

anode�chamber,�releasing�protons�and�electrons�
in�the�process,�also�generating�CO

�
��7KH�DQRGH�

HOHFWURGH� FDSWXUHV� HOHFWURQV�DQG� WUDQVIHUV� WKHP�

WR� WKH� FDWKRGH� YLD� WKH� RXWHU� FLUFXLW� DORQJ�ZLWK�

WKH� PRYHPHQW� RI� SURWRQV� IURP� WKH� DQRGH� WR�

the� cathode� through� the� PEM.�At� the� cathode,�
HOHFWURQV� FRPELQH�ZLWK� SURWRQV� DQG� R[\JHQ� WR�

IRUP�ZDWHU����In�MFC,�the�Gibbs�free�energy�of�
the� reaction� is� negative.�Therefore,� the�MFC’s�
HOHFWURPRWLYH� IRUFH� �(0))� will� be� positive,�
ZKLFK�LQGLFDWHV�SRVVLEOH�VSRQWDQHRXV�JHQHUDWLRQ�

from�the�reactions.�For�example,�in�case�acetate�
is�used�as�the�substrate�at�the�anode,�oxygen�is�
WKH�HOHFWURQ�GRQRU�DW�WKH�FDWKRGH��>&+

�
&22�@� �

>+&2
�
�@� ����P0��S+� �����������.��S2

�
� �����

EDU�,���WKHQ�WKH�UHDFWLRQ�LQ�WKH�EDWWHU\�ZLOO�EH�

$QRGLF�UHDFWLRQ��&+
�
&22�����+

�
2�⇌���+&2

�
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�
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����+��������∆G�=��847.6�kJ/mol;�EMF�=�1.094�V

)LJXUH����6WUXFWXUH�GLDJUDP�RI�PLFURELDO�IXHO�FHOO���
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0)&� WHFKQRORJ\� KDV� URXVHG� LQWHUHVW�

IRU�PRUH�WKDQ����\HDUV�QRW�RQO\�EHFDXVH�RI�WKH�

HOHFWULF�JHQHUDWLRQ�IURP�ZDVWHV�EXW�EHFDXVH�RI�LWV�

HQYLURQPHQWDOO\� IULHQGO\� ZDVWHZDWHU� WUHDWPHQW�

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

contain� many� toxic� wastes,� which� require�
H[SHQVLYH� WUHDWPHQW� EHIRUH� EHLQJ� GLVFKDUJHG�

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

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

such� as� metal-derived� wastewater,� food,� and�
XULQH�DQG�HYHQ�SURGXFH�GULQNLQJ�ZDWHU�DIWHU�WKH�

WUHDWPHQW� SURFHVV�17,18�0)&� KDV� FRH[LVWHG� ZLWK�

biological�¿lter�tanks�in�wastewater�treatment�to�
HQKDQFH�SROOXWLRQ�FRQWURO�DQG�LQFUHDVH�WUHDWPHQW�

FDSDFLW\����0RVW�RI�WKH�WUHDWPHQW�PHWKRGV�DLP�WR�

UHPRYH�RUJDQLF�FRPSRXQGV�WKDW�UHGXFH�FKHPLFDO�

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��6LQFH�0)&V�XVH�DQDHURELF�EDFWHULD�IRU�

the�wastewater�treatment�process,� this�indicates�
SRWHQWLDO�HQHUJ\�VDYLQJ� LQ�0)&V����In� addition,�
0)&�GHULYHG� WHFKQRORJLHV� VXFK�DV�0)&�EDVHG�

ELRVHQVRUV� DUH� H[SHFWHG� WR� EH� RQH� RI� LWV� PRVW�

SURPLVLQJ� DSSOLFDWLRQV�� +DYLQJ� WKH� FDSDELOLW\�

WR� PHDVXUH� YDULRXV� SDUDPHWHUV� LQFOXGLQJ� ELR�

oxygen�demand�(BOD),�chemical�oxygen�demad�
(COD),� dissolved� oxygen� (DO),� volatile� fatty�
acids,� toxic�substances�and�microbial�activity,���
WKLV�GHYLFH�SURPLVHV�D�UHGXFWLRQ�LQ�WLPH�DQG�FRVW�

