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TÓM�TẮT

Với�điện�áp�cao�một�chiều,�các�phản�ứng�điện�hóa�vẫn�có�thể�được�thực�hiện�ngay�cả�trong�nước�cất�có�độ�
dẫn�điện�rất�thấp.�Ion�kim�loại�từ�phản�ứng�hòa�tan�ở�anot�có�thể�phản�ứng�với�khí�hiđro�được�tạo�thành�từ�catot�
trong�môi�trường�nước�để�tạo�thành�kim�loại;�rồi�nguyên�tử�kim�loại�tương�tác�tiếp�tục�bằng�lực�Van�der�Walls�để�
tạo�nên�các�hạt�nano�kim�loại.�Các�quá�trình�phản�ứng�trên�các�điện�cực�để�chế�tạo�dung�dịch�nano�kim�loại�được�
kiểm�soát�bằng�điện�áp�cao�một�chiều,�khoảng�cách�giữa�các�điện�cực�anot�với�catot�và�độ�dẫn�của�môi�trường.�Các�
đặc�tính�của�dung�dịch�nano�bạc�kim�loại�như�phổ�UV-Vis,�hình�dạng�hạt�TEM,�phân�bố�kích�thước�hạt,�thế�zeta�
cũng�như�khả�năng�diệt�khuẩn�đã�được�xác�định�và�chứng�minh.�Sản�phẩm�thu�được�có�độ�tinh�khiết�cao�do�dung�
dịch�nano�không�chứa�các�ion�Na���12

�
��cũng�như�các�sản�phẩm�phản�ứng�và�chất�ổn�định�khác�nên�có�thể�ứng�

dụng�cho�nhiều�đối�tượng�mà�không�ảnh�hưởng�đến�sức�khỏe�con�người.�Ngoài�bạc,�các�kim�loại�khác�như�Au,�Cu,�
Fe,...�cũng�có�thể�được�chế�tạo�ở�dạng�nano�bằng�công�nghệ�DC�cao�áp.

Môi�trường�khí�được�tạo�ra�trên�điện�cực�bằng�phản�ứng�điện�hóa�cao�áp�một�chiều�với�điện�trường�lớn�và�
hiệu�điện�thế�cao�cũng�như�tác�dụng�đốt�nóng�của�môi�chất�sẽ�là�điều�kiện�thích�hợp�để�chuyển�từ�trạng�thái�khí�
sang�trạng�thái�plasma.�Dấu�hiệu�cho�thấy�sự�hiện�diện�của�plasma�điện�hóa�là�sự�phát�sáng�trên�điện�cực�cũng�như�
cường�độ�dòng�điện�tăng�đột�biến�theo�thời�gian.�Cũng�có�thể�điều�khiển�thời�gian�xuất�hiện�plasma�điện�hóa�khi�
thay�đổi�các�thông�số�công�nghệ�phản�ứng�điện�hóa�cao�áp.�Trạng�thái�plasma�điện�hóa�sẽ�tạo�ra�H

�
2

�
�và�các�gốc�

tự�do�như�OH•�có�khả�năng�phản�ứng�mạnh.�Điều�đó�được�sử�dụng�để�xử�lý�các�chất�gây�ô�nhiễm�nước�như�2,4-D�
hoặc�2,4,5-T�thành�sản�phẩm�cuối�cùng�là�CO

�
�rất�hiệu�quả,�đặc�biệt�trên�điện�cực�Fe�thêm�phản�ứng�Fenton.�Tương�

tự,�nước�thải�dệt�nhuộm�có�xanh�metylen�cũng�như�nước�thải�sinh�hóa�bệnh�viện�có�nồng�độ�cao�cũng�có�thể�được�
xử�lý�cho�kết�quả�tốt�bằng�DC�cao�áp�với�plasma�điện�hóa.

Từ�khóa��Dòng�điện�một�chiều�DC�cao�áp,�nano�kim�loại,�plasma�điện�hóa,�gốc�tự�do,�xử�lý�ô�nhiễm.
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plasma�and�technological�applications

1JX\HQ�'XF�+XQJ����


1Institute�of�Environmental�Technology,�Vietnam�Academy�of�Science�and�Technology,�Vietnam����������������������������������������������������������������������
�Institute�of�Innovation�Technology�and�International�Training,�Vietnam�����������������������������������������������������������������������������

Received:�20/01/2022;�Revised:�08/04/�0��;

Accepted:�12/04/2022;�Published:�28/10/2022

ABSTRACT

:LWK�KLJK�'&�YROWDJH��HOHFWURFKHPLFDO�UHDFWLRQV�FDQ�VWLOO�EH�FDUULHG�RXW�HYHQ�LQ�GLVWLOOHG�ZDWHU�ZLWK�YHU\�

ORZ�FRQGXFWLYLW\��0HWDO�LRQV�IURP�WKH�GLVVROXWLRQ�UHDFWLRQ�DW�WKH�DQRGH�FDQ�UHDFW�ZLWK�IRUPHG�K\GURJHQ�JDV�IURP�

WKH�FDWKRGH�LQ�DTXHRXV�PHGLXP�WR�IRUP�PHWDO�DQG�WKHQ�LQWHUDFW�IRU�PHWDO�QDQRSDUWLFOHV��7KH�UHDFWLRQ�SURFHVVHV�RQ�

WKH�HOHFWURGHV�WR�PDNH�PHWDO�QDQRSDUWLFOH�VROXWLRQV�DUH�FRQWUROOHG�E\�KLJK�'&�YROWDJH��GLVWDQFH�EHWZHHQ�DQRGH�DQG�

cathode�electrodes�and�conductivity�of�the�medium.�The�properties�of�metallic�silver�nanosolutions�such�as�UV-Vis�
VSHFWUXP��7(0�SDUWLFOH�VKDSH��SDUWLFOH�VL]H�GLVWULEXWLRQ��]HWD�SRWHQWLDO�DV�ZHOO�DV�EDFWHULFLGDO�DELOLW\�KDYH�EHHQ�

GHWHUPLQHG�DQG�GHPRQVWUDWHG��7KH�REWDLQHG�SURGXFW�KDV�KLJK�SXULW\�EHFDXVH�WKH�QDQR�VROXWLRQ�GRHV�QRW�FRQWDLQ�

1D���12
�
��LRQV�DV�ZHOO�DV�RWKHU�UHDFWLRQ�SURGXFWV�DQG�VWDELOL]HUV��VR� LW�FDQ�EH�DSSOLHG� WR�PDQ\�REMHFWV�ZLWKRXW�

DIIHFWLQJ�KXPDQ�KHDOWK��,Q�DGGLWLRQ�WR�VLOYHU��RWKHU�PHWDOV�VXFK�DV�$X��&X��)H��$O��HWF��FDQ�DOVR�EH�IDEULFDWHG�LQ�QDQR�

IRUP�E\�'&�KLJK�YROWDJH�WHFKQRORJ\�

7KH� JDVHRXV�HQYLURQPHQW�FUHDWHG�RQ� WKH�HOHFWURGH�E\� D�'&�KLJK�YROWDJH�HOHFWURFKHPLFDO� UHDFWLRQ�ZLWK�

a� large�electric�¿eld�and�high�potential�difference�as�well�as�the�heating�effect�of�the�medium�will�be�the�right�
FRQGLWLRQV�WR� VZLWFK� IURP�WKH�JDVHRXV�VWDWH� WR�WKH�SODVPD�VWDWH�� ,QGLFDWLRQV�RI� WKH�SUHVHQFH�RI�HOHFWURFKHPLFDO�

SODVPD�DUH�WKH�JORZ�RQ�WKH�HOHFWURGH�DV�ZHOO�DV�WKH�DPSHUDJH�WKDW�VSLNHV�ZLWK�WLPH��,W�LV�DOVR�SRVVLEOH�WR�FRQWURO�WKH�

HOHFWURFKHPLFDO�SODVPD�DSSHDUDQFH�WLPH�ZKHQ�FKDQJLQJ�WKH�'&�KLJK�YROWDJH�HOHFWURFKHPLFDO�UHDFWLRQ�WHFKQRORJ\�

SDUDPHWHUV��7KH�HOHFWURFKHPLFDO�SODVPD�VWDWH�ZLOO�JHQHUDWH�+
�
2

�
�DQG�IUHH�UDGLFDOV�VXFK�DV�2+•�ZKLFK�DUH�KLJKO\�

reactive.�That�is�used�to�treat�water�contaminants�like�2,4-D�or�2,4,5-T�into�the�¿nal�product�CO
��
very�ef¿ciently,�

HVSHFLDOO\�RQ�)H�HOHFWURGH�DGGLQJ�)HQWRQ�UHDFWLRQ��6LPLODUO\��PHWK\OHQH�EOXH�WH[WLOH�G\HLQJ�ZDVWHZDWHU�DV�ZHOO�DV�

KLJK�FRQFHQWUDWLRQ�KRVSLWDO�ELRFKHPLFDO�ZDVWHZDWHU�FDQ�DOVR�EH�WUHDWHG�ZLWK�JRRG�UHVXOWV�E\�KLJK�SUHVVXUH�'&�ZLWK�

HOHFWURFKHPLFDO�SODVPD�

Keywords:�DC�high�voltage,�metallic�nanoparticle,�electrochemical�plasma,�free�radicals,�water�pollution�treatment.
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1.�INTRODUCTION

Unlike� normal� electrochemical� reactions� that�
RFFXU� LQ� HOHFWURO\WH� ZLWK� ORZ� '&� YROWDJH��

HOHFWURGLF� SURFHVVHV� E\� '&� KLJK� YROWDJH� FDQ�

DOVR� RFFXU� LQ� PHGLD� WKDW� DUH� QRW� FRQVLGHUHG�

HOHFWURO\WHV� OLNH� GRXEOH� GLVWLOOHG� ZDWHU����� )RU�

QRQ�FRQGXFWLYH� PHGLD�� KLJK� YROWDJH� LV� XVHG� WR�

KHDW�WKH�PHGLXP�DV�D�UHVLVWRU�EXW�DOVR�SRWHQWLDO�

HQRXJK�WR�FDUU\�RXW�HOHFWURFKHPLFDO�SURFHVVHV�RQ�

WKH�FRQWDFW�VXUIDFH�EHWZHHQ�WKH�HOHFWURGH�DQG�WKH�

DTXHRXV�PHGLXP�����$W�WKH�SRVLWLYH�HOHFWURGH��WKH�

DQRGLF�UHDFWLRQ�ZLOO�EH�WKH�SURFHVV�RI�GLVVROYLQJ�
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WKH�PHWDO�RI�WKH�HOHFWURGH�LQWR�LRQV��EXW�ZLWK�WKH�

LQHUW�HOHFWURGH��R[\JHQ�ZLOO�EH�UHOHDVHG�IURP�WKH�

ZDWHU�DQG�GLVSHUVHG�LQWR�WKH�HQYLURQPHQW��$W�WKH�

VDPH�WLPH��RQ�WKH�QHJDWLYH�HOHFWURGH��WKH�FDWKRGH�

UHDFWLRQ� RI� WKH� ZDWHU� HOHFWURO\VLV� SURFHVV� ZLOO�

IRUP� K\GURJHQ�JDV�DQG�GLVSHUVH� LQWR� WKH�ZDWHU�

HQYLURQPHQW�����7KHVH�HOHFWURFKHPLFDO�SURFHVVHV�

DOVR� REH\� )DUDGD\
V� ODZ�� ,RQV� IRUPHG� IURP�

HOHFWURFKHPLFDO�SURFHVVHV� VXFK�DV�0HQ���+���RU�

2+��ZLOO�LQFUHDVH�WKH�FRQGXFWLYLW\�RI�WKH�DTXHRXV�

PHGLXP������+RZHYHU��EHFDXVH�WKH�DPRXQW�RI�LRQV�

IRUPHG� LV�QRW�PXFK�� WKH� FRQGXFWLYLW\�LQFUHDVHV�

RQO\�VOLJKWO\�ZLWK� WKH� UHDFWLRQ� WLPH��0RUHRYHU��

LQ�WKH�DTXHRXV�HQYLURQPHQW��VXEVWDQFHV�IRUPHG�

E\� HOHFWURGH� SURFHVVHV� FDQ� PHHW� DQG� RFFXU�

QHXWUDOL]DWLRQ�UHDFWLRQV�RU�UHGR[�UHDFWLRQV�VXFK�

DV�+����2+��→�H
�
O�(1)�and�MeQ����Q��+

�
��0H��

��Q+��(2).�The�redox�reaction�between�the�metal�
LRQ� JHQHUDWHG� IURP� WKH� DQRGH� SURFHVV� DQG� WKH�

QDVFHQW�K\GURJHQ�JDV�UHOHDVHG�IURP�WKH�FDWKRGH�

WR�IRUP�D�PHWDO�ZLWK�QR�YDOHQFH�LV�WKH�EDVLV�IRU�

WKH� IDEULFDWLRQ� RI� PHWDO� QDQR�VL]HG� SDUWLFOHV��

Q0H��→�MeNPs�(3).������

2Q� WKH� RWKHU� KDQG�� JDVHV� DUH� IRUPHG� RQ�

WKH� HOHFWURGHV� E\� DQ� HOHFWURFKHPLFDO� UHDFWLRQ�

DFFRUGLQJ� WR�)DUDGD\
V� ODZ�XQGHU� FRQGLWLRQV�RI�

FRQWLQXHG� HQHUJ\� VXSSO\� GXH� WR� KLJK� YROWDJH��

strong� electric� ¿eld� and� gradually� increasing�
VROXWLRQ� WHPSHUDWXUH� DFFRUGLQJ� WR� -RXO�/HQ]
V�

ODZ� ZLOO� IDFLOLWDWH� WKH� DSSHDUDQFH� RI� D� IRXUWK�

VWDWH�� WKH�SODVPD�VWDWH�������:LWK� WKH�DSSHDUDQFH�

RI� SODVPD� VWDWH� RQ� WKH� HOHFWURGHV� WKH� ZDWHU�

GLVVRFLDWLRQ� WR� SURGXFH� +
�
� DQG� 2

�
� JDV� RQ� WKH�

DQRGH�� �+
�
O→� 3H

�
�2

�
�+

�
2

�
� (4)� and� on� the�

FDWRGH���+
�
O→�2H

�
���2

�
� (5)� that�will� become�

LQWHQVH� DQG� WKH� DPRXQW� RI� JDV� SURGXFHG� ZLOO�

QR� ORQJHU� EH�FDOFXODWHG� DFFRUGLQJ� WR� )DUDGD\
V�

ODZ������� ,Q� WKH� SODVPD� VWDWH�� WKH� IROORZLQJ�

LRQL]DWLRQ� SURFHVVHV� ZLOO� DOVR� RFFXU� DW� WKH�

HOHFWURGHV��+
�
2���H��→�H•���2+•�+�e-�(6);�OH�

�� 2+•� →� H
�
2

��
(7);� 2H

�
O� →� H

�
2

��
�� +

�
� (8);�

+
�
2

�
�hν�→2OH•� (9);�H

�
O�→�H� ��2+•�(10).���

��� &RPSRXQGV� DQG� LRQV� IRUPHG� IURP� SODVPD�

UHDFWLRQV� ZLOO� GLVVROYH� DQG� GLVSHUVH� LQWR� WKH�

DTXHRXV�PHGLXP��LQFUHDVLQJ�WKH�UHGR[�UHDFWLRQ�

DELOLW\�IRU�WKH�HQYLURQPHQW��7KLV�LV�XVHG�WR�WUHDW�

FRQWDPLQDQWV�SUHVHQW�LQ�WKH�DTXDWLF�HQYLURQPHQW��

7KH� PHWKRG� RI� WUHDWLQJ� ZDWHU� SROOXWLRQ� E\�

SODVPD� WHFKQRORJ\� KDV� PDQ\� DGYDQWDJHV� VXFK�

DV� QRW� XVLQJ� FKHPLFDOV�� RQO\� XVLQJ� HOHFWULFLW\��

WKXV�QRW�FDXVLQJ�VHFRQGDU\�SROOXWLRQ��ORZ�FRVW��

simple� equipment� and� high� ef¿ciency� because�
SODVPD� JHQHUDWHV� YHU\� UHDFWLYH� UDGLFDOV� WR� EH�

DEOH�WR�FRPSOHWHO\�PLQHUDOL]H�SROOXWDQWV�

2.�EXPERIMENTAL�METHODS

7KH� HTXLSPHQW� UHTXLUHG� WR� FDUU\� RXW� WKH� KLJK�

YROWDJH� HOHFWURFKHPLFDO� UHDFWLRQ�DV�ZHOO�DV� WKH�

HOHFWURFKHPLFDO� SODVPD� JHQHUDWLRQ� LV� D� KLJK�

YROWDJH� '&� SRZHU� VRXUFH������� 9ROWDJH� YDOXHV�

DUH� VWHSOHVVO\�FRQWUROOHG� IURP� �� WR���� N9�ZLWK�

voltage� stabilizer� and� 15�kVA� capacity� (Figure�
1a,b).� Values� of� voltage� (kV),� current� (mA),�
charge� (mAh)� and� reaction� time� are� shown� at�
control� box� (1b).�The� electrochemical� reaction�
YHVVHO�LV�PDGH�RI�KHDW�UHVLVWDQW�JODVV�LQ�WKH�IRUP�

RI� D� ��OD\HU� WXEH�� WKH� LQQHU� WXEH� FRQWDLQV� WKH�

UHDFWLRQ� PHGLXP� DQG� WKH� RXWHU� OD\HU� FRQWDLQV�

cooling� water� (Figures� 1c2,� c3).� The� anode� is�
mounted�at�the�top�end�(c4)�and�the�cathode�(c5)�
LV�ZDWHUWLJKW�ZLWK�WKH�ERWWRP�HQG�RI�WKH�UHDFWRU�

XSULJKW�� 7KH� JDV� JHQHUDWHG� IURP� WKH� UHDFWLRQ�

is� collected� through� valve� (c6)� and� the� liquid�
product�is�collected�through�valve�(c7).

