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This work investigated the concurrent removal of organics and nitrogen from wastewater as it passed through 
a slab of immobilized activated sludge of different thickness. Removals of chemical oxygen demand (COD) by 90 
��IURP�IHHG�RI�����PJ�/-1 and of ammonia nitrogen (NH3�1��E\����WR������IURP�IHHG�RI����PJ�/

-1 in the synthetic 
wastewater were achieved. Wastewater exited the entrapped mixed microbial cells (EMMC) bed of 0.01 m in depth 
after a hydraulic retention time of 8 h through the bed. Increasing the bed thickness by up to 5 folds resulted in 
no enhancement, indicating aerobic processes ceased within the bed depth. The removal of COD was by aerobic 
UHVSLUDWLRQ�DQG�WKH�UHPRYDO�RI�QLWURJHQ�E\�R[LGDWLRQ�YLD�QLWUL¿FDWLRQ��ERWK�RFFXUULQJ�LQ�WKH�DHURELF�]RQH�RI�WKH�(00&�
EHG�QHDU�WKH�HQWUDQFH�VXUIDFH��'HQLWUL¿FDWLRQ�RFFXUUHG�GHHSHU�LQWR�WKH�DQDHURELF�]RQH�RI�WKH�EHG�WKDW�UHPRYHG�QLWUDWH��
leaving behind <0.75 mg L-1�RI�QLWUDWH�LQ�WKH�HPHUJLQJ�HIÀXHQW��$SSDUHQW�¿UVW�RUGHU�UDWH�FRQVWDQWV�ZHUH�!������K�DQG�
!�������K�IRU�&2'�DQG�1+3-N removal, respectively.    
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7UDGLWLRQDO� DFWLYDWHG� VOXGJH� SURFHVV� �$63�� KDV� EHHQ�
DSSOLHG�LQ�ZDVWHZDWHU�WUHDWPHQW�IRU�GHFDGHV���,W�FRQVLVWV�RI�
DQ�DHUDWLRQ�EDVLQ�WR�ELRORJLFDOO\�UHPRYH�GLVVROYHG�RUJDQLFV�
DQG� D� FODUL¿HU� WR� UHPRYH� WKH� DFWLYDWHG� VOXGJH�� SURGXFLQJ�
DQ� DFFHSWDEOH� HIÀXHQW� WR� WKH� UHFHLYLQJ� ZDWHU� ERG\�� 7KH�
DGYDQFH�RI�DQDHURELF�DQR[LF�R[LF��$�2��SURFHVV�LQWHJUDWHV�
WKH� UHPRYDO� RI� %2'�&2'� DQG� QLWURJHQ� FRPSRXQGV� LQ�
DQDHURELF�DQR[LF�DHURELF� FKDPEHUV�� +RZHYHU�� WKH� $�2�
SURFHVV�UHTXLUHV�UHFLUFXODWLRQ�RI�ZDVWHZDWHU�IURP�DQ�DHURELF�
FKDPEHU�WR�WKH�DQDHURELF�DQR[LF�FKDPEHU�LQ�RUGHU�WR�DOORZ�
GHQLWUL¿FDWLRQ� ZKLOH� XVLQJ� DYDLODEOH� %2'� DV� WKH� FDUERQ�
VRXUFH��7KH�$�2�SURFHVV� UHTXLUHV�KLJKO\�VNLOOHG�RSHUDWLRQ�
DQG�SUHFLVH�FRQWURO�RI�GLVVROYHG�R[\JHQ��'2��LQ�WKH�UHDFWRU�
WR�HQVXUH�QLWUL¿FDWLRQ�DQG�GHQLWUL¿FDWLRQ�SURFHVVHV�IRU�WRWDO�
QLWURJHQ� UHPRYDO��7KH�$�2� WUHDWPHQW� FRQ¿JXUDWLRQV�ZHUH�
VLPSOL¿HG�E\�WKH�HQWUDSSHG�PL[HG�PLFURELDO�FHOO��(00&��
V\VWHP�GHYHORSHG�E\�Yang et al. �1997���7KH�(00&�PHWKRG�
DFKLHYHG�VLPXOWDQHRXV�UHPRYDO�RI�FDUERQ�DQG�QLWURJHQ�IURP�
ZDVWHZDWHU�LQ�D�VLQJOH�SDVV�SURFHVV�DV�LW�SURYLGHG�DQ�DHURELF�
DQR[LF�DQDHURELF�HQYLURQPHQW�LQ�HDFK�(00&�FDUULHU��Yang 
et al. 1997; Yang et al. 2002a; Yang et al. 2003a���7KH�(00&�
SURFHVV�RIIHUV�DGYDQWDJHV�RYHU�FRQYHQWLRQDO�$63�DQG�$�2��
LQFOXGLQJ�D�KLJK�GHQVLW\�RI�ELRPDVV�� ORZ�VXVSHQGHG�VROLGV�
LQ� WKH� HIÀXHQW�� D� VKRUW� VWDUW�XS� SHULRG�� DQG� UHODWLYHO\� ORZ�
RSHUDWLRQ� DQG� PDLQWHQDQFH� FRVWV�� ,Q� DGGLWLRQ�� WKH� XVH� RI�
LPPRELOL]HG� ELRPDVV� HQDEOHV� ORQJ� VOXGJH� UHWHQWLRQ� WLPH�
�657��WKDW�DOORZV�WKH�GHYHORSPHQW�DQG�DGDSWDWLRQ�RI�VORZ�
JURZLQJ� EDFWHULD� WR� WDFNOH� FRPSOH[� RUJDQLF� FRPSRXQGV��
,Q� UHFHQW� \HDUV�� YDULRXV� W\SHV� RI� ZDVWHZDWHU� KDYH� EHHQ�
LQYHVWLJDWHG� IRU� WKH� UHPRYDO� RI� &2'� DQG� DPPRQLD