LQ�PHDVXULQJ�WKH�WR[LFLW\�LQ�ZDWHU�

5HFHQW� DGYDQFHPHQW� LQ� WKH� DSSOLFDWLRQ�

RI� SRZHU� JHQHUDWLRQ� FDSDELOLWLHV� LQFOXGHV�

WKH� XVH� RI� 0)&� WR� SRZHU� D� VPDOO� FRPSXWHU��

����� P:�� GLUHFWO\� DQG� FRQWLQXRXVO\� ZLWKRXW�

DQ\�PDQDJHPHQW�HTXLSPHQW�DQG�SRZHU�VRXUFH����

7KH� SHUIRUPDQFH� HQKDQFHPHQW� RI� WKH�

0)&� ZDV� DFFRPSOLVKHG� E\� XVLQJ� DOWHUQDWLYH�

electrode�materials,�different�electrode�surfaces,�
electroactive� bacteria� (EAB),� substrate,� and�
ORDG� UHVLVWDQFH�� 7KH� HOHFWURGH� PDWHULDO� KDV� D�

signi¿cant� inÀuence�on� the�performance�of� the�
0)&����&DUERQ�PDWHULDOV�DUH�XVHG�DV�HOHFWURGHV�

in�MFC�because�they�are�non-corrosive,�highly�
biocompatible,� and� exhibit� some� distinctive�

VXUIDFH� FKDUDFWHULVWLFV� RI� HOHFWURGH� PDWHULDOV��

Modi¿cation�of�the�electrode�material�has�been�
VKRZQ� WR� EH� DQ� HIIHFWLYH� ZD\� WR� LPSURYH� WKH�

SHUIRUPDQFH� RI� WKH�0)&����7KLV�FKDQJH� LQ� WKH�

SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�WKH�HOHFWURGH�

KHOSV� WKH� PLFURRUJDQLVP� ELQG� DQG� WUDQVIHU�

electrons�better.�The� ef¿ciency�of�MFC�can�be�
LQFUHDVHG� E\� LPSURYLQJ� EDFWHULDO� DGKHVLRQ� DQG�

electron�transfer�along�with�the�modi¿cation�of�
WKH�HOHFWURGH�VXUIDFH����

The�bio¿lm�attached�to�the�electrode�is�a�
FUXFLDO�HOHPHQW�RI�HOHFWURFKHPLFDO�ELRUHDFWLRQ����

7KH� JURZWK� DQG� GHYHORSPHQW� of� bio¿lms� on�
the� MFC� electrodes,� especially� on� the� anode�
electrode,� will� help� carry� out� the� oxidation� of�
RUJDQLF� PDWWHU� DQG� WUDQVIHU� HOHFWURQV� WR� WKH�

FDWKRGH����7KH�DQRGH�HOHFWURGH�RI�WKH�0)&�PXVW�

FRQWDLQ�D�VWDEOH�DQG�KRPRJHQHRXV�ELRUHDFWRU�IRU�

HQKDQFHG� HQHUJ\� JHQHUDWLRQ���� Bio¿lm� cultures�
DUH� RIWHQ� FRQWDPLQDWHG� E\� ZDVWHZDWHU� RU� WKH�

entry� of� other� competing� microbial� species,�
which� can� reduce� performance.� Next,� the�
SHUIRUPDQFH� RI� 0)&� LV� KLJKO\� GHSHQGHQW� RQ�

WKH� QDWXUH� RI� WKH� VXEVWUDWH�� 6XEVWDQFHV� FDQ� EH�

classi¿ed�into�simple�molecular�structures�such�
DV� WKH�FRPPRQO\� VHG�JOXFRVH� DQG�DFHWDWHV�DQG�

PRUH� FRPSOH[�VWUXFWXUHV� VXFK� DV�PRODVVHV� DQG�

FHOOXORVH���� � )URP� D� FKHPLFDO� FKDUDFWHUL]DWLRQ�

perspective,�the�nature�of�the�substrate�used�by�the�
EDFWHULD�GXULQJ�DHURELF�RU�DQDHURELF�UHVSLUDWLRQ�

ZLOO�DIIHFW�WKH�HOHFWURQ�GRQDWLRQ�UDWH�LQ�WKH�0)&��

This�inÀuence�is�based�on�the�complexity�of�the�
GLIIHUHQW�EDFWHULDO�VSHFLHV�XVHG�LQ�WKH�0)&V���

In� summary,�the�electrode�properties�and�
the� correlation� between� electrode,� substrate,�
DQG� EDFWHULD� DUH� WKH�PDLQ� IDFWRUV� DIIHFWLQJ� WKH�

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

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

combination�of�specialties�such�as�biochemistry,�
electrochemistry,� mechanical� engineering,� and�
PDWHULDOV�VFLHQFH��$ORW�RI�ZRUN�DUH�GRLQJ�LQ�RUGHU�

WR�LPSURYH�WKH�SUHIRUPDQFH�RI�0)&�VXFK�DV�(i)�
the� Na¿on� membrane��� (ii)� SUH�� WUHDWPHQW� RI�
biomass�as�bamboo,32,33�(iii)�K\GURJHQ�UHYROXWLRQ�
GLUHFWO\�IRUP�IHUPHQWDWLRQ�RI�ELRPDVV���DQG�(iv)�
power�generation�with�higher�e¿ciency.35,36
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���+21(<&20%�'(6,*1

�����6WUXFWXUH�RI�KRQH\FRPE�0)&

7KH� KRQH\FRPE� VWUDLJKW�OLQH� SUHVV� LV� D� GHYLFH�

ZLGHO\�XVHG�LQ�G\QDPLF�UHVHDUFK�ZRUNV�DQG�KDV�

PDQ\�SUDFWLFDO� DSSOLFDWLRQV��7KH\� KDYH� D�PHWDO�

RU� FHUDPLF� WXEXODU� VWUXFWXUH� DOLJQHG� SDUDOOHO�

to� the� Àow� direction� and� have� the� shape� of� a�
KRQH\FRPE����7KHVH�VWUXFWXUHV�DUH�XVHG�WR�DFKLHYH�

different� goals,� such� as� generating� shear� forces�
ZLWK� XQLIRUP� JHRPHWU\��7KH\� DUH� XVHG� LQ�ZLQG�

WXQQHOV� WR� UHGXFH� YHORFLWLHV� FDXVHG� E\� WKH�HGG\�

PRWLRQ� RI� WKH� DLU� VWUHDP� GXULQJ� HQWU\��7KH\�DUH�

also�applied�in�Àat�plate�solar�collectors�to�reduce�
DQG� SUHYHQW� KHDW� ORVV� DQG� HQKDQFH� WKH� QDWXUDO�

WKHUPDO� FRQYHFWLRQ� SURFHVV���� 7KH� DSSOLFDWLRQ�

RI� KRQH\FRPE� VWUXFWXUH� LQ� 0)&V� LV� UHODWLYHO\�

new.�To�the�authors’�knowledge,�this�design�was�
GHYHORSHG� RQO\� E\�:DQJ� HW� DO��7KH�KRQH\FRPE�

MFC�design�is�shown�in�Figure�2,�consisting�of�an�
DQRGH�DQG�D�FDWKRGH�FKDPEHU�VHSDUDWHG�IURP�HDFK�

RWKHU�E\�D�SURWRQ�H[FKDQJH�PHPEUDQH��7KH�DQRGH�

chamber� has� a� symmetrical� structure,� including�
WZR�ERRVWHU�WDQNV�DQG�WZR�KRQH\FRPE�VWUXFWXUHV��

,W� LV� FRQQHFWHG� WR� D� SXPS� V\VWHP� WR� IDFLOLWDWH�

continuous�Àow�of�the�liquid�in�the�chamber.

)LJXUH����3HUVSHFWLYH�RI�WZR�FKDPEHU�KRQH\FRPE�0)&���
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0)&� WHFKQRORJ\� FDQ� EH� DSSOLHG� LQ�

ZDVWHZDWHU�WUHDWPHQW�SODQWV�ZLWK�D�UHFLUFXODWLQJ�

Àow�mode.� The� F\FOLFDO� Àow�whill� promote� a�
PDVV�WUDQVIHU�WKDW�GHSHQGV�QRW�RQO\�RQ�GLIIXVLRQ�

EXW�DOVR�RQ�WKH�PRWLRQ�RI�WKH�DQRGH�OLTXLG�

In�Àuid�mechanics,�the�Reynolds�number�
�5

H
��LV�D�GLPHQVLRQOHVV�TXDQWLW\�UHSUHVHQWLQJ�WKH�

UHODWLYH� PDJQLWXGH� of� the� inÀuence� caused� by�
inertia�and�viscosity�on�Àow�resistance���

Where:�ρ�is�the�density�of�the�liquid�(kg/m�),��
V� is� the� Àow� rate� (m/s),� D

7
� LV� WKH� K\GUDXOLF�

diameter� (m),� and� µ� is� the� viscosity� of� the�
OLTXLG��NJ�PV���5H\QROGV�QXPEHU�LQFOXGHV�EDVLF�

SURSHUWLHV�RI�OLTXLGV�DQG�SK\VLFDO�TXDQWLWLHV�VXFK�

as� Àow� velocity,� Àuid� density,� and� viscosity.���
Therefore,� this� parameter� describes� the�

K\GURG\QDPLF�HIIHFW�RQ�WKH�SRZHU�SURGXFWLRQ�RI�

WKH�0)&�

�����,PSDFW�RI�K\GURG\QDPLF�ERXQGDU\�OD\HU

7KH�HIIHFW�RI�WKH�K\GURG\QDPLF�ERXQGDU\�OD\HU�

LV� D� GHWHUPLQDQW� RI� SHUIRUPDQFH� LQ� D� F\FOLF�

MFC�reactor.�The�Àux�parameters�are�essential�
EHFDXVH� WKH�PDLQ� FRPSRQHQW� RI� ZDVWHZDWHU� LV�

+
�
2�� ,WV� PRWLRQ� KDV� DQ� RXWVWDQGLQJ� IHDWXUH� LQ�

0)&� SHUIRUPDQFH� DQG� ELRORJLFDO� SURSHUWLHV����

7KHUH�DUH�VHYHUDO�PHWKRGV�XVHG�WR�PDLQWDLQ�WKLQ�

hydrodynamic� boundary� layer� thickness,� such�
as�by�placing�the�electrode�near�the�Àow�inlet,���
using�thin�porous�electrode,���using�Àow�controls�
WR� SUHYHQW� WKH� GHYHORSPHQW� RI� K\GURG\QDPLF�

ERXQGDU\� OD\HUV���� 7KH� ZRUNLQJ� PHFKDQLVP�

PRGHO� RI� WKH� K\GURG\QDPLF� ERXQGDU\� OD\HU�

HIIHFW�LV�LOOXVWUDWHG�LQ�)LJXUH���

eR
ρ

= TVDρ
μ

�

)LJXUH����'LDJUDP�RI�ERXQGDU\�OD\HUV�LQ�D�PLFURELDO�IXHO�FHOO�FKDPEHU���

)LJXUH� �� VKRZV� WKDW� WKH� WKLFNQHVV� RI� WKH�

K\GURG\QDPLF� ERXQGDU\� OD\HU� ZLOO� LQFUHDVH�

DV� WKH� GLVWDQFH� IURP� WKH� OHDGLQJ� HGJHV� RI� WKH�

chamber� wall� increases.� The� Àow� velocity�
JUDGLHQW� ZLOO� FDXVH� VWURQJ� VKHDU� VWUHVV� LQ� WKH�

K\GURG\QDPLF� ERXQGDU\� OD\HU���� Therefore,� the�
inÀuence� of� the� hydrodynamic� boundary� layer�
will�affect�not�only�the�bio¿lm�structure�but�also�
WKH�PDVV�WUDQVIHU�RI�WKH�VXEVWUDWH����

&KHQ� et� al���� WHVWHG� KRQH\FRPE� 0)&V�

ZLWK� YDULRXV� HOHFWURGH� GLVWDQFHV� IURP� WKH�

chamber� wall� (at� 1,� 6,� and� 9� cm)� to� see� the�
HIIHFW� RQ� WKH� K\GURG\QDPLF� ERXQGDU\� OD\HU��

,W� LV� UHSRUWHG� WKDW� UHGXFLQJ� WKH� K\GURG\QDPLF�

ERXQGDU\� OD\HU� WKLFNQHVV� RQ� WKH�HOHFWURGH�FDQ�

signi¿cantly� enhance� bio¿lm� formation� and�
VXEVWUDWH�PDVV�WUDQVIHU�
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Bio¿lms� tend� to� increase� their� cohesion�
to� adapt� to� the� Àow� HQYLURQPHQW���� Li� et� al.���
VKRZHG� WKDW� WKH� JUDYLW\� HIIHFW� DSSOLHG� WR� WKH�

0)&� IDFLOLWDWHG�WKH�EDFWHULDO�DWWDFKPHQW� WR� WKH�

HOHFWURGH�DQG�WKLFNHQHG�the�bio¿lm.