7KH� HYROXWLRQ� RI� WKH� HOHFWURFKHPLFDO�

UHDFWLRQV� RQ� WKH� HOHFWURGHV� DQG� LQ� WKH� VROXWLRQ�

VXFK�DV�WKH�IRUPDWLRQ�RI�EXEEOHV�RI�JDV�RU�JORZ�

RI� SODVPD� DQG� FRORU� FKDQJH� RI� OLTXLG� ZHUH�

UHFRUGHG� E\� YLGHR�� 7KH� JDVHRXV� KLJK�SUHVVXUH�

HOHFWURFKHPLFDO�UHDFWLRQ�SURGXFWV�ZHUH�FROOHFWHG�

WKURXJK�YDOYH�F��DQG�GHWHUPLQHG�IRU�YROXPH�RU�

TXDOLWDWLYHO\�RU�TXDQWLWDWLYHO\�DQDO\]HG�XVLQJ�WKH�

UHVSHFWLYH�DSSDUDWXV�

7KH� SURGXFWV� RI� WKH� KLJK�YROWDJH�

HOHFWURFKHPLFDO� UHDFWLRQ� GLVSHUVHG� LQ� VROXWLRQ�

ZLOO� EH� FKDUDFWHUL]HG� RU� DQDO\]HG� TXDOLWDWLYHO\�

DQG� TXDQWLWDWLYHO\� E\� WKH� UHVSHFWLYH� PHWKRGV��

The�loss�of�anode�mass�(∆P��GXH�WR�GLVVROXWLRQ�
E\�D�KLJK�YROWDJH�GLUHFW�FXUUHQW�HOHFWURFKHPLFDO�

UHDFWLRQ� FDQ� EH� FDOFXODWHG� E\� WKH� JUDYLPHWULF�
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PHWKRG� DFFRUGLQJ� WR� WKH� IRUPXOD�� F∆P� �∆P�9�
(mg/L)�or�by�Faraday's�law�when�determination�
of�the�charge�(It)�WKH�UHDFWLRQ�FDQ�EH�GHWHUPLQHG�
DFFRUGLQJ� WR� WKH� IRUPXOD�� cFar.�  � kIt/V� (mg/L).�
7KH�FRQGXFWLYLW\�DQG�S+�YDULDWLRQ�RI�WKH�VROXWLRQ�

ZHUH� GHWHUPLQHG� XVLQJ� D� &RQGXFWLYLW\� PHWHU�

+,� ����� DQG� S+� PHWHU� +,� ����� IURP� +DQQD�

,QVWUXPHQW�

Figure�1.�(a)�High-voltage�recti¿ers,�(b)�Control�box,�
(c)�Double�layer�glass�electrochemical�reaction�vessel.�
���3RZHU�VXSSO\�����&RROLQJ�ZDWHU�OD\HU�����5HDFWLRQ�

PHGLXP�����$QRGH����&DWKRGH�����*DV�HVFDSH�YDOYH���

���5HDFWLRQ�SURGXFW�UHFRYHU\�YDOYH�

)RU� SURGXFWV� GLVSHUVHG� LQ� VROXWLRQ� DV�

nanoparticles,� it�is�possible�to�characterize�UV-
Vis� spectra� on� the� Hitachi� UH-5300� device,�
WKH�SDUWLFOH�VL]H�GLVWULEXWLRQ�DV�ZHOO�DV�WKH�]HWD�

SRWHQWLDO�RQ�WKH�6=�����GHYLFH��+RULED��-DSDQ��

)RU� FKHPLFDO� FRPSRXQGV� GLVSHUVHG� LQ�

VROXWLRQ�� JDV� FKURPDWRJUDSK\�PDVV� VSHFWURPHWU\�

PHWKRGV�DUH�XVXDOO\�XVHG�RQ� WKH�$JLOHQW�*&�06�

����������LQVWUXPHQW�RU�DWRPLF�PDVV�VSHFWURPHWU\�

RQ�WKH�,&3�06�����������$JLOHQW�LQVWUXPHQW�

:LWK� IUHH� UDGLFDOV� VXFK� DV� 2+•� RU�

+
�
2

�
� IRUPHG� IURP� WKH� SODVPD� UHDFWLRQ� DQG�

GLVSHUVHG� LQWR� WKH� VROXWLRQ�� LW� LV� GHWHUPLQHG�

WKURXJK� WKH� FRUUHVSRQGLQJ� FRORU� FRPSOH[HV�

ZLWK� VDOLF\OLF� DFLG� DFFRUGLQJ� WR� WKH� UHDFWLRQ�

such� as:� (acid� salycylic)� (HO)C
�
+

�
&22+�

�� 2+•� →� (HO)
�
&

�
+

�
&22+� �� +�� (11)� (acid����

����GLK\GUR[\EHQ]RLF�RU�����GLK\GUR[\EHQ]RLF��

DQG� ZLWK� WLWDQ\O� DFFRUGLQJ� WR� WKH� IROORZLQJ�

UHDFWLRQ��7L�����+
�
2

�
����+

�
O�→�TiO

�
+

�
2

�
����+��

(12)� through� a� suitable� UV-Vis� spectrum�with�
corresponding�quanti¿cation�curves.

:KHQ�XVLQJ�KLJK�YROWDJH�HOHFWURFKHPLFDO�

UHDFWLRQV� DV�ZHOO� DV� HOHFWURFKHPLFDO� SODVPD� WR�

WUHDW�HQYLURQPHQWDO�SROOXWDQWV��FKHPLFDO�R[\JHQ�

demand�(COD)�methods�according�to�SMEWW�
����&������DQG�GHWHUPLQH�WRWDO�RUJDQLF�FDUERQ�

(TO&��DFFRUGLQJ�WR�7&91�����������

7HFKQRORJLFDO� IDFWRUV� DIIHFWLQJ� HOHFWURGH�

UHVSRQVH� DV� ZHOO� DV� HOHFWURFKHPLFDO� SODVPD�

IRUPDWLRQ� ZHUH� LQYHVWLJDWHG� VXFK� DV�� GLVWDQFH�

EHWZHHQ� DQRGH� DQG� FDWKRGH� HOHFWURGHV�� KLJK�

YROWDJH�� FRQGXFWLYLW\� DQG�LQLWLDO� WHPSHUDWXUH�RI�

WKH�PHGLXP�� WKH�QDWXUH�RI� WKH�HOHFWURGH�PHWDOV�

DV� ZHOO� DV� WKH� FRQFHQWUDWLRQ� DQG� QDWXUH� RI� WKH�

VXEVWDQFHV� GLVVROYHG� LQ� WKH� DTXHRXV� PHGLXP��

7KH�PHWDOV�XVHG�DV�HOHFWURGHV�FDQ�EH�$J��&X��)H�

GHSHQGLQJ�RQ�WKH�SXUSRVH�RI�XVH�WR�SUHSDUH�PHWDO�

QDQR�VROXWLRQV� RU� WR� WUHDW� FRQWDPLQDWHG� ZDWHU�

FKHPLFDO�SROOXWLRQ�

3.�ELECTRODE�PROCESSES�AT�DC�HIGH�
VOLTAGE� AND� APPLICATION� FOR�
METAL�NANOFABRICATION�

7KH�DQRGLF�HOHFWURFKHPLFDO�UHDFWLRQ�WR�GLVVROYH�

WKH�PHWDO� RI� WKH�HOHFWURGH�PDWHULDO� KDV� FUHDWHG�

R[LGL]LQJ�VXEVWDQFHV�LQ�WKH�DTXHRXV�PHGLXP�LQ�

the�form�of�metal�ions:�Me�→�MeQ����QH�
�
(13).

7KH� PHWDOV� WKDW� KDYH� EHHQ� WHVWHG� IRU�

DQRGLF�GLVVROXWLRQ�E\�'&�KLJK�YROWDJH�DUH�$J��

&X��DQG�)H��)LJXUH���VKRZV�WKDW�WKH�$J�DQG�&X�

anots�are�dissolved�after�the�reaction�(Figure�2a)�
DQG� WKH� JDV� LV� UHOHDVHG� VLPXOWDQHRXVO\� RQ� WKH�

cathode�(FiJXUH��E��
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Figure�2.�(a)�The�anodes�of�Ag,�Cu,�Fe�are�dissolved�
GXH� WR� WKH� '&� KLJK� YROWDJH� HOHFWURFKHPLFDO�

reaction�and�(b)�The�H
�
�JDV�UHOHDVHG�RQ�WKH�FDWKRGH�

VLPXOWDQHRXVO\� ZLWK� WKH� PHWDO� GLVVROXWLRQ� DW� WKH�

DQRGH�LV�GHWHUPLQHG�E\�WKH�LQVWUXPHQW�FRUUHVSRQGLQJ�

7DEOH� �� SUHVHQWV� WKH� FRQFHQWUDWLRQV�

FDOFXODWHG� E\� GHWHUPLQLQJ� WKH� ZHLJKW� ORVV� RI�

WKH�GLVVROYHG�DQRGH�GXULQJ� WKH�HOHFWURFKHPLFDO�

UHDFWLRQ� LQ� GLVWLOOHG� ZDWHU� DW� GLIIHUHQW� YROWDJH�

FRQGLWLRQV� DQG� GLVWDQFHV� RI� WKH� FDWKRGH� DQG�

DQRGH�������

Table� 1.� 0HWDO� FRQFHQWUDWLRQ� YDOXHV� FDOFXODWHG� E\�

JUDYLPHWULF� PHWKRG� RI�$J�� &X�� )H� DQRGH�PDWHULDOV�

DW� HOHFWURFKHPLFDO� UHDFWLRQ� FRQGLWLRQV� VXFK� DV� KLJK�

YROWDJH��HOHFWURGH�GLVWDQFH�DQG�UHDFWLRQ�WLPH�GLIIHUHQW�

$QRGH UDC,�kV '$&��PP F0H��PJ�/

$J

�� ��� ���

�� ��� ���

�� ���� ���

&X

�� ��� ����

�� ��� ����

�� ��� ����

)H

�� ��� ����

�� ��� ����

�� ��� ����

)URP� 7DEOH� ��� LW� FDQ� EH� VHHQ� WKDW� WKH�

DPRXQW�RI�PHWDO�GLVVROYHG�E\�WKH�DQRGH�GHSHQGV�

QRW� RQO\� RQ� WKH� KLJK� YROWDJH� DQG� WLPH�� EXW�

DOVR� RQ� WKH� GLVWDQFH� EHWZHHQ� WKH� DQRGH� DQG�

the� cathode.�When� voltage� (8DC�� LV� DSSOLHG� WR�

DQ� HOHFWURFKHPLFDO� V\VWHP� FRQVLVWLQJ� RI� WZR�

HOHFWURGHV�DQG�DQ�HOHFWURO\WH�PHGLXP��WKH�YDOXH�

RI�HOHFWULFDO�HQHUJ\�LV�GLVWULEXWHG�WR�WKH�HOHFWURGH�

reactions�((A,�EC��DQG�LRQ�WUDQVSRUW�LQ�WKH�PHGLXP�
(,5Elec��� DFFRUGLQJ� WR� WKH�HTXDWLRQ��8DC�=�EA�+�
,5Elec.�+�EC.�Thus,�at�the�value�of�voltage�(8DC���

electrochemical� reactions�occur� in� time� (t�� DQG�
with�current�(,���DV�ZHOO�DV�WKH�WHPSHUDWXUH�FKDQJH�
(∆T�� RI� WKH� UHDFWLRQ� PHGLXP� DQG� WKH� FRROLQJ�
ZDWHU�LV�GHWHUPLQHG��LW�ZLOO�EH�FDOFXODWHG�HQHUJ\�

GLVWULEXWLRQ�IRU�HOHFWURGH�UHDFWLRQ�SURFHVVHV�ZLWK�

'&�KLJK�YROWDJH�DFFRUGLQJ�WR�WKH�IRUPXOD��HDC�

=�HE�+�HW�+�H9��ZKHUH�HDC�=�UIt�(Wh)�is�the�
energy�supplied�from�the�power�source;�H(�LV�WKH�

energy�to�carry�out�the�electrode�reaction;�H:� �

mC.∆T�(Wh)�is�the�heating�energy�of�the�reaction�
PHGLXP�DQG�FRROLQJ�ZDWHU�DQG�HV�=�m9λ� LV� WKH�
ZDWHU�HYDSRUDWLRQ�HQHUJ\�ZKLFK�LV�DVVXPHG�WR�EH�

]HUR�DW�WHPSHUDWXUHV�ORZHU�WKDQ����R&�

7DEOH���SUHVHQWV�WKH�UHVXOWV�RI�GHWHUPLQLQJ�

WKH�HQHUJ\�GLVWULEXWLRQ�IRU�WKH�'&�KLJK�YROWDJH�

HOHFWURFKHPLFDO� UHDFWLRQ� RI� VLOYHU� HOHFWURGHV� LQ�

GLVWLOOHG� ZDWHU� DW� GLIIHUHQW� HOHFWURGH� GLVWDQFHV�

('A-C),�times�(t)�and�temperatures�(7��

Table� 2.�9DOXH� DQG� UDWLR� RI� HQHUJ\� GLVWULEXWLRQ� IRU�
KLJK� YROWDJH� '&� HOHFWURFKHPLFDO� UHDFWLRQ� RI� VLOYHU�

HOHFWURGH� LQ� GLVWLOOHG� ZDWHU� DW� GLIIHUHQW� HOHFWURGH�

GLVWDQFHV��WLPH�DQG�WHPSHUDWXUH�

HDC H: H(

:K :K � :K �

�DA-C

����PP ����� ����� ����� ��� ����

����PP ����� ����� ����� ���� �����

�����

PP

������ ����� ����� ����� �����

t
���PLQ ����� ����� ����� ���� �����

���PLQ ����� ����� ����� ���� ����

���PLQ ����� ����� ����� ���� ����

7
����.�

(15R&�
����� ����� ����� ���� �����

����.�

(20R&�
����� ����� ����� ���� ����

����.�

(55R&�
����� ����� ����� ��� ����
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)URP� WKH� UHVXOWV� RI� 7DEOH� ��� LW� FDQ� EH�

VHHQ� WKDW� WKH� SURSRUWLRQ� RI� HOHFWULFDO� HQHUJ\�

GLVWULEXWHG�WR�WKH�HOHFWURFKHPLFDO�UHDFWLRQ�DW�WKH�

HOHFWURGHV� LV�VPDOOHU� WKDQ�WKH�HQHUJ\�FRQYHUWHG�

WR� KHDW��� 7KH� KLJKHVW� SHUFHQWDJH� DFFRXQWV� IRU�

QHDUO\� D� TXDUWHU� RI� WKH� WRWDO� HQHUJ\� VXSSOLHG�

and�Àuctuates�depending�on�reaction�conditions�
VXFK� DV� YROWDJH�� HOHFWURGH� GLVWDQFH�� DPELHQW�

WHPSHUDWXUH�DV�ZHOO�DV�UHDFWLRQ� WLPH��+RZHYHU��

LW�LQGLFDWHV�WKH�SRVVLEOLW\�RI�FRQWUROOLQJ�WKH�UDWH�

RI� HOHFWURFKHPLFDO� UHDFWLRQV� DW� KLJK� YROWDJH�

E\� UHDFWLRQ� WHFKQRORJ\� SDUDPHWHUV�� 7KXV�� WKH�

HOHFWURFKHPLFDO�UHDFWLRQV�RQ�WKH�DQRGH�GLVVROYH�

WKH�PHWDO� LQWR� LRQV� DQG� JHQHUDWH� K\GURJHQ� JDV�

RQ� WKH� FDWKRGH� WR� IRUP� D� UHGXFLQJ� DJHQW� WKDW�

LV� GLVSHUVHG� LQWR� WKH� DTXHRXV� PHGLXP�� ,Q� WKH�

KHDUW�RI�WKH�DTXHRXV�HQYLURQPHQW��DQ�R[LGDWLRQ�

UHGXFWLRQ� UHDFWLRQ� EHWZHHQ� PHWDO� LRQV� DQG�

K\GURJHQ� JDV� ZLOO� RFFXU� WR� IRUP� PHWDO� DWRPV�

DQG�DW�WKH�VDPH�WLPH�FUHDWH�PHWDO�QDQRSDUWLFOHV�

WKURXJK�WKH�9DQ�GH�:DOO�LQWHUDFWLRQ�DFFRUGLQJ�WR�

WKH�HTXDWLRQV��0HQ����Q+
�
�→�Me�����Q+��(14);�

[0H��→�MeNPs�(15).��

)LJXUH���VKRZV�D�YLGHR�LPDJH�RI�WKH�FRORU�

FKDQJH� SURFHVV� RI� WKH� VROXWLRQ� RYHU� WLPH� IURP�

colorless��(Figures�3a,�b)�to�(Figures�3c,�d)�brown�
and�dark�brown�(Figure�3e)�due�to�the�reaction�to�
IRUP�PHWDO�QDQRSDUWLFOHV�

��������(a)��������������(b)������������(c)����������(d)���������(e)

)igure� 3.� &RORU� FKDQJH� RI� DTXHRXV� PHGLXP� DW�
KLJK� YROWDJH� HOHFWURFKHPLFDO� UHDFWLRQ� WLPHV� RI� $J�

electrode�from�(a)�0�min�to�(b)�5�min,�(c)�10�min,�(d)�
20�min�and�(e)�30�min.�

7KH�SURFHVV�RI�IRUPLQJ�PHWDO�QDQRSDUWLFOH�

RFFXUV� IURP� WKH� FDWKRGH� UHJLRQ� DQG� VSUHDGV�

XSZDUG�WR�WKH�DQRGH�UHJLRQ��7KH�SURFHVV�RFFXUV�

QRW� RQO\� IRU� PHWDOOLF� VLOYHU� EXW� DOVR� IRU� RWKHU�

PHWDOV�VXFK�DV�FRSSHU��LURQ��JROG�DQG�DOXPLQXP��

2I� FRXUVH�� WKH� FRORU� RI� WKH� VROXWLRQ� GHSHQGV�

RQ�WKH�FRQFHQWUDWLRQ�DQG�QDWXUH�RI�WKH�PHWDO�LQ�

ZKLFK�WKH�KLJK�YROWDJH�HOHFWURFKHPLFDO�UHDFWLRQ�

LV�SHUIRUPHG�

7KH� EDVLF� SURSHUWLHV� RI� PHWDOOLF� VLOYHU�

QDQRSDUWLFOHV� SUHSDUHG� E\� KLJK�YROWDJH�

HOHFWURFKHPLFDO� PHWKRGV� VLPLODU� WR� RWKHU�

PHWKRGV� VXFK� DV� FKHPLFDO�� SK\VLFDO� RU�

biological� reduction� are� the� UV-Vis� spectral�
region� (Figure� 4a),� shape� (Figure� 4b)� and�
particle�size�distribution�(Figure�4c)�as�well�as�
the� ability� to� kill� various� bacteria� (Figure� 4d,�
H�� I����� %HFDXVH� WKH� UHDFWLRQ� WR� FUHDWH� VLOYHU�

QDQRSDUWLFOHV� E\� +
�
� JDV� JHQHUDWHG� RQ� WKH�

FDWKRGH�GLVSHUVHG�LQWR�WKH�VROXWLRQ�PHHWV�VLOYHU�

LRQV�GXH�WR�WKH�GLVVROYHG�DQRGH��WKH�KLJKHU�WKH�

ZDWHU�WHPSHUDWXUH�LQFUHDVHV�� WKH�IDVWHU� WKH�JDV�

HVFDSHV�IURP�WKH�VROXWLRQ��VR�WKH�FRQFHQWUDWLRQ�

RI�VLOYHU�QDQRSDUWLFOHV�LV�REWDLQHG�VPDOOHU��DQG�

the�lower�the�UV-Vis�spectral�peak�(Figure�4a).

7KH� GLVWLQFWLYH� IHDWXUH� RI� PHWDO�

QDQRSDUWLFOHV� SUHSDUHG� E\� '&� KLJK�YROWDJH�

HOHFWURFKHPLFDO� PHWKRG� DQG� RWKHU� PHWKRGV�

RI� $J12
�
� VDOW� UHGXFWLRQ� LV� WKDW� RQO\� $J136�

SURGXFWV� DUH� REWDLQHG� ZLWKRXW� RWKHU� LRQV� VXFK�

DV� 1D��� 12
�
�� SURGXFWV� RI� UHGXFLQJ� DJHQWV� DV�

ZHOO� DV� VWDELOL]HUV�� 7KHUHIRUH�� WKH� FRQGXFWLYLW\�

RI� WKH�PHWDO� QDQRSDUWLFOH� VROXWLRQ� SUHSDUHG� E\�

'&�KLJK�YROWDJH�HOHFWURFKHPLFDO�PHWKRG�LV�YHU\�

VPDOO�FRPSDUHG�WR�WKDW�RI�WKH�SURGXFW�SUHSDUHG�

E\�WKH�PHWKRG�IURP�$J12
�
�VDOW���������
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Figure� 4.� %DVLF� SURSHUWLHV� RI� QDQRVLOYHU� VROXWLRQ�
prepared� by� DC� high� voltage� method;� (a)� UV-Vis�
spectrum,� (b)� Nanoparticle� shape,� (c)� Nanoparticle�
size� distribution,� (d)� Antibacterial� ring� of� Vibrio�
harveyi,� (e)� Antibacterial� ring� of� Edwardsiella�
ictaluri,�(f)�Bactericidal�performance�of�E.�Coli�

$QRWKHU� IHDWXUH� RI� WKH� PHWDO� QDQR�

VROXWLRQV� SUHSDUHG� E\� '&� KLJK�YROWDJH� LV� WKDW�

QR�VWDELOL]HU� LV�QHHGHG��EXW�WKH�GHWHUPLQHG�]HWD�

SRWHQWLDO�YDOXH�LV�VWLOO�JUHDWHU�WKDQ����P9�DQG�KDV�

D�GLIIHUHQW�VLJQ�IURP�WKH�QDQR�VROXWLRQV�SUHSDUHG�

from�the�reduction�process�of�salt�(Figure�5).

Figure�5.�&RPSDULVRQ�RI�]HWD�SRWHQWLDO�GLVWULEXWLRQ�RI�
FROORLGDO�VLOYHU�VROXWLRQ�SUHSDUHG�E\�'&�KLJK�YROWDJH�

electrochemical�method�(5a)�with�chemical�reduction�
PHWKRG�IURP�$J12

��
VDOW�

)URP� )LJXUH� ��� LW� FDQ� EH� VHHQ� WKDW� WKH�

FROORLGDO�VROXWLRQ�RI�QDQR�VLOYHU�VROXWLRQ�SUHSDUHG�

E\�FKHPLFDO�PHWKRG� LV�D�FROORLGDO� V\VWHP�ZLWK�

PDQ\�GLVWULEXWLRQV�EHFDXVH�LQ�WKH�VROXWLRQ�WKHUH�

DUH� PDQ\� LRQV� VXFK� DV� 1D��� 12
�

���� SURGXFWV� RI�

UHGXFLQJ� DJHQWV� DQG� VWDELOL]HUV� GHWHUPLQHG��

7KHUHIRUH��WKH�RXWVWDQGLQJ�DGYDQWDJH�RI�PHWDOOLF�

VLOYHU� QDQR�VROXWLRQV� SUHSDUHG� E\� '&� KLJK�

YROWDJH� PHWKRG� LV� WKH� SXULW\� RI� RQO\� PHWDO�

QDQRSDUWLFOHV� ZLWKRXW� RWKHU� LRQV� DV� ZHOO� DV�

VWDELOL]HUV�� 7KDW� FRXOG� HOLPLQDWH� WKH� HIIHFW� RI�

IRUHLJQ�VXEVWDQFHV�LQ�WKH�VROXWLRQ��VXFK�DV�12
�
��

when� applied� speci¿cally� to� areas� related� to�
KXPDQ�KHDOWK������

6LPLODU� WR� VLOYHU� QDQR�� QDQR�PHWDOV�

RI� RWKHU� PHWDOV� VXFK� DV� FRSSHU�� LURQ�� JROG��

DOXPLQXP��HWF��KDYH�DOVR�EHHQ�SUHSDUHG�E\�KLJK�

YROWDJH�'&�FXUUHQW��EXW�KDYH�QRW�EHHQ�WHVWHG�DV�

PXFK�DV�$J13V������������

4.� ELECTROCHEMICAL� PLASMA�
FORMATION� AND� APPLICATION�
TO� ENVIRONMENTAL� POLLUTION�
TREAMENT�OF�WASTE�WATER

$V� PHQWLRQHG� DERYH�� WKH� HOHFWURFKHPLFDO�

UHDFWLRQ�E\�KLJK�YROWDJH�'&�FXUUHQW�VWLOO�RFFXUV�

LQ�QRQ�FRQGXFWLYH�GLVWLOOHG�ZDWHU� DQG�SURGXFHV�

K\GURJHQ�JDV�RQ�WKH�FDWKRGH�DQG�GLVVROYHG�PHWDO�

RU�R[\JHQ�RQ�WKH�DQRGH��7KH�JDVHRXV�VWDWH�RQ�WKH�

electrodes�with�high�voltage,�strong�electric�¿eld�
DQG� VXLWDEOH� LQFUHDVH� LQ� DPELHQW� WHPSHUDWXUH�

GXH� WR� WKH� FRQYHUVLRQ� RI� HOHFWULFDO� HQHUJ\� LQWR�

KHDW� ZLOO� FRQYHUW� WR� WKH� SODVPD� VWDWH�������������$�

VLJQ�RI� WKH� WUDQVLWLRQ� WR� WKH�SODVPD�VWDWH�DW� WKH�

HOHFWURGHV� LV� WKH� REVHUYHG� DSSHDUDQFH� RI� JORZ�

on� the� electrodes� (Figure� 6a).� A� sign� of� the�
VLPXOWDQHRXV�DSSHDUDQFH�RI� WKH�SODVPD� VWDWH� LV�

WKH�HOHFWURFKHPLFDO�UHDFWLRQ�UDWH�UHSUHVHQWHG�E\�

a�rapidly�increasing�current�(Figure�6b).
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Figure� 6.� (a)� The� appearance� of� electrochemical�
plasma� on� the� electrodes,� (b)� The� time-dependent�
HOHFWURFKHPLFDO�UHDFWLRQ�UDWH�ZKHQ�SODVPD�DSSHDUV�RQ�

WKH�:��&X��)H�HOHFWURGHV�DW�GLIIHUHQW�LQLWLDO�WHPSHUDWXUHV�

RI�WKH�DTXHRXV�PHGLXP��7KH�UHDFWLRQ�ZDV�FDUULHG�RXW�

DW�KLJK�YROWDJH�RI����N9��S+����FDWKRGH�DQRGH�GLVWDQFH�

����PP�DQG�ZDWHU�FRQGXFWLYLW\������6�FP�

)URP� )LJXUH� �D� LW� FDQ� EH� VHHQ� WKDW� WKH�

SODVPD� RQ� WKH� FDWKRGH� ZLWK� K\GURJHQ� JDV� LV�

\HOORZ�RUDQJH� DQG� ODUJHU� WKDQ� WKH� SODVPD� RQ�

WKH�DQRGH�ZLWK�R[\JHQ�JDV�ZKLFK�LV�EOXH�GXH�WR�

OHVV�JDV�� ,Q�)LJXUH� �E�� LW� FDQ� DOVR�EH� VHHQ� WKDW�

WKH�SODVPD�FXUUHQW�VSLNHV�DW�GLIIHUHQW�WLPHV�ZLWK�

WKH�PHWDOV�:��&X��)H�DQG�WKH�LQLWLDO�WHPSHUDWXUH�

RI� WKH�GLIIHUHQW�DTXHRXV�PHGLXP��$W� WKH� LQLWLDO�

WHPSHUDWXUH�RI� WKH�ZDWHU� HQYLURQPHQW�DW� ��� R&�

ZLWK� D� SRWHQWLDO� RI� ��� N9�� WKH� HOHFWURFKHPLFDO�

SODVPD�DSSHDUHG�RQ�WKH�:�HOHFWURGH�DW����PLQXWHV��

RQ�WKH�)H�HOHFWURGH�DW����PLQXWHV�DQG�RQ�WKH�&X�

HOHFWURGH� XQWLO� ��� PLQXWHV�� WKHUH� ZDV� VWLOO� QR�

SODVPD��$V�WKH�LQLWLDO�WHPSHUDWXUH�RI�WKH�DTXHRXV�

PHGLXP� LQFUHDVHV�� WKH� WLPH� HOHFWURFKHPLFDO�

SODVPD�DSSHDUV�JUDGXDOO\� DFFHOHUDWHV�� LQ�ZKLFK�

WKH�IDVWHVW�RQ�WKH�:�HOHFWURGH�DQG�WKH�VORZHVW�RQ�

WKH�&X�HOHFWURGH��7KDW�KDV�WR�GR�ZLWK�WKH�UDWH�DQG�

DPRXQW� RI� JDV� HVFDSLQJ� RQ� WKH� HOHFWURGH� IURP�

'&�KLJK�YROWDJH�'&�HOHFWURFKHPLFDO�UHDFWLRQV�

7KH� UHVXOWV�IURP�)LJXUH���VKRZ�WKDW�LW� LV�

SRVVLEOH� WR� FRQWURO� WKH� HOHFWURFKHPLFDO� SODVPD�

DSSHDUDQFH� WLPH�E\�FKDQJLQJ� WKH� FRQGLWLRQV�RI�

WKH� KLJK�YROWDJH� HOHFWURFKHPLFDO� UHDFWLRQ� VXFK�

DV�� voltage� (8DC��� GLVWDQFH� EHWZHHQ� DQRGH�

cathode� ('A-C��� LQLWLDO� WHPSHUDWXUH� RI� DTXHRXV�

medium� (7),� pH,� electrical� conductivity� (λ�� RI�
the�medium�as�well�as�the�nature�(Cu,�Fe,�W,…)�
and�size�(���RI�WKH�HOHFWURGHV��

7able� 3.� (IIHFW� RI� IDFWRUV� ZLWK� '&� KLJK� YROWDJH�
HOHFWURFKHPLFDO�UHDFWLRQ�RQ�SODVPD�DSSHDUDQFH�WLPH�

RQ�&X��)H��:�HOHFWURGHV�

8DC��

N9

7�
�R&

'A-C��

PP
S+

���
PP

λ��
�6�FP

tpl.��PLQ

&X )H :

� �� ��� � � �� 1R� 1R� 1R�

�� �� ��� � � ��� �

�� �� ��� � � ��� �� �� �

�� �� ��� � � ��� 1R� �� ��

�� �� ��� � � �� 1R �� ��

�� �� ��� � � ��� 1R� 1R� ��

�� �� ��� � � �� 1R 1R� �

�� �� ��� � � �� 1R� � �

�� �� ��� � � ���

�� �� ��� � � ��� ��� ��� ���

�� �� ��� � � ��� ��� ��� ���

�� �� ��� � � �� 1R� �� ��

�� �� ��� � � ��� �� � ���

�� �� ��� � � ��� � ��� ���

�� �� ��� � � ��� � ��� ���

�� �� ��� � � �� � �

�� �� ��� � � �� 1R� � �

�� �� ��� � � �� 1R� � �

�� �� ��� � � �� � � ���

�� �� ��� �� � ��� � ��� ���

�� �� ��� �� � ��� ��� ��� ���

�� �� ��� � � ��� �� �� �

7KH�UHVXOWV�SUHVHQWHG�LQ�7DEOH���VKRZ�WKDW�

WKH� HOHFWURFKHPLFDO� SODVPD� DSSHDUDQFH� WLPH�

(tpl�� RQ� WKH� HOHFWURGH�KDV�GLIIHUHQW�YDOXHV�� IURP�
OHVV� WKDQ���PLQXWH� WR�PRUH� WKDQ����PLQXWHV�RU�

QR� SODVPD� GHSHQGLQJ� RQ� WKH� FRQGLWLRQV� RI� WKH�

'&�KLJK�YROWDJH�HOHFWURFKHPLFDO� UHDFWLRQ�VXFK�
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DV� KLJK�YROWDJH�� GLVWDQFH� EHWZHHQ� HOHFWURGHV��

WHPSHUDWXUH��S+�DQG�FRQGXFWLYLW\�RI�WKH�DTXHRXV�

PHGLXP�DV�ZHOO�DV�PHWDO�QDWXUH�DQG�VL]H�RI�WKH�

HOHFWURGHV�� 7KDW� DOORZV� WR� PDVWHU� WKH� SURFHVV�

XVLQJ�HOHFWURFKHPLFDO�SODVPD��7KH�LRQL]HG�VWDWH�

KDV� PDQ\� DGYDQWDJHV� IRU� GLIIHUHQW� DSSOLFDWLRQ�

SXUSRVHV�

The� ¿rst� advantage� is� that� the� amount�
RI� JDV� JHQHUDWHG� ZKHQ� HOHFWURO\VLV� RI� ZDWHU�

E\� SODVPD� UHDFWLRQ� ZLOO� EH� PRUH� WKDQ� WKDW� RI�

HOHFWURFKHPLFDO� UHDFWLRQ� FDOFXODWHG� DFFRUGLQJ�

WR�)DUDGD\
V� ODZ��7DEOH��� SUHVHQWV� WKH�YDOXH�RI�

total�gas�volume�(9Ex��SHUIRUPHG�ZLWK�'&�KLJK�
SUHVVXUH�FXUUHQW�ZLWK�SODVPD�DW�GLIIHUHQW�UHDFWLRQ�

FRQGLWLRQV� FRPSDUHG�ZLWK� WKH� YDOXH� FDOFXODWHG�

(9)��DFFRUGLQJ�WR�)DUDGD\
V�ODZ�

Table� 4.� *DVHV� YROXPH� RI� WKH� KLJK� '&� YROWDJH�
HOHFWURFKHPLFDO� SURFHVV� LQ� FRPSDULVRQ� ZLWK� WKH�

FDOFXODWLRQ�IURP�)DUDGD\�ODZ�

���
PP

'A-C��

PP

t��
PLQ

,��P$
9)��

P/

9Ex��
P/

9Ex�9)

� ��� �� ���� ���� �� ���

� ��� �� ���� ���� �� ���

� ��� �� �� ���� �� ���

� ��� �� ���� ���� ��� ��

� ��� �� ���� ���� �� ���

� ��� �� ���� ���� �� ���

� ��� �� ���� ���� �� ��

� ��� �� ����� ���� ��� ��

� ��� �� ����� ���� �� ��

� ��� �� ����� ���� ��� ���

� ��� �� ����� ���� ��� ���

7KH� UHVXOWV� IURP� 7DEOH� �� VKRZ� WKDW�

WKH� DPRXQW� RI� JDV� FRQWULEXWLQJ� WR� SODVPD�

HOHFWURO\VLV�LV�����WR�����WLPHV�KLJKHU�GHSHQGLQJ�

RQ� WKH� UHDFWLRQ� FRQGLWLRQV� FRPSDUHG� WR� WKH�

HOHFWURFKHPLFDO�SURFHVV�DORQH��

7KH�PRUH�LPSRUWDQW�DGYDQWDJH�RI�SODVPD�

UHDFWLRQV�LV�WKH�JHQHUDWLRQ�RI��DFWLYH�VXEVWDQFHV�

VXFK� DV� +
�
2

�
� DQG� HVSHFLDOO\� 2+•� UDGLFDOV�

(according�to�Equations�6�to�10).

)LJXUH� �� SUHVHQWV� WKH� IRUPDWLRQ� RI�+
�
2

�
�

ZLWK�WLPH�KDYLQJ�HOHFWURFKHPLFDO�SODVPD�RQ�WKH�

Cu,�W,�Fe�electrodes�(Figure�7a)�as�well�as�the�
2+�radical�on�the�Fe�electrode�(Figure�7b).

)URP�)LJXUH���LW�FDQ�EH�VHHQ�WKDW�ERWK�WKH�

FRQFHQWUDWLRQ�RI�+
�
2

�
� DQG� WKH�IUHH� UDGLFDO�2+•�

increase�rapidly�during�the�¿rst�30�minutes,�but�
WKH\� WKHQ� LQFUHDVH� VORZO\� EHFDXVH� WKHVH� YHU\�

DFWLYH�DJHQWV�DUH�ERWK�XQVWDEOH��(VSHFLDOO\�ZLWK�

WKH�)H�HOHFWURGH�LQ�DQ�DTXHRXV�HQYLURQPHQW�ZLWK�

+
�
2

�
�will�also�form�a�Fenton�system�(H

�
2

�
�)H����

ZKLFK�DOVR�FRQWULEXWHV� WR�WKH�IRUPDWLRQ�RI�2+•�

IUHH�UDGLFDOV�DFFRUGLQJ�WR�WKH�IROORZLQJ�UHDFWLRQ��

)H����+
�
2

�
����+��→�Fe������+

�
O�(16)�and�Fe���

��+
�
2

�
�→�Fe�����2+•���2+��(17).������7KHUHIRUH��

ZKHQ� XVLQJ� )H� HOHFWURGH� WR� SHUIRUP�'&� KLJK�

YROWDJH�HOHFWURFKHPLFDO�UHDFWLRQ�WR�IRUP�SODVPD��

LW�ZLOO�EH�YHU\�SUDFWLFDO� WR�KDQGOH�SROOXWDQWV� LQ�

ZDWHU� HQYLURQPHQW� EHFDXVH� )H� LV� FKHDS� DQG�

FDQ�FRPELQH�DGYDQWDJHV�RI�WKH�HOHFWURFKHPLFDO�

SODVPD�ZLWK�WKH�)HQWRQ�UHDFWLRQ�

������������������������������������D�����������������������������������������������������������������������������������E�

Figure�7.�7KH�GHSHQGHQFH�RI�WKH�HOHFWURFKHPLFDO�SODVPD�OLIHWLPH�RI�WKH�+
�
2

�
�FRQFHQWUDWLRQ�IRUPHG�DW����N9�����R&���

'
$�&
�200�mm�on�the�W,�Cu,�Fe�(a)�electrodes�as�well�as�the�OH•�free�radical�concentration�on�the�Fe�electrode�(b).
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Table�5.�Variation�with�reaction�time�of�chemical�oxygen�demand�(COD)�and�total�organic�carbon�(TOC)�of�2,4-D�
DQG�������7�SROOXWHG�WUHDWPHQW�E\�'&�KLJK�YROWDJH�DQG�HOHFWURFKHPLFDO�SODVPD�DW�)H�HOHFWURGH��ZLWK�8