QLWURJHQ� XVLQJ� WKH� (00&� WHFKQLTXH�� ([DPSOHV� LQFOXGH�
GLOXWH� VZLQH� ZDVWHZDWHU� �Yang et al. 2003a��� GRPHVWLF�
VHZDJH� �Kim and Yang 2004��� DQG� V\QWKHWLF� ZDVWHZDWHU�
�<DQJ�HW�DO������D��<DQJ�HW�DO������E��4LDQ�HW�DO���������Ng 
et al.��2012��DSSOLHG�WKH�(00&�FRXSOHG�ZLWK�PHPEUDQH�WR�
WUHDW�IRRG�DQG�EHYHUDJH�ZDVWHZDWHU��&2'�RI�����±������PJ�
/���� DQG� DFKLHYHG���������RI�&2'� UHPRYDO��7KH�(00&�
SURFHVV� ZDV� DOVR� H[SHULPHQWHG� IRU� UHPRYDO� RI� SROOXWDQWV��
LQFOXGLQJ� SKHQRO� �Yang et al. 1999��� RGRURXV� VXEVWDQFHV�
�Yang et al. 2003b��� GLPHWK\O� VXOIR[LGH� �Yang and Myint 
2003���DQG�WULPHWK\ODPLQH��Chang et al. 2004����

7KH�(00&�PHGLXP�VLPXODWHV�D�ORFDO�DHURELF�DQR[LF�
DQDHURELF�HQYLURQPHQW�DNLQ�WR�$�2��ZKLFK�FDQ�EH�IRXQG�LQ�
QDWXUDO�VRLO�HQYLURQPHQW��:KHQ�VRLO� LV� LUULJDWHG�ZLWK�JUD\�
ZDWHU��ELRORJLFDO�UHVSLUDWLRQ�GHSOHWHV�DYDLODEOH�'2�LQ�WKH�LQWHU�
VSDFH�RI�VRLO�DJJUHJDWHV��FUHDWLQJ�DQ�DQDHURELF�HQYLURQPHQW�
LQ�WKH�LQWUD�VSDFH�RI�VRLO�DJJUHJDWHV��WKLV�HIIHFWLYHO\�FUHDWHV�
DQ� HQYLURQPHQW� IRU� WKH� FRXSOHG� QLWUL¿FDWLRQ�GHQLWUL¿FDWLRQ�
SURFHVVHV�UHVXOWLQJ�IURP�PDVV�WUDQVSRUW�YLD�FRQYHFWLRQ�DQG�
GLIIXVLRQ�WKURXJK�WKH�PDFUR�DQG�PLFUR�VRLO�VSDFHV�

7KH� UHVHDUFKHUV� SUHYLRXVO\� WHVWHG� WKH� (00&�
SURFHVV� LQ� D� UHDFWRU� SDFNHG� ZLWK� VSKHULFDO� ELR�FDUULHUV��
DQG� GHPRQVWUDWHG� KLJK� HI¿FLHQF\� RI� FRQFXUUHQW� &2'� DQG�
DPPRQLD� QLWURJHQ� UHPRYDOV� E\� ����� �Yang et al. 2003b; 
Kim and Yang 2004��DQG�������<ang et al. 2002b, Zhu et 
al. 2011��� UHVSHFWLYHO\�� 7KH� SK\VLFDO� FKDUDFWHULVWLFV� VXFK�
DV� SRURVLW\�� SRUH� VL]H�� EDFWHULD� GHQVLW\�GLVWULEXWLRQ�� DQG�
EHG� GHSWK� RI� ELR�FDUULHUV� ZHUH� SUHVXPDEO\� LPSRUWDQW� IRU
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FRUUHVSRQGLQJ�DXWKRU��
2�'HSDUWPHQW�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��8QLYHUVLW\�RI�8WDK������6RXWK�&HQWUDO�&DPSXV�'ULYH�������0&(��6DOW�/DNH�&LW\��87��������86$�
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WUHDWPHQW� SHUIRUPDQFH�� :KLOH� WKH� JUDQXODWLRQ� PRGHO� IRU�
VHTXHQFLQJ� EDWFK� UHDFWRU� �6%5�� ZHUH� ZHOO� GHVFULEHG� IRU�
FHUWDLQ�DQR[LF�DQG�DQDHURELF�SURFHVVHV��Jang et al., 2003���
DHURELF�FRQGLWLRQV�LV�\HW�WR�EH�GHPRQVWUDWHG��Morgenroth et 
al., 1997; Etterer and Wilderer, 2011���7KHVH� VWXGLHV�KDYH�
VKRZQ� H[WHUQDO� DQG� LQWHUQDO� PDVV� WUDQVIHU� OLPLWDWLRQV� DV�
EHLQJ�YLWDO�LQ�GHVFULELQJ�WKH�VSKHULFDO��LPPRELOL]HG�ELRPDVV�
LQ� D� ¿[HG� EHG� UHDFWRU� SDUWLFXODUO\� IRU� WUHDWPHQW� DW� KLJK�
R[\JHQ�XSWDNH�UDWH����

$OWKRXJK� FRXSOHG� RUJDQLFV� DQG� QLWURJHQ� UHPRYDOV�
KDYH�EHHQ�ZHOO�UHSRUWHG��WKH�FRPELQHG�SURFHVV�RI�DGYHFWLRQ�
GLIIXVLRQ�ELRORJLFDO� WUDQVIRUPDWLRQ� WKURXJK� D� ÀDW� VODE� RI�
(00&� KDV� QRW� EHHQ� LQYHVWLJDWHG�� :H� IRFXVHG� RQ� WKLV�
FRPELQHG� SURFHVV� XWLOL]LQJ� D� SODWH� (00&� FRQ¿JXUDWLRQ�
IRU�FDUERQ�DQG�QLWURJHQ�UHPRYDO��(00&�SODWHV�RI�YDULRXV�
WKLFNQHVVHV� ������� ������� DQG� ����� P�� ZHUH� XVHG�� DQG�
VXEVWUDWH� FRQFHQWUDWLRQV� �%2'�&2'��71��ZHUH�PRQLWRUHG�
IRU�NLQHWLF�DQDO\VLV��7KRXJK�(00&�EDOOV�RI�YDULRXV� VL]HV�
ZHUH�SUHYLRXVO\�IRXQG�HIIHFWLYH�IRU�FRQFXUUHQW�FDUERQ�DQG�
QLWURJHQ� UHPRYDOV�� YDU\LQJ� WKH� WKLFNQHVV� RI� WKH� ÀDW� SODWH�
DV� LQYHVWLJDWHG�LQ�WKLV�VWXG\�DOORZHG�XV�WR�SUREH�WUHDWPHQW�
HIIHFWLYHQHVV�RI�D�UHGXFHG�GHSWK�RI�WKH�HQWUDSSHG�ELRPDVV��
$V� K\GUDXOLF� DQG� NLQHWLF� SDUDPHWHUV� KDYH� QHYHU� EHHQ�
LQYHVWLJDWHG�IRU�WKH�SODWH�(00&�V\VWHP��WKHVH�SDUDPHWHUV�
DV�GH¿QHG�LQ�WKLV�VWXG\�ZRXOG�EH�XVHIXO�IRU�PRGHOLQJ�PRUH�
FRPSOH[�(00&�FRQ¿JXUDWLRQV�

EXPERIMENTAL METHODS

3ODWH�(00&�DQG�5HDFWRU�2SHUDWLRQ

7KH�ER[�VKDSH�UHDFWRU�ZDV�EXLOW�RI�3OH[LJODV�RI������P��
�����P��DQG������P�LQ�OHQJWK��ZLGWK��DQG�GHSWK��UHVSHFWLYHO\�
�)LJXUH�����$W�WKH�UHDFWRU�ERWWRP�FHQWHU�ZDV�D�RXW�RSHQLQJ

RI������P�OHQJWK�DQG������P�LQ�ZLGWK��WKH�RSHQLQJ�ZDV�¿WWHG�
ZLWK�D�UHFWDQJXODU�SODWH�(00&�RI�VLPLODU�GLPHQVLRQV�ZLWK�
DQ�H[WHQGHG� WKLFNQHVV�RI������P��������P��RU������P�DQG�
VHDOHG�DJDLQVW�WKH�UHDFWRU�ERWWRP�RSHQLQJ�ZLWK�VLOLFRQH��,Q�
WKH�SUHYLRXV�(00&�VWXGLHV��ZH� IRFXVHG�ELR�EDOOV�RI������
P� LQ� GLDPHWHU� DQG� ZH� ZDQWHG� WR� LQYHVWLJDWH� LI� GHFUHDVHG�
PHGLXP� WKLFNQHVV� �L�H�� OHVV� PHGLXP�� PD\� VWLOO� VXSSRUW�
WUHDWPHQW�REMHFWLYH��7KH�ZDVWHZDWHU�GLVVROYHG�R[\JHQ��'2��
RI�����±�����PJ�/���SHUFRODWHG� WKURXJK� WKH�SRURXV�(00&�
PHGLXP�XQGHU�WKH�LQÀXHQFH�RI�������P�RI�FRQVWDQW�K\GUDXOLF�
KHDG�DERYH�WKH�PHGLXP��7KH�SUHSDUDWLRQ�RI�WKH�SODWH�(00&�
IROORZHG�SURFHGXUHV�GHVFULEHG�LQ�RXU�SUHYLRXV�ZRUN��Wang 
et al. 2012; Ng et al. 2011; Ng et al. 2010; Yang et al. 2003a���
7KH�DFWLYDWHG�VOXGJH�ZDV�REWDLQHG�IURP�D�WUHDWPHQW�SODQW�IRU�
IRRG� SURFHVVLQJ�ZDVWHZDWHU�� 7KUHH�ZRUNLQJ� UHDFWRUV� ZHUH�
RSHUDWHG�LQ�SDUDOOHO��

)RU� FRQVLVWHQW� IHHG�� V\QWKHWLF� ZDVWHZDWHU�
DSSUR[LPDWLQJ� ���� PJ� /��� RI� &2'� ZDV� SODFHG� LQ� WKH�
IHHG� UHVHUYRLU� FRQWDLQLQJ� QXWULHQWV� �LQ� PJ� /����� VXFURVH�
������� �1+��262�� ������� .+2

32�� ������� .2
+32�� �������

0J62�·7H22� ������ 0Q62�·H22� ������� &D&O2� ������� DQG�
)H&O�ā�+2

2���������,W�ZDV�FRQWLQXDOO\�UHFLUFXODWHG�EHWZHHQ�
WKH�UHDFWRU�DQG�WKH�UHVHUYRLU�E\�D�SHULVWDOWLF�SXPS�WR�PDLQWDLQ�
WKH�FRQVWDQW�KHDG�RI�������P�DERYH�WKH�(00&�SODWH�LQ�WKH�
UHDFWRU��$LU� ZDV� VSDUJHG� LQWR� WKH� UHDFWRU� OLTXLG� YLD� �� DLU�
VWRQHV� DW� ���� /� PLQ���� 7KUHH� UHDFWRUV� ZLWK� (00&� SODWHV�
ZHUH�RSHUDWHG�LQ�SDUDOOHO�DW�WKH�URRP�WHPSHUDWXUH�RI��������
ƕ&��7KH�HIÀXHQWV�IURP�WKH�(00&�SODWHV�ZHUH�DQDO\]HG�WR�
FKDUDFWHUL]H�K\GUDXOLF�SDUDPHWHUV�DQG�WUHDWPHQW�HI¿FLHQFLHV�

&KHPLFDO�$QDO\VLV

,QÀXHQW�DQG�HIÀXHQW�VDPSOHV�RI�WKH�SODWH�(00&�V\VWHP�
ZHUH� DQDO\]HG� GDLO\� IRU� WRWDO� FKHPLFDO� R[\JHQ� GHPDQG
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�Figure 1. Experimental setup consisting of a reactor with the EMMC plate installed at the 
bottom, along with the air diffuser and reservoir.
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�7&2'��� VROXEOH� FKHPLFDO� R[\JHQ� GHPDQG� �6&2'���
DPPRQLD� QLWURJHQ� �1+��1��� DQG� QLWUDWH� QLWURJHQ� �12�

�

�1���'2�DQG�S+�LQ� WKH�UHDFWRU�ZHUH�UHFRUGHG�GDLO\�ZLWK�D�
SRUWDEOH�GLVVROYHG�R[\JHQ�S+�PHWHU��+$&+�+4�����&2'�
ZDV�DQDO\]HG�E\�+$&+�FORVHG�UHÀX[�FRORULPHWULF�PHWKRG�
ZLWK�D�VSHFWURSKRWRPHWHU��+$&+�'5�������LQ�WKH�GHWHFWLRQ�
UDQJH�RI�����������PJ�/����1+��1�ZDV�DQDO\]HG�DFFRUGLQJ�WR�
WKH�FRORULPHWULF�1HVVOHU�PHWKRG��Hach 2005��DW������±������
PJ�/���GHWHFWLRQ�UDQJH��12�

��1�ZDV�DQDO\]HG�DFFRUGLQJ�WR�
WKH�FDGPLXP�UHGXFWLRQ�PHWKRG�DW�����±������PJ�/���GHWHFWLRQ�
UDQJH�

5(68/76�$1'�',6&866,21

&2'�DQG�1+��1�UHPRYDO�RI�ELR�SODWH

7KH� V\QWKHWLF� IHHG� ZDWHU� FRQWDLQLQJ� ���� PJ� /��� RI�
&2'�DQG�������PJ�/���RI�1+��1�ZDV�IHG�LQWR�WKUHH�UHDFWRUV�
LQVWDOOHG� ZLWK� (00&� SODWHV� RI� LQGLYLGXDO� WKLFNQHVV� RI�
�������������DQG������P�� LW�SHUFRODWHG� WKURXJK� WKH�(00&�
PHGLXP�DW�������P�RI�K\GUDXOLF�KHDG��7KHUH�DUH�UHPRYDOV�
RI�&2'��1+��1��DQG� UHVLGXDO�12�

��1�� UHVSHFWLYHO\�� LQ� WKH�
HIÀXHQW�DW�+57�RI���K��)LJXUHV���DQG 3���%DVHG�RQ�HIÀXHQW�
&2'�DV�VKRZQ�LQ�)LJXUH����WKH�UHPRYDO�RI�&2'�DFURVV�WKH�
(00&� SODWH� EHJDQ� ZLWK� ������ �� UHPRYDO� GXULQJ� LQLWLDO�
GD\V�RI�RSHUDWLRQ��DQG�LW�URVH�VWHDGLO\�RYHU�WKH�QH[W�IHZ�GD\V�
UHDFKLQJ�DW�WKH�HQG�RI�WKUHH�ZHHNV�RI�RSHUDWLRQ������&2'�
UHPRYDO�IRU�WKH�������P�DQG������P�SODWHV�DQG������&2'�
UHPRYDO� IRU� WKH� ����� P� SODWH�� 7KH� LQLWLDO� ULVH� LQ� UHPRYDO�
ZDV�DWWULEXWHG�WR�D�SHULRG�RI�DFFOLPDWLRQ�RI� WKH�(00&�WR�
WKH� IHHG��7KH� VWHDG\�VWDWH� UHPRYDO� DSSHDUHG� WR� KDYH� EHHQ�
HVWDEOLVKHG�ZLWKLQ�D�ZHHN�

%DVHG�RQ�HIÀXHQW�1+��1���WKH�UHPRYDO�RI�1+��1�DFURVV�
WKH�(00&�SODWH�EHJDQ�DW�DERXW���������LQLWLDOO\�WR�DERXW�
����� QHDU� WKH� HQG� RI� WKUHH� ZHHNV�� DOWKRXJK� WKH� UHPRYDO�
KDG�EHHQ�YDU\LQJ�PXFK�PRUH�ZLGHO\�EHWZHHQ����DQG������
WKURXJKRXW�WKH�RSHUDWLRQ�SHULRG�ZLWK�QR�DSSDUHQW�GHSHQGHQFH�
RQ� SODWH� WKLFNQHVV� �)LJXUH� ���� /LNHZLVH�� UHVLGXDO� 12�

��1�
FRQFHQWUDWLRQV�LQ�WKH�HIÀXHQWV�YDULHG�ZLGHO\�EHWZHHQ�����DQG�
�����PJ�/��� WKURXJKRXW� RSHUDWLRQ�� DJDLQ�ZLWK� QR� DSSDUHQW�
GHSHQGHQFH�RQ�SODWH� WKLFNQHVV��7KH� VLJQL¿FDQW� UHPRYDO�RI�
NH��1��!�����IURP����PJ�/

���RI�LQÀXHQW�1+��1��ZLWK�ORZ�
OHYHOV�RI�HIÀXHQW�12�

��1��������PJ�/����LQGLFDWHG�D�VWURQJ�
OLNHOLKRRG�RI�GHQLWUL¿FDWLRQ�EHLQJ�D�VLJQL¿FDQW�PHFKDQLVP�
RI�QLWURJHQ�UHPRYDO�

7KH�RFFXUUHQFH�RI�GHQLWUL¿FDWLRQ�UHTXLUHV�DQ�DQDHURELF�
HQYLURQPHQW��:KLOH�&2'�ZDV�UHPRYHG�E\������IURP�WKH�
VWUHDP�DV�LW�H[LWHG�WKH�(00&�SODWH��WKH�'2�LQ�WKH�FROOHFWHG�
HIÀXHQW�ZDV� DERXW� ��������PJ�/���� LQGLFDWLQJ� D� VXEVWDQWLDO�
GHFUHDVH� IURP� WKH� LQÀXHQW� OHYHO� RI� !���� PJ� /��� EXW� QRW�
FRPSOHWH�GHSOHWLRQ��7KLV�ZDV�LQFRQVLVWHQW�ZLWK�DQ�DQDHURELF�
HQYLURQPHQW� LQ� WKH� (00&� EHG� IRU� GHQLWUL¿FDWLRQ�� LW� ZDV�
IXUWKHU�LQFRQVLVWHQW�ZLWK�WKH������UHGXFWLRQ�RI�&2'�IURP�DQ

LQÀXHQW�VXFURVH�FRQFHQWUDWLRQ�RI�����PJ�/����ZKLFK�ZRXOG�
KDYH� GHPDQGHG� DQ� DSSUR[LPDWHO\� HTXDO� PDVV� RI� '2� IRU�
FRPSOHWH�PLQHUDOL]DWLRQ��7KH� LQFRQVLVWHQF\�ZDV� H[SODLQHG�
E\� VXI¿FLHQW� UHSOHQLVKPHQW� RI� '2� IRU� ELRPDVV� QHDU� WKH�
SODWH¶V�HQWUDQFH�VXUIDFH�WR�VXSSRUW�ELRGHJUDGDWLRQ�RI�RUJDQLFV�
DV� ZHOO� DV� QLWUL¿FDWLRQ� RI� DPPRQLXP� QLWURJHQ�� +RZHYHU��
XSRQ�IXUWKHU�WUDQVSRUW�LQWR�WKH�EHG��WKH�HQYLURQPHQW�EHFDPH�
DQR[LF�DQDHURELF� WKDW� HQDEOHG�GHQLWUL¿FDWLRQ� WR�RFFXU��7KH�
VXEVWDQWLDO� SUHVHQFH� RI� '2� LQ� WKH� FROOHFWHG� HIÀXHQW� ZDV�
DWWULEXWHG�WR�OHDNDJH�RI�DWPRVSKHULF�R[\JHQ�LQWR�WKH�HIÀXHQW�
VDPSOH�GXULQJ�FROOHFWLRQ�DQG�KDQGOLQJ�RI�WLPH�VSDQ�W\SLFDOO\�
!��K���,W�ZDV�DOVR�FRQFHLYDEOH�WKDW�VKRUW�FLUFXLWLQJ�FKDQQHOLQJ�
PLJKW�KDYH�RFFXUUHG�LQ�WKH�(00&�SODWH�WKDW�UHVXOWHG�LQ�WKH�
UHVLGXDO�'2�DQG�&2'�

7KH� WKLFNQHVV� RI� (00&� SODWH� KDV� QRW� VLJQL¿FDQWO\�
LQÀXHQFHG� WUHDWPHQW� RXWFRPHV� �)LJXUHV� �� WR� 4��� 7KHVH�
VXJJHVW� WKDW� WKH� DHURELF� HQYLURQPHQW� DW� RU� QHDU� WKH�
VXUIDFH� RI� WKH�(00&�SODWH�ZDV� VXI¿FLHQW� IRU� WKH� DHURELF
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PLFURRUJDQLVPV� WR� UHPRYH� WKH� FDUERQDFHRXV� FRQWHQWV��
HQDEOLQJ�VLJQL¿FDQW�UHPRYDO�RI�WKH�IHHG�&2'��$�VXI¿FLHQW�
WKLFNQHVV� RI� WKH� DHURELF� ]RQH� QHHGHG� IRU� HIIHFWLYH� &2'�
UHPRYDO�ZDV�DSSDUHQWO\�PHW�E\�WKH�WKLQQHVW�SODWH�RI������P�
XVHG�LQ�WKH�VWXG\��WKXV�WKH�DGGLWLRQDO�WKLFNQHVV�LQ�WKH�������
P�DQG������P�SODWHV�UHVXOWHG�LQ�QR�LPSURYHG�RXWFRPHV��7KLV�
ZDV�FRQVLVWHQW�ZLWK�RXU�SUHYLRXV�VWXG\� WKDW� IRXQG�(00&�
SODWH� EHLQJ� FDSDEOH� RI� SURYLGLQJ� DQ� DHURELF� HQYLURQPHQW�
WR�VXVWDLQ�PLFURELDO�DFWLYLWLHV� OHDGLQJ� WR�ELRGHJUDGDWLRQ�RI�
RUJDQLF�PDWWHUV��Ng et al. 2010���,Q�WKHLU�VWXG\�RI�PLFURELDO�
DFWLYLWLHV�LQ�VRLO��Chen et al.��2001��UHSRUWHG�WKH�GLVWULEXWLRQ�
RI�QLWULI\LQJ�PLFURRUJDQLVPV�DFURVV�WKH�VRLO�DJJUHJDWHV�DQG�
DFWLYH�QLWUL¿FDWLRQ�SURFHVV� RFFXUULQJ� DW� WKH� VXUIDFH�RI� VRLO�
DJJUHJDWHV��7KH�SUHVHQW�VWXG\�FRQ¿UPV�WKDW�WKH�UHPRYDO�RI�
DPPRQLD�QLWURJHQ��QLWUL¿FDWLRQ��KDV�QRW�EHHQ�HQKDQFHG�E\�
SODWH�WKLFNQHVV���������������DQG������P��EHFDXVH�QLWUL¿FDWLRQ�
SURFHVV� UHTXLUHV� DHURELF� FRQGLWLRQ� WKDW� LV� DYDLODEOH� RQO\�
QHDU�WKH�SODWH�VXUIDFH��$V�SRLQWHG�RXW�E\�Arie et al. �2005���
PLFURELDO� FRQVXPSWLRQ� DQG� GLIIXVLRQ� OLPLWDWLRQ� RI� '2�
DFWHG�WR�KLQGHU�QLWUL¿FDWLRQ�LQ�WKH�LQQHU�EHG�RI�LPPRELOL]HG�
PLFURELDO�FHOOV�

Bakti and Dick �1992�; Yang et al. �1997�; Pochana 
and Keller �1999�; Holman and Wareham �2005��SRVWXODWHG�
WKDW�GHQLWUL¿FDWLRQ�WRRN�SODFH�LQ�WKH�LQQHU�SDUW�RI�VOXGJH�ÀRFV�
RU�ELR¿OP�HYHQ�XQGHU�KLJKO\�DHUDWHG�HQYLURQPHQW�EHFDXVH�RI�
D�YHU\�VWHHS�'2�JUDGLHQW�ZLWKLQ�WKH�ÀRFV��7KH�H[SODQDWLRQ�
ZDV�VXSSRUWHG�E\�Jang et al. �2003��ZKR�IRXQG�DPPRQLD�
R[LGL]LQJ�EDFWHULD�EHLQJ�SULPDULO\�LQ�WKH�XSSHU�DQG�PLGGOH�
OD\HUV� RI� WKH� JUDQXOH� DQG� WKH� QLWUL¿FDWLRQ� SURFHVV� EHLQJ�
VLJQL¿FDQWO\� LQÀXHQFHG�E\� WKH�JUDQXODU�GHSWK� WKDW� WKH�'2�
KDG�WR�GLIIXVH�WKURXJK�

(IÀXHQW�12�
��1�FRQFHQWUDWLRQV�ZHUH�UHODWLYHO\�VWHDG\�

ZLWKRXW� EHLQJ� LQÀXHQFHG� E\� WKH� (00&� SODWH� WKLFNQHVV�
�)LJXUH� ���� 7KH� QLWUDWH� LRQ�ZDV� SURGXFHG� YLD� QLWUL¿FDWLRQ�
ZLWKLQ� WKH� (00&� SODWH� DQG� WKH� SURFHVV� ZHDNHQHG� DV�

'2� GHFUHDVHG� ZLWK� LQFUHDVLQJ� GHSWK� LQWR� WKH� EHG�� 7KH�
QLWUL¿FDWLRQ� UHVXOWV� ZHUH� FRQVLVWHQW� ZLWK� WKRVH� RI� &2'�
UHPRYDO� YLD� DHURELF� KHWHURWURSKLF� EDFWHULD� WKDW� UHVLGHG� LQ�
WKH� DHURELF� ]RQH� QHDU� WKH� HQWUDQFH� VXUIDFH� RI� WKH� (00&�
SODWH�� EH\RQG�ZKLFK� ]RQH� WKH�(00&�EHG� EHFDPH� DQR[LF�
DQG�ZDV�QRW�FRQGXFLYH�WR�QLWUL¿FDWLRQ��$V�D�UHVXOW��12�

��1�
ZDV� UHPRYHG� YLD� GHQLWUL¿FDWLRQ� LQ� WKH� DQR[LF�DQDHURELF�
]RQH� �Jang et al. 2003��� 7KXV�� PLFURELDO� DFWLYLWLHV� RI� WKH�
(00&�SODWH�HQDEOHG�WKH�FRXSOHG�UHPRYDO�RI�&2'�YLD�WKH�
DHURELF�SURFHVV�DQG�RI�DPPRQLD�QLWURJHQ�YLD�WKH�FRQFHUWHG�
QLWUL¿FDWLRQ�GHQLWUL¿FDWLRQ�SURFHVVHV�

+\GUDXOLF�FRQGXFWLYLW\�RI�WKH�(00&�EHG

7KH� ÀRZ� RI� ZDWHU� WKURXJK� WKH� (00&� SODWH� FDQ� EH�
GHVFULEHG�E\�'DUF\¶V�ODZ�IRU�RQH�GLPHQVLRQDO�ÀRZ�WKURXJK�
SRURXV�PHGLD�

4� �$.� � �� � � ���

:KHUH��4� �YROXPHWULF�ÀRZUDWH��P��K�����$� �(00&�SODWH�
DUHD��P2���.� �K\GUDXOLF�FRQGXFWLYLW\��P�K�����ǻK� �K\GUDXOLF�
KHDG��P���DQG�/� �(00&�EHG�WKLFNQHVV��P��

9ROXPHWULF�ÀRZ�GDWD�FROOHFWHG�XVLQJ�D�K\GUDXOLF�KHDG�
RI�������P�DERYH�WKH�(00&�EHG��ZDWHU�GHSWK��ZDV�XVHG�WR�
GHWHUPLQH�WKH�EHG¶V�K\GUDXOLF�FRQGXFWLYLW\�DW�����[������P�V����
DV�VKRZQ�LQ�)LJXUH�����7KH�PHDVXUHG�K\GUDXOLF�FRQGXFWLYLW\�
GLG�QRW�YDU\�VLJQL¿FDQWO\�ZLWK�SODWH�WKLFNQHVV���������������
DQG������P���FRUUHVSRQGLQJ�WR�ÀRZ�WKURXJK�WKH�SRURXV�EHG�
DW� WKH�VXSHU¿FLDO�YHORFLW\�RI�����[������P�V��� �RU�����[������
P�V���LQ�WKH�SRUH�VSDFH�DVVXPLQJ�SRURVLW\�RI�������7KXV��WKH�
+57�ZDV���K�IRU�EHG�GHSWKV�RI������P��������P��DQG������P��
UHVSHFWLYHO\�

5ROHV�RI�DGYHFWLRQ��GLIIXVLRQ��DQG�ELRGHJUDGDWLRQ�LQ�WKH�
(00&�SODWH

7KH�WUHDWPHQW�RI�&2'�DQG�1+��1�LQ�ZDVWHZDWHU�DV�LW�
SDVVHV�WKURXJK�WKH�(00&�SODWH�RYHU�DQ�H[WHQGHG�SHULRG�FDQ�
EH�DSSUR[LPDWHG�E\�D�RQH�GLPHQVLRQDO�GLIIXVLRQ�DGYHFWLRQ�
UHDFWLRQ�HTXDWLRQ�DW�VWHDG\�VWDWH�

D�����������vx������������������KrC = 0                  ���

:KHUH�'� �GLIIXVLYLW\��P2�K�����Y[� �DGYHFWLRQ�YHORFLW\��P�
K�����NU� ��VW�RUGHU� UDWH�FRQVWDQW�RI�GHJUDGDWLRQ� ���K���&� �
FRQFHQWUDWLRQ��PJ�/�����DQG�[� �EHG�GHSWK��P���7KH�JHQHUDO�
VROXWLRQ�IRU�(T����LV�

� � � � � �� �����

:KHUH�ȜĮ����P��DUH�WKH�HLJHQYDOXHV�RI�(T�����ZLWK���JLYHQ�DV�
�Schwarzenback et al. 2003�������������������������

��

)LJXUH����5HVLGXDO�QLWUDWH�QLWURJHQ�LQ�HIÀXHQW�RI�(00&�SODWH�
during three weeks of operation.
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$�UHOHYDQW�QRQ�GLPHQVLRQDO�QXPEHU�LQ�WKH�HLJHQYDOXHV��WKH�
3HFOHW�1XPEHU��3H��

� � � � � � ��������

PHDVXUHV� WKH� UHODWLYH� SDFH� RI� WUDQVSRUW� E\� DGYHFWLRQ� DQG�
GLIIXVLRQ��:KHQ�3H�LV�!!���DGYHFWLRQ�H[FHHGV�GLIIXVLRQ��VXFK�
LV�SDUWLFXODUO\�WKH�FDVH�ZKHQ�WKH�GLVWDQFH�/�LV�VLJQL¿FDQWO\�
ODUJH��:LWK�ÀRZ�YHORFLW\�Y[� �����[������P�V����WKLFNQHVV�/� �
�����P��DQG�PROHFXODU�GLIIXVLYLW\�'�HVWLPDWHG�LQ�WKH�RUGHU�
RI� ����� P2� V��� �IRU� FKHPLFDO� FRPSRXQGV� LQ� ZDWHU��� WKH� 3H�
DPRXQWV� WR�EH����� �L�H��3H� LV�!����7KLV� VKRZV�DGYHFWLRQ� LV�
PRUH�LPSRUWDQW�LQ�RXU�(00&�SODWH�HYHQ�DW������P�WKLFNQHVV��
$OWHUQDWLYHO\��WKH�YDOXHV�RI�'�DQG�Y[�DUH�FRPSDUHG�LQ�D�UDWLR�
WKDW�GH¿QHV�Lcrit��Schwarzenback et al. 2003��

� � � � � � ��������

7KH�Lcrit� UHSUHVHQWV� D� FULWLFDO� GLVWDQFH� LQWR� D� VODE� DW�ZKLFK�
DGYHFWLRQ� DQG� GLIIXVLRQ� DUH� HTXDOO\� LPSRUWDQW� EXW� EH\RQG�
ZKLFK�WKH�UROH�RI�GLIIXVLRQ�FDQ�EH�QHJOHFWHG��2XU�H[SHULPHQWDO�
FRQGLWLRQV�VXJJHVW�Lcrit�a�������P���7KLV�GLVWDQFH�LV�VPDOOHU�
WKDQ� WKH� (00&� SODWH� WKLFNQHVV� �VPDOOHVW� LQ� WKLV� VWXG\� DW�
�����P���7KXV�WKH�UROH�RI�GLIIXVLRQ�FDQ�EH�QHJOHFWHG�LQ�WKH�
UHDFWLYH�WUDQVSRUW�HTXDWLRQ��UHZULWWHQ�DV�

� � � � � � ��������

ZLWK�WKH�VROXWLRQ�

� � � � � � ��������

:KHUH�&��LV�WKH�LQÀXHQW�FRQFHQWUDWLRQ�DQG�[�Y[� �W�WKH�+57�
IRU�ÀRZ�DFURVV�WKH�(00&�SODWH�

$VVXPLQJ�D�XQLIRUP�GRZQZDUG�ÀRZ�RI�ZDWHU�FDUU\LQJ�
&2'�DQG�1+��1�WR�EH�UHPRYHG�YLD�¿UVW�RUGHU�NLQHWLFV�RYHU�
WKH�+57�RI���K�WKURXJK�WKH�(00&�EHG�� WKH�DSSDUHQW�¿UVW�
RUGHU�UDWH�FRQVWDQWV�ZHUH�REWDLQHG�DW������K�IRU�&2'�UHPRYDO�
�EDVHG�RQ������UHPRYDO�LQ���K��DQG�������K�IRU�QLWUL¿FDWLRQ�
�EDVHG� RQ� ��� �� UHPRYDO� LQ� �� K��� +RZHYHU�� LQFUHDVLQJ�
WKLFNQHVV��DV�ZLWK�������DQG������P�LQ�EHG�GHSWK��UHVXOWHG�
LQ� QR� LQFUHDVHG� UHPRYDOV�� ,W� ZDV� OLNHO\� WKDW�� GXH� WR� RWKHU�
OLPLWLQJ�IDFWRUV�VXFK�DV�'2��VXEVWUDWH�UHPRYDO�RFFXUUHG�EXW�
FHDVHG�ORQJ�EHIRUH�UHDFKLQJ�WKH�SODWH�ERWWRP�H[LW��L�H��DFWXDO�
UHDFWLRQ� WLPH�EHLQJ� VKRUWHU� WKDQ�+57���7KXV�� WKHVH�YDOXHV�
UHSUHVHQW�WKH�PLQLPXP�¿UVW�RUGHU�UHPRYDO�UDWH�FRQVWDQWV�RI�
WKH�SURFHVVHV��ZKLFK�ZHUH�VXEMHFWHG�WR�OLPLWLQJ�IDFWRUV�VXFK�
DV�DYDLODELOLW\�RI�'2�DV�REVHUYHG�E\�Kremen et al.��2005���

&21&/86,216

$V� WKH�ZDVWHZDWHU�PLJUDWHG� DFURVV� D� SRURXV�(00&�
SODWH��FRQFXUUHQW�UHPRYDOV�RI�&2'�E\������DQG�DPPRQLXP�
QLWURJHQ� E\� ����� IURP� D� V\QWKHWLF�ZDVWHZDWHU� FRQWDLQLQJ�
����PJ�/���DQG����PJ�/���RI�WKH�WZR�VXEVWUDWHV��UHVSHFWLYHO\��
ZHUH� DFKLHYHG�� OHDYLQJ� ���������PJ�/��� RI� UHVLGXDO� QLWUDWH�
QLWURJHQ� LQ� WKH� HIÀXHQW�� 7KH� FRQFXUUHQW� UHPRYDO� RI� &2'�
E\� DHURELF� UHVSLUDWLRQ� DQG� R[LGDWLRQ� RI� QLWURJHQ� WR� QLWUDWH�
YLD�QLWUL¿FDWLRQ�RFFXUUHG�LQ�WKH�DHURELF�]RQH�RI�WKH�(00&
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Figure 5. Mean hydraulic conductivity measured for the EMMC plates of different thicknesses 
(0.01, 0.025, and 0.05 m).
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��
EHG�QHDU�WKH�HQWUDQFH�VXUIDFH��8SRQ�IXUWKHU�PLJUDWLRQ�LQWR�
WKH� DQR[LF�DQDHURELF� ]RQH�� GHQLWUL¿FDWLRQ� RFFXUUHG� WKDW�
UHPRYHG�QLWUDWH��UHVXOWLQJ�LQ�UHVLGXDO�QLWUDWH�LQ�WKH�HIÀXHQW��
7KH� UHPRYDO� HI¿FLHQF\�ZDV� QRW� LQÀXHQFHG� E\� LQFUHDVH� RI�
SODWH� WKLFNQHVV� IURP������ WR������P��ZKLFK�VXJJHVWHG� WKDW�
ZKLOH� GHQLWUL¿FDWLRQ� ZDV� VXEVWDQWLDO� LQ� QLWUDWH� UHPRYDO�
QLWUL¿FDWLRQ�ZDV�OLNHO\�OLPLWHG�E\�DYDLODELOLW\�RI�'2�ZLWKLQ�
WKH�(00&�EHG��%DVHG�RQ�NLQHWLFV�REWDLQHG�IURP�WKH������
P� SODWH�� WKH� PLQLPXP� DSSDUHQW� ¿UVW�RUGHU� UDWH� FRQVWDQWV�
ZHUH�HVWLPDWHG�DW������K�DQG�������K�IRU�&2'�DQG�1+��1�
UHPRYDO��UHVSHFWLYHO\�

5()(5(1&(6

$ULH��.���%��-DFRE��6��8UL��DQG�6��$YL��������³0RGHO�GHPRQVWUDWLQJ�
WKH�SRWHQWLDO�IRU�FRXSOHG�QLWUL¿FDWLRQ�GHQLWUL¿FDWLRQ�LQ�VRLO�
DJJUHJDWHV�´� (QYLURQPHQWDO� 6FLHQFH� DQG� 7HFKQRORJ\� ����
����������

%DNWL� 1�$�.�� DQG� 5�,�� 'LFN�� ������ ³$� PRGHO� IRU� D� QLWULI\LQJ�
VXVSHQGHG�JURZWK� UHDFWRU� LQFRUSRUDWLQJ� LQWUDSDUWLFOH�
GLIIXVLRQDO�OLPLWDWLRQ�´�:DWHU�5HVHDUFK�������������������

&KDQJ�&�7���%�<��&KHQ��,�6��6KLX��DQG�)�7��-HQJ��������³%LR¿OWUDWLRQ�
RI�WULPHWK\ODPLQH�FRQWDLQLQJ�ZDVWH�JDV�E\�HQWUDSSHG�PL[HG�
PLFURELDO�FHOOV�´�&KHPRVSKHUH����������������

&KHQ��&���-��+DVVLQHN��DQG�-��%ORHP��������³6KRUW�WHUP�FKDQJHV�LQ�
WKH�VSDWLDO�GLVWULEXWLRQ�RI�PLFURRUJDQLVPV�LQ�VRLO�DJJUHJDWHV�
DV� DIIHFWHG� E\� JOXFRVH� DGGLWLRQ�´�%LRORJ\� DQG� )HUWLOLW\� RI�
6RLOV�������������

(WWHUHU��7��DQG�3�$��:LOGHUHU��������³*HQHUDWLRQ�DQG�SURSHUWLHV�RI�
DHURELF� JUDQXODU� VOXGJH�´�:DWHU� 6FLHQFH� DQG� 7HFKQRORJ\�
��������������

+$&+��������³'5������6SHFWURSKRWRPHWHU�SURFHGXUHV�PDQXDO��
*HUPDQ\´�

+ROPDQ�� -�%�� DQG� '�*�� :DUHKDP�� ������ ³&2'�� DPPRQLD�
DQG� GLVVROYHG� R[\JHQ� WLPH� SUR¿OHV� LQ� WKH� VLPXOWDQHRXV�
QLWUL¿FDWLRQ�GHQLWUL¿FDWLRQ� SURFHVV�´� %LRFKHPLFDO�
(QJLQHHULQJ�-RXUQDO���������������

-DQJ��$���<�+��<RRQ��,�6��.LP��.�6��.LP��DQG�3�/��%LVKRS��������
³&KDUDFWHUL]DWLRQ� DQG� HYDOXDWLRQ� RI� DHURELF� JUDQXOHV� LQ�
VHTXHQFLQJ� EDWFK� UHDFWRU�´� -RXUQDO� RI�%LRWHFKQRORJ\� �����
������

.LP�� 6�-�� DQG� 3�<�� <DQJ�� ������ ³7ZR±VWDJH� HQWUDSSHG� PL[HG�
PLFURELDO�FHOO�SURFHVV�IRU�VLPXOWDQHRXV�UHPRYDO�RI�RUJDQLFV�
DQG�QLWURJHQ�IRU�UXUDO�GRPHVWLF�VHZDJH�DSSOLFDWLRQ�´�:DWHU�
6FLHQFH�DQG�7HFKQRORJ\�������������

.UHPHQ�� $��� -�� %HDU�� 8�� 6KDYLW�� DQG�$�� 6KDYLY�� ������ ³0RGHO�
GHPRQVWUDWLQJ� WKH� SRWHQWLDO� IRU� FRXSOHG� QLWUL¿FDWLRQ�
GHQLWUL¿FDWLRQ� LQ� VRLO� DJJUHJDWHV�´� (QYLURQPHQWDO� 6FLHQFH�
DQG�7HFKQRORJ\����������������

0RUJHQURWK��(���7��6KHUGHQ��0�&�0�YDQ�/RRGVUHFKW��-�-��+HMLQHQ��
$QG� 3�$�� :LOGHUHU�� ������ ³$HURELF� JUDQXODU� VOXGJH� LQ� D�
VHTXHQFLQJ� EDWFK� UHDFWRU�´�:DWHU� 5HVHDUFK� �������� �����
�����

1J��.�.���&�)��/LQ��.�/��6KDLN��6�&��3DQFKDQJDP��$�3�.��+RQJ��
DQG� 3�<�� <DQJ�� ������ ³7KH� HIIHFW� RI� VROXEOH� PLFURELDO�
SURGXFWV�RQ�PHPEUDQH�IRXOLQJ�LQ�D�¿[HG�FDUULHU�ELRORJLFDO�
V\VWHP�´�6HSDUDWLRQ�DQG�3XUL¿FDWLRQ�7HFKQRORJ\�����������
����

1J�� .�.��� &�)�� /LQ�� 6�&�� 3DQFKDQJDP�� $�3�.�� +RQJ�� DQG� 3�<��
<DQJ��������³5HGXFHG�0HPEUDQH�)RXOLQJ�,Q�$�1RYHO�%LR�
(QWUDSSHG�0HPEUDQH�5HDFWRU�)RU�7UHDWPHQW�2I�)RRG�$QG�
%HYHUDJH�3URFHVVLQJ�:DVWHZDWHU�´�:DWHU�5HVHDUFK���������
���������

3RFKDQD�� .�� DQG� -�� .HOOHU�� ������ ³6WXG\� RI� IDFWRUV� DIIHFWLQJ�
VLPXOWDQHRXV�QLWUL¿FDWLRQ�DQG�GHQLWUL¿FDWLRQ��61'��´�:DWHU�
6FLHQFH�DQG�7HFKQRORJ\��������������

4LDQ��;���3�<��<DQJ��DQG�7��0DHNDZD��������³(YDOXDWLRQ�RI�GLUHFW�
UHPRYDO� RI� QLWUDWH� ZLWK� HQWUDSSHG� PL[HG� PLFURELDO� FHOO�
WHFKQRORJ\� XVLQJ� HWKDQRO� DV� WKH� FDUERQ� VRXUFH�´� :DWHU�
(QYLURQPHQWDO�5HVHDUFK������������

6FKZDU]HQEDFK��5�3���3�0��*VFKZHQG��DQG�'�0��,PERGHQ��������
(QYLURQPHQWDO�RUJDQLF�FKHPLVWU\��3XEOLVKHG�E\�-RKQ�:LOH\�
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