3.3.�Effect�of�Àow�rate

,HURSRXORV� et� al.��� UHSRUWHG� WKDW� WKH� 0)&�

performance� improved�when� the� Àow�rate�was�
increased.� The� velocity� and� direction� of� Àow�
can� signi¿cantly� affect� the� mass� transfer� of�
particles� in� the�anodic� solution.�As�mentioned,�
0)&� FXUUHQW� JHQHUDWLRQ� ZDV� GLUHFWO\� UHODWHG�

to� the� bio¿lm� on� the� electrodes.� The� growth�
of� thicker� bio¿lms� facilitated� electron� transfer�
to� the� cathode,� thereby� improving� reactor�
ef¿ciency.��� 7KH� RSWLPDO� UDWH� LQ� WKH� 0)&�

ZLOO� HQKDQFH� PLFURELDO� DFWLYLW\� DQG� LQFUHDVH�

the� electron� transfer� rate� in� biological� media,�
ZKLFK�ZLOO�UHGXFH�WKH�DFWLYDWLRQ�RI�SRODUL]DWLRQ��

Meanwhile,� turbulence� will� have� the� opposite�
HIIHFWV��:DQJ� et� al.��� UHSRUWHG� WKDW� WKH� HQHUJ\�
GHQVLW\� LQ� WKH� KRQH\FRPE� 0)&� LQFUHDVHG� DV�

the� Àow� rate� increased� from� 0� to� 40�mL/min.�
However,�as�the� rate�increased�to�240�mL/min,�
WKH�SRZHU�GHQVLW\�GHFUHDVHG��7KLV�GHFUHDVH�ZDV�

explained�as� a� result�of�bio¿lm� leaching�at� the�
anode.�In�addition,�increasing�the�Àow�rate�can�
FDXVH�R[\JHQ�SHUPHDWLRQ�WKURXJK�WKH�3(0�IURP�

WKH� FDWKRGH� WR� WKH� DQRGH� FKDPEHU�� 7KLV� ZLOO�

LQFUHDVH� WKH� SUHVHQFH� RI� R[\JHQ� LQ� WKH� DQRGH�

FKDPEHU�ZKLFK�ZLOO�LQKLELW�($%�JURZWK�

.HWHS�et� al.��� UHSRUWHG� WKDW� WKH� IDYRUDEOH�
HQYLURQPHQW�IRU�WKH�JURZWK�DQG�GHYHORSPHQW�RI�

($%�ZDV� S+�QHXWUDO��8QGHU�DONDOLQH� RU�DFLGLF�

conditions,� the� activity� of� EAB� in� the� MFC�
ZLOO� EH� GLVUXSWHG�� ,W� ZDV� IRXQG� WKDW� WKH� DQRGH�

S+� YDOXH� EHWZHHQ� ���� DQG� ����� LV� VXLWDEOH� IRU�

WKH� RSHUDWLRQ� RI� ($%���� 7KH� VORZ� WUDQVIHU� RI�

SURWRQV� WR� WKH� FDWKRGH� FRPSDUHG� ZLWK� SURWRQ�

JHQHUDWLRQ� GXH� WR� ($%� DFWLYLW\� FDQ� OHDG� WR�

GHFUHDVHG�($%�DFWLYLW\�GXH�WR�WKHLU�XQIDYRUDEOH�

DFLGLF�HQYLURQPHQW����Maintaining�the�Àow�rate�
UHVXOWHG� LQ� WKH� 0)&µV� DELOLW\� IRU� VWDELOLW\� LQ�

S+����&RQYHQWLRQDO�PHWKRGV�XVH�EXIIHU�VROXWLRQV�

to� slow� acidi¿cation� and�maintain� pH� close� to�

QHXWUDO���� $OWKRXJK� XVLQJ� EXIIHU� VROXWLRQV� LQ�

an�MFC�system�has�many�advantages,� there� is�
VWLOO� D� ORQJ� ZD\� WR� JR� WR� VFDOH� WKH� DSSOLFDWLRQ�

EHFDXVH�LW�LV�TXLWH�H[SHQVLYH��$QRWKHU�DSSURDFK�

LV� WR� HQKDQFH� SURWRQ� WUDQVIHU� WR� VWDELOL]H� S+�

DW� WKH� DQRGH�� &\FOLF� PRGH� KRQH\FRPE� 0)&�

LV� D� SURPLVLQJ� VWUDWHJ\� IRU� LPSURYLQJ� SURWRQ�

transfer� capacity,� thereby� improving� power�
generation�ef¿ciency�and�solving�the�problem�of�
XVLQJ�EXIIHU�VROXWLRQV�WR�VWDELOL]H�WKH�S+�DW�ORZ�

WHPSHUDWXUHV�DW�WKH�DQRGH�FKDPEHU�

Therefore,� it� can� be� asserted� that� the�
average�velocity�can�be�bene¿cial�to�the�reactor�
SHUIRUPDQFH�GXH�WR�WKH�KRPRJHQHLW\�RI�WKH�LRQV�

LQ� WKH� UHDFWRU�� 7KLV� FDQ� OHDG� WR� D� ODUJH� PDVV�

WUDQVIHU�RI�LRQV�DQG�SDUWLFOHV�WR�PLFURRUJDQLVPV�

on�the�bio¿lm�and�eventually�to�the�growth�and�
attachment�of�thick�bio¿lms�on�the�anode.

����� (IIHFW� RI� FKDQQHO� GLDPHWHU� DQG� SLSH�

GLDPHWHU

&KDQQHO� DQG� SLSH� GLDPHWHUV� DUH� LPSRUWDQW�

IDFWRUV� LQ�K\GURG\QDPLFV��.DML�DQG�$]]RSDUGL����

reported� that� as� the� pipe� diameter� increased,�
the� velocity� gradient� decreased.� The� Àow�
geometry� also� affects� the� Àow� velocity� of� the�
OLTXLG� LQ� WKH� DQRGH�� 7KLV� LV� DOVR� GHPRQVWUDWHG�

in�some�publications,58,59�who�af¿rmed� that� the�
Àow� velocity� increases� as� the� pipe� diameter�
GHFUHDVHV�� 6PDOO� GLDPHWHU� SLSHV� KDYH� JUHDWHU�

UHVLVWDQFH� QHDU� WKH� LQOHW�� 7KH\� KDYH� D� FLUFXODU�

waveform�near� the�outlet,�which� is� the� leading�
FDXVH�RI�WKHLU�FKDRWLF�SDWWHUQ�

6DQJHHWKD� et� al.��� UHSRUWHG� WKDW� WKH�

KRQH\FRPE� FKDQQHO� GLDPHWHU� DIIHFWV� WKH�

UHPRYDO�RI�RUJDQLF�PDWWHU�LQ�WKH�DQRGH�FKDPEHU�

RI�WKH�KRQH\FRPE�0)&��7KH\�DOVR�GHPRQVWUDWHG�

WKDW� WKH� KRQH\FRPE� FKDQQHO� GLDPHWHU� DIIHFWV�

WKH�DQRGH�ELR�WKLFNQHVV��+RQH\FRPE�VWUXFWXUHV�

ZLWK� RSWLPL]HG� FKDQQHO� GLDPHWHUV� FDQ� VXSSRUW�

ef¿cient� energy� and� mass� transfer� inside� the�
UHDFWRU�

�����(IIHFW�RI�GLVWDQFH�EHWZHHQ�WZR�HOHFWURGHV

With� respect� to� the� inÀuence� of� the� anode�
electrode� position� in� honeycomb� MFC,�Wang��
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et� al.��� reported� that� the� anode-to-¿lm�distance�
ZLWK� D� YDOXH� RI� [�  � ���� FP� JLYHV� WKH� EHVW�

SHUIRUPDQFH� LQ� KRQH\FRPE� 0)&�� 7KLV� FRXOG�

EH� EHFDXVH� SURWRQ� PRYHPHQW� LV� UHVWULFWHG� WR�

WKH� FDVHV�ZKHUH� WKH� DQRGH� HOHFWURGH� LV� ORFDWHG�

far� from� the�PEM.� In�addition,�Xu�et�al.��� DOVR�
SRLQWHG�RXW� WKDW�WKH�FRQGXFWLYLW\� LV�DIIHFWHG�E\�

WKH� ELRORJLFDO� IRXOLQJ� SKHQRPHQRQ� WKDW� RFFXUV�

RQ�WKH�VXUIDFH�RI�3(0�ZKHQ�WKH�3(0�LV�LQ�GLUHFW�

FRQWDFW�ZLWK�WKH�OLTXLG�LQ�WKH�DQRGH�

7DEOH����6WXGLHV�XVLQJ�UHFLUFXODWLQJ�KRQH\FRPE�UHDFWRUV�

)ORZ�UDWH�

�P/�PLQ�

5H\QROGV�

QXPEHU

(OHFWURGH�

VSDFLQJ��FP�

)ORZ�FKDQQHO�

GLDPHWHU�

�FP�

2&3

��9�

0D[LPXP�

SRZHU�GHQVLW\�

�P:�P��

5HIHUHQFHV

� � 1$ ��� ���� ���� >��@

� ���� 1$ ��� ���� ���� >��@

�� ��� 1$ ��� ���� ��� >��@

��� ���� 1$ ��� ���� ���� >��@

� ��� ��� 1$ ≅���� ������ >��@

���� ����� ��� 1$ ≅���� ������ >��@

���� ���� ��� 1$ ≅���� ������ >��@

���� 1,6 ��� 1$ ≅���� ������ >��@

���� �� ��� 1$ ≅���� ������ >��@

���� �� ��� ��� ���� ����� >��@

���� �� ��� ��� ���� ����� >��@

���� �� ��� ��� ���� ����� >��@

���� �� ��� 0,4 ���� �����

���� �� ��� 0,7 ���� ����� >��@

���� �� ��� ��� ���� ������ >��@
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4.�CONCLUSIONS

7KH�0)&� V\VWHP�KDV� D� EULJKW� IXWXUH� QRW� RQO\�

EHFDXVH�RI�XVLQJ� WKH�FKHDSHU�PDWHULDO�EXW� DOVR�

RI�FRPELQLQJ�WHFKQLTXHV�IRU�JHQHUDWLQJ�HOHFWULF�

SRZHU� DQG� WUHDWLQJ� ZDVWHZDWHU�� $Q� RYHUYLHZ�

RI� WKH� QHZ� KRQH\FRPE�0)&� GHVLJQ� KDV� EHHQ�

presented� and� elucidated.� The� inÀuence� of�
Àow� and� related� design� factors� are� presented�
LQ� 7DEOH� ��� ,Q� RUGHU� WR� V\VWHPDWL]H� RSWLPDO�

design� conditions,� the� optimal� reactor� speed�
was� determined� at� 40� mL/min.� The� reactors�
achieved�maximum�voltage�output,�power,�and�
FXUUHQW�GHQVLW\�ZLWK�UHGXFHG�LQWHUQDO�UHVLVWDQFH��

When�the�Àow�rate�is�too�large,�bio¿lm�washout�
will�occur,�resulting�in� reduced�ef¿ciency.�The�

HIIHFW� RI� � K\GURG\QDPLF� ERXQGDU\� OD\HU� LQ�

recirculation�MFC� is� a� vital� factor� inÀuencing�
mass� transfer� and� bio¿lm� formation.�Electrode�
placement� selection� and� Àow� control� are� two�
HIIHFWLYH�DQG�HFRQRPLFDO�PHWKRGV�RI�PDLQWDLQLQJ�

WKH� K\GURG\QDPLF� ERXQGDU\� OD\HU� WKLFNQHVV��

7KH� KRQH\FRPE� WXEH� GLDPHWHU� RI� ���� FP� LV�

RSWLPDO�IRU�HQKDQFHG�&2'�UHPRYDO�DQG�SRZHU�

generation� ef¿ciency.� The� electrode� distance�
DIIHFWV� WKH� WUDQVSRUW�RI�SURWRQV� IURP� WKH�DQRGH�

WR�WKH�FDWKRGH�

Currently,� the� problems� of� material� cost�
and� unclear� surface� modi¿cation� mechanisms�
KLQGHU� WKH� SUDFWLFDO� DSSOLFDWLRQ� RI� 0)&�� 7KH�

honeycomb� design� has� great� signi¿cance� in�
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reducing� operating� costs,� improving� ef¿ciency,�
DQG� FRQWULEXWLQJ� WR� WKH� RSHUDWLRQ� RI� DQ� 0)&�

system�with�recirculating�Àow.
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