'&
����N9��

'
$�&
������PP��7�����R&��λ��������6�FP�

t��
PLQ

&2' 72&

����' ������7 ����' ������7

PJ�/ (II������������� PJ�/ (II���������������������������� PJ�/ (II������������������������������������ PJ�/ (II���������������������������������������

� ��� � �� � ��� � ���

�� �� �� ���� �� ��� ���� ��� ����

�� ���� �� ���� ��

�� ��� ���� ��� ���� ��� ���� ��� ����

��� ��� �� ��� ���� ��� ���� ��� ����

Table� 6.� 9DOXHV� RI� ZDWHU� SDUDPHWHUV� SROOXWHG� E\�
����'�DQG�������7�WUHDWHG�ZLWK�KLJK�YROWDJH�'&�DQG�

electrochemical� plasma� on� Fe� electrode� at� UDC;�
��N9��'$�&������PP��7������&��λ��������6�FP�DQG�
QDWLRQDO�VWDQGDUG�4&91���������

1R� 3DUDPHWHU

9DOXH�DIWHU�

SROOXWLRQ�

WUHDWPHQW

1DWLRQDO�

VWDQGDUG�

4&91��������

����' ������7 $ %

� c
3ROX�

��PJ�/ ������� ������ ���� ���

� S+ ��� ��� �·� ���·�

� &2'��PJ�/ ��� ��� �� ���

� c
)H
��PJ�/ ��� ��� � �

� c
&O
���PJ�/ ��� ���� ��� ����

� 7'6��PJ�/ ���� ���� �� ���

7DEOH� �� SUHVHQWV� WKH� UHVXOWV� RI� WUHDWPHQW�

RI�SROOXWHG�ZDWHU�E\�����GLFKORURSKHQR[\DFHWLF�

acid� (2,4-D)� and� 2,4,5-trichlorophenoxyacetic�
(2,4,5-T)�which�are�aromatic�cyclic�compounds�
E\� HOHFWURFKHPLFDO� WHFKQLTXH� RI� � '&� KLJK�

YROWDJH�ZLWK�SODVPD�RQ�)H�HOHFWURGH�DW���N9�DQG�

HOHFWURGH�GLVWDQFH�����PP�

Very�high�COD�as�well�as�TOC�ef¿ciency�
YDOXHV� VKRZ� WKDW� ����'� DQG� ������7� DUH� ZHOO�

DQG�WKRURXJKO\�WUHDWHG�WR�&2
�
�DQG�+

�
2��7DEOH���

SUHVHQWV�SDUDPHWHUV�RI�ZDWHU�SROOXWHG�E\�����'�

DQG�������7�DIWHU�KLJK�YROWDJH�'&�HOHFWURFKHPLFDO�

WUHDWPHQW� ZLWK� SODVPD� FRPSDUHG�ZLWK� QDWLRQDO�

VWDQGDUG� 4&91� �������� DQG� VKRZV� WKDW� WKH�

WUHDWHG�ZDWHU� LV�JUDGH�$�DQG�FDQ�EH�GLVFKDUJHG�

GLUHFWO\�LQWR�WKH�HQYLURQPHQW�

���������������������������������������������������������(c)�����������������������������������������������(d)
Figure�8.�GC-MS�spectrum�of�2,4-D�degradation�products�after�30�min�(b),�90�min�(c)�and�120�min�(d)�of�reaction�with�
'&�KLJK�YROWDJH�DQG�HOHFWURFKHPLFDO�SODVPD�RQ�)H�HOHFWURGH�DW�8

'&
����N9��'

$�&
������PP��7�����R&�DQG�λ��������6�FP��

(a)����������������������������������������������(b)
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Table�7.�7LPH�YDULDWLRQ�RI�72&�YDOXH�DQG�WUHDWPHQW�
ef¿ciency� of�methylene� blue� polluted�water� by�DC�
KLJK�SUHVVXUH�ZLWK�SODVPD�RQ�)H�HOHFWURGH�DW�8

'&
������

N9��'
$�&
������PP��S+�������DQG�λ�������6�FP�

t��PLQ � � � ��

72&��PJ�/ �� �� �� �� ��

(II���� � ���� ���� ���� ��

)URP� WKH� UHVXOWV� RI� 7DEOH� ��� LW� FDQ� EH�

seen� that� the� treatment� ef¿ciency� of� water�
FRQWDPLQDWHG� ZLWK�PHWK\OHQH� EOXH� G\H� LV� DOVR�

YHU\� KLJK�� DQG� WKH� PLQHUDOL]DWLRQ� FDSDFLW\�

LV� GHWHUPLQHG� WR� ������� 7KLV� SURYHV� WKDW�

WKH� UHDFWLRQ� RI� WKH� UDGLFDOV� JHQHUDWHG� E\� WKH�

HOHFWURFKHPLFDO�SODVPD�R[LGL]HV�PHWK\OHQH�EOXH�

WR�&2
�
�DQG�ZDWHU���

%\�XVLQJ�RI�'&�KLJK�YROWDJH�ZLWK�SODVPD��

LW� FDQ� DOVR� EH� DSSOLHG� WR� WUHDW� OLTXLG� ZDVWH�

IURP� KRVSLWDO�ELRFKHPLFDO� WHVWV�ZLWK�YHU\�KLJK�

FRQFHQWUDWLRQV� DQG� XQNQRZQ� FRPSRVLWLRQ��

)LJXUH����SUHVHQWV�WKH� WUHDWPHQW�RI�ZDVWHZDWHU�

IURP� D� KRVSLWDO� ELRFKHPLFDO� WHVW� E\� '&� KLJK�

YROWDJH� ZLWK� SODVPD� RQ� LURQ� HOHFWURGHV� ZLWK�

GLIIHUHQW�DQRGH�DUHD�UDWLRV�

�����(a)�������������������(b)�������������������(c)�������������������(d����������������������������������������������������������

Figure� 10.�7KH� FRORU� FKDQJH� RI� WUHDWHG�ZDVWHZDWHU�
IURP� WKH� KRVSLWDO
V� ELRFKHPLFDO� DQDO\WLFDO� SURFHVV�

E\� '&� KLJK� YROWDJH� UHDFWLRQ� ZLWK� SODVPD� RQ� LURQ�

electrode:� (a)�S
$
�6

&
�=�1;� (b,c,d)�S

$
�6

&
�=�4;� � � (a)�the�

pink�color�of�initial�solution;�(c)�turning�dark�brown�
color;�(b,d)�turning�blue-black�color.

)URP� )LJXUH� ��� LW� FDQ� EH� VHHQ� WKDW� WKH�

FRORU� RI� WKH� VROXWLRQ� ZLWK� ELRFKHPLFDO� WHVW�

ZDVWH� FKDQJHV�FRORU�YHU\�TXLFNO\�ZKHQ�WUHDWHG�

ZLWK� D� KLJK�SUHVVXUH� '&� FXUUHQW� ZLWK� SODVPD�

IURP�RUDQJH�WR�EOXH�EODFN��7KLV�FRORU�FKDQJH�LV�

UHODWHG�WR�WKH�IRUPDWLRQ�RI�FRPSRXQGV�ZLWK�LURQ�

)LJXUH� �� SUHVHQWV� WKH� *&�06� VSHFWUXP�

RI� LQWHUPHGLDWH� SURGXFWV� IRUPHG�E\� WKH� UHDFWLRQ�

RI� ����'� RU� ������7� SROOXWDQWV� ZLWK� DJHQWV�

IRUPHG� IURP� KLJK� SUHVVXUH� '&� UHDFWLRQ� DQG�

HOHFWURFKHPLFDO�SODVPD�RQ�WKH�)H�HOHFWURGH�DW�8
'&
��

��N9��'
$�&
������PP��7����R&�DQG�λ��������6�FP�

)URP� WKH� UHVXOWV� RI� *&�06� DQDO\VLV�� LW�

FDQ� EH� VHHQ� WKDW� WKH� DURPDWLF� ULQJ� RI� ����'�RU�

������7� LV� R[LGL]HG� WR� SKHQRO� FRPSRXQGV� DQG�

WKHQ�FRQWLQXHG�WR�IRUP�D�VWUDLJKW�FKDLQ�DFLG�DQG�

¿nally�to�CO
�
�DQG��+

�
2��ZKLFK�LV�UHSUHVHQWHG�DV�

D�VFKHPDWLF�GLDJUDP�LQ�)LJXUH���

����' ������7

↓+�OH•

3KHQRO(6.839)

��FKORURSKHQRO(10.223)

��FKORURSKHQRO(10.387)

����GLFKORURSKHQRO(9.925)

����GLFKORURSKHQRO(13.925)

����GLFKORURSKHQRO(9.844)

������GLFKORURSKHQRO(12.498)

������GLFKORURSKHQRO(12.580)

������GLFKORURSKHQRO(12.432)

↓+�OH•

$FLG�IRUPLF(2.198)

$FLG�DFHWLF(2.911)

$FLG�SURSDQRLF(4.051)

$FLG�SHQWDQRLF(6.842)

$FLG�KH[DQRLF(8.355)

$FLG�VXFFLQLF(11.958)

$FLG�R[DOLF(12.038)

