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Abstract 

This thesis demonstrates the fast and simultaneous detection of prominent heavy 

metals including lead, cadmium and copper using a microchip capillary electrophoresis 

with electrochemical detection. Direct amperometric detection mode for microchip 

capillary electrophoresis was successfully applied to analytes, the heavy metal Ions. 

The influences of the separation voltage, detection potential, concentration and pH 

value of running buffer on the response of the detector were carefully investigated and 

optimized. The zone electrophoretic separation of lead, cadmium and copper is less 

than 3 min using a MES buffer and L-Histidine as background electrolyte (pH 7.0, 25 

mM), employing 1.2 kV as the separation voltage and -0.8 V as the detection potential. 

The detection limits for Pb2+, Cd2+, and Cu2 + were 1.74,0.73 and 0.13 ~M (SIN = 3), 

respectively. The %RSD of peak current was < 6 % and the %RSD of migration times 

<2% for prolong operation. To demonstrate the potential and future role of microchip 

CE, a new route in the real sample analysis was presented. The results obtained allow 

the proposed microchip capillary electrophoresis- Electrochemical detection as a real 

gateway to microanalysis in foods. 
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nUAIm':::;bb'CllV'l~1 ~nt.l1~~I~H'bbt.ln 1200 V ~nt.l1~~1~[i)'j',)91'(?l~ 


1 	
, 

11./... .1 ".1 	 IS' t:Q Q t::::l .c:::I.c::I o::::::J 2/ 2..1

-0.8 V 	 'W'Cll'j'~:::;~lt.1UI'~bY~'iln'ild-.J'ilb'il'Clbb~:::;bb'il~f1'Cl'Vl(?l'W'VlA,)Id-.Jb"lJd-.J"lJ'W 25 mM 33 


4.14 	 bb'Cl(?l'lA,)Id-.J~d-.J'0''Wfib~'1b~'W[i)'.i''I'j':::;,\!j'jl'1A,)Id-.JbojJd-.Jii'W copper (II) 


nUAIm':::;bb'Cll'\AJ~l ~nt.l1~~I~H'bbt.ln 1200 V ~nt.l1~~I~[i)'j',)91'(?l~ 


-0.8 V 1'W'Cll'j'~:::;~lt.1U~b~'ilfbiid-.J~b'il'Clbb~:::;bb'il~~'ClVl~'W~A,)Id-.JbojJd-.Jii'W 25 mM 33 


I 


• 
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F 

A 

D 
• 

v 

C 

ppm 

ppb 

mL 

iJL 

g 

iJg 

current (A) 

anodic peak current (A) 

cathodic peak current (A) 

peak potential (V) 

anodic peak potential (V) 

cathodic peak potential (V) 

Faraday constant (96,484.6 C equiv" ) 

2
area of electrode (cm ) 

diffusion coefficient (cm 2 s") 

kinematic viscosity of the liquid (cm 2 s") 

scan rate (V sec ') 

angular velocity of the disk (radians per second) 

solution concentration (mol dm'3) 

part per million 

part per billion 

milliter 

microliter 

gram 

microgram 



IJA 

nA 

nm 

i.d. 

2 
r 

MES 

L-his 

v 

microamp 

nanoamp 

micrometer 

micromolar 

nanometer 

internal diameter 

correlation coefficient 

2-Morpholinoethanesulfonic acid 

(s)-2-Amiono-3-(4-imidazyl)propionic acid 

volt 



o 
UVl'W1 

1.1 'lJ'Vl'l11 

fl1j'~ lflj'1:::Vl1'klj'::;~U1:l-JlrW (micro total analysis) 1~fuWJ1:l-J'i'1'klb9Tlth:J:l-J1 mtiTl'l91 n 

l'Vlfl'WfPl~H'lltJn'i'11j'b'klj'::;~u1:l-Jlm 1~llri fI::;~~'6'n1~lflntm-WTl1'~~ (capillary electrophoresis) 

dJ'kll'Vl fPl'WfPl~b.jflltJ n'i'11 j'l~tJTll ~tJ fl1nfPl~Tl'kl~~ llffl n 1911'l rl'klJlltJ1rfl~'Vlfi~ ~"llTl'l'i'1'kll:l-J1-wrh 

1:l-JlfPlj'~~ fI::;~~~11~ lfln l'm-wTl1'~'i'1 (M icrochip capillary electrophoresis) dJ'W~'d'klVl~'l"llTl'l 

fI::;~~~11~ lfln 1 'Vlj'-WTl1'~'i'1t~tJ~'i'11nfl~Tl'kl~ llffln 1911'l rl'klJlltJ1'kl"llTl'l~iJ'1J'k\l ~ lfln~'lb 'Vl A'WfI.n1~fu 

fI'n:l-J'WtJ:l-J\Jl :l-Jl1-if1'klfl1d'lltJ n 'i'11 j'~TltJ1'klmVllnl~::;~'lu'd ~~Tl:l-J 
qJ 

'l1'kl~9mlm"llTlW/lfPlUfPlA::;~~~11~ lfln 1'Vlj'-wTl1'~'i'11 'klt! 1992 ll'i'1~'l1~l~'kl~'lfl1d'~1?J-J'kl1 

d'::;tJ::;l'd~1~1-if1'klfl1dlltJ mlld' 'i'11:l-Jlj'mltJn1~TltJl'lj''d ~ l~'d [1 J ~'l dJ'klfl1j'~ lAn::;Vl1'klj'::;~u1:l-JlfPlj' 

ll~::;tJ'l'i'11:l-Jl d'61~ lAn::;~'i'11 nh::;nTlu1~ [2