↓+�OH•

&2
�
�+

�
2

Figure�9.�0RGHO�RI�����'�RU�������7�GHFRPSRVLWLRQ�

E\�'&�KLJK�YROWDJH�ZLWK�HOHFWURFKHPLFDO�SODVPD

5HVXOWV�RI�WUHDWPHQW�RI�ZDWHU�FRQWDPLQDWHG�

with�300�mg/L�methylene�blue�dye�(C
��
+

��
&O1

�
6��

E\�'&�KLJK�SUHVVXUH�ZLWK�HOHFWURFKHPLFDO�SODVPD�

RQ� )H� HOHFWURGH� DW�8
'&
� ���� N9��'

$�&
�� ����PP���

S+�������DQG�λ�������6�FP�SUHVHQWHG�LQ�7DEOH���
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LRQV�GLVVROYHG�IURP�WKH�DQRGH�WR�FRDJXODWH�DQG�

VHSDUDWH�IURP�WKH�V\VWHP�

Table�8.�9DULDWLRQ�RI�FRQFHQWUDWLRQV�RI�1+
�
���12

�
���

12
�
��DV�ZHOO�DV�&2'�DQG�7'6�DW�GLIIHUHQW�WUHDWPHQW�

WLPHV� ZLWK� '&� KLJK�YROWDJH� ZLWK� SODVPD� RQ� )H�

HOHFWURGH�

t��PLQ � �� �

1+
�
���PJ�/ ���� ��� ���

12
�
���PJ�/ ���� ���� ����

12
�
���PJ�/ � ��� ���

&2'��PJ�/ ����� ���� ����

7'6��PJ�/ � ���� ����

7DEOH���SUHVHQWV�WKH�YDULDWLRQ�RI�LPSRUWDQW�

YDOXHV� RI� ZDVWHZDWHU� VXFK� DV� 1+
�
��� 12

�
���

12
�
��&2'�DQG�7'6�GHSHQGLQJ�RQ� WKH� WLPH�RI�

ZDVWHZDWHU�WUHDWPHQW�IURP�ELRFKHPLFDO�WHVWV�E\�

'&�KLJK�YROWDJH� SODVPD� WHFKQRORJ\�� )URP� WKH�

UHVXOWV�RI�7DEOH���� LW�FDQ�EH�VHHQ�WKDW� WKH�&2'�

GHFUHDVHV� YHU\� VWURQJO\�� GHPRQVWUDWLQJ� KLJK�

treatment� ef¿ciency.� Interestingly,� ammonium�
LV� DOVR� WUHDWHG�� VR� LWV� FRQFHQWUDWLRQ� GHFUHDVHV�

ZLWK� WLPH� ZKLOH� WKH� HYROXWLRQ� RI� 12
�
�� DQG�

12
�
��FRQFHQWUDWLRQV�LQFUHDVHV�LQLWLDOO\�DQG�WKHQ�

GHFUHDVHV���� 7KDW� SURYHV� WKDW� DPPRQLXP� LV�

R[LGL]HG�WR�IRUP�12
�

��DQG�WKHQ�IXUWKHU�LQWR�12
�

��

5.�CONCLUSION

:KHQ� XVLQJ� KLJK� YROWDJH� '&�� HOHFWURFKHPLFDO�

UHDFWLRQV� FDQ� VWLOO� EH� SHUIRUPHG� HYHQ� LQ� ORZ�

FRQGXFWLYLW\�ZDWHU�ZLWK�WKH�DQRGLF�GLVVROXWLRQ�RI�

WKH�PHWDO�HOHFWURGH�DQG�WKH�UHOHDVH�RI�K\GURJHQ�

RQ� WKH� FDWKRGH�� 7KH� UDWH� RI� HOHFWULFDO� HQHUJ\�

GLVWULEXWLRQ� IRU� HOHFWURFKHPLFDO� SURFHVVHV� LV�

XVXDOO\� VPDOOHU� WKDQ� IRU� WKH� KHDWLQJ� RI� WKH�

PHGLXP��+RZHYHU�� LW� LV�SRVVLEOH�WR�FRQWURO�WKLV�

UDWLR� E\� UHDFWLRQ� SDUDPHWHUV� VXFK� DV� YROWDJH��

GLVWDQFH� EHWZHHQ� WKH� WZR� HOHFWURGHV�� S+� DQG�

FRQGXFWLYLW\� DV� ZHOO� DV� WKH� WHPSHUDWXUH� RI� WKH�

PHGLXP�� 7KH� SURGXFWV� RI� HOHFWURGH� SURFHVVHV�

VXFK� DV� PHWDO� LRQV� IURP� WKH� DQRGH� DQG�

K\GURJHQ� JDV� IURP� WKH� FDWKRGH� GLVSHUVH� LQWR�

WKH� HQYLURQPHQW� DQG� FDUU\� RXW� DQ� R[LGDWLRQ�

UHGXFWLRQ�UHDFWLRQ�WR�IRUP�PHWDO�DQG�WKHQ�PHWDO�

QDQRSDUWLFOH�� 7KH� QDQRIDEULFDWLRQ� SURFHVV� E\�

WKLV�PHWKRG�GRHV�QRW�XVH�VLOYHU�VDOWV�DQG�UHGXFLQJ�

DJHQWV��VR�WKH�UHVXOWLQJ�SURGXFW�LV�GLIIHUHQW�IURP�

RWKHU�PHWKRGV�LQ�WKDW�LW�KDV�KLJK�SXULW\�WKDW�FDQ�

be�applied�to�health-related�¿elds�because�there�
is�no� inÀuence�of� ions� such�as�NO

�
�� DV�ZHOO�DV�

VWDELOL]HUV�� ,Q� DGGLWLRQ� WR� PHWDOOLF� VLOYHU� QDQR��

RWKHU�PHWDO�QDQRSDUWLFOHV�VXFK�DV�JROG�� FRSSHU��

LURQ��DOXPLQXP��WXQJVWHQ�����FDQ�DOVR�EH�SUHSDUHG�

E\�KLJK�YROWDJH�'&�

:LWK� WKH� JDVHRXV� HQYLURQPHQW� FUHDWHG�

RQ� WKH� HOHFWURGHV� LQ� D� VWURQJ� PDJQHWLF� DQG�

electric�¿eld� as�well� as�an� appropriate�increase�
LQ�DPELHQW�WHPSHUDWXUH��D�FROG�SODVPD�VWDWH�ZLOO�

DSSHDU� DW� WKH� HOHFWURGHV�� DQ� LRQL]HG� VWDWH�� 7KH�

KDOOPDUN� RI� WKH� HOHFWURFKHPLFDO� SODVPD� LV� WKH�

HOHFWURGH�JORZ�DQG� WKH�FKDUDFWHULVWLF�DPSHUDJH�

RI� WKH�HOHFWURFKHPLFDO� UHDFWLRQ� UDWH� WKDW� VSLNHV�

ZLWK� WLPH�� 7KH� WLPH� RI� DSSHDUDQFH� RI� WKH�

HOHFWURFKHPLFDO� SODVPD� VWDWH� FDQ� EH� FRQWUROOHG�

E\�HOHFWURFKHPLFDO�UHDFWLRQ�SDUDPHWHUV�VXFK�DV��

KLJK� YROWDJH� '&�� GLVWDQFH� EHWZHHQ� HOHFWURGHV��

FRQGXFWLYLW\�RU�LQLWLDO�WHPSHUDWXUH�RI�WKH�DTXHRXV�

PHGLXP�DQG�WKH�QDWXUH�RI�WKH�HOHFWURGH�PHWDOV��

,Q�WKH�HOHFWURFKHPLFDO�SODVPD�VWDWH��EHVLGHV�WKH�

SURFHVV� RI� IRUPLQJ�PHWDO� QDQRSDUWLFOHV�� LW� DOVR�

IRUPV�VXEVWDQFHV�ZLWK�SURYHQ�VWURQJ�DFWLYDWRUV�

VXFK� DV�+
�
2

�
� DQG� HVSHFLDOO\�2+•� UDGLFDOV��7KH�

VWURQJ� UHDFWDQWV� RI� WKH� HOHFWURFKHPLFDO� SODVPD�

VWDWH� RQ� WKH� LURQ� HOHFWURGH� ZLWK� WKH� IRUPDWLRQ�

RI� +
�
2

�
�� WKH� VWDELOLW\� RI� WKH� 2+•� UDGLFDO� LV�

VXSSRUWHG�E\�WKH�)HQWRQ�UHDFWLRQ��7KH�WUHDWPHQW�

RI� HQYLURnmental� pollutants� with� dif¿cult-to-
KDQGOH�DURPDWLF�ULQJV�VXFK�DV�����'�RU�������7�

E\�KLJK�YROWDJH�'&�ZLWK�HOHFWURFKHPLFDO�SODVPD�

on� the� iron� electrode� will� achieve� ef¿ciencies�
as� high� as� 98%� and� 92.8%� and� form� the� ¿nal�
SURGXFWV� &2

�
� DQG� +

�
2�ZLWK�PLQHUDOL]DWLRQ� XS�

WR�������DQG��������6LPLODUO\��EOXH�PHWK\OHQH�

G\HV� DUH� DOVR� WUHDWHG� ZLWK� KLJK� \LHOG� ������

DQG�PLQHUDOL]DWLRQ��������:DVWH� IURP�KRVSLWDO�

ELRFKHPLVWU\�WHVWV�ZLWK�YHU\�KLJK�FRQFHQWUDWLRQV�

RI� SROOXWDQWV� FDQ� DOVR� EH� WUHDWHG� E\� '&� KLJK�

YROWDJH� ZLWK� SODVPD� RQ� LURQ� HOHFWURGHV� ZLWK�

high� ef¿ciency,� especially� for� contaminant� as�
DPPRQLXP�1+

�
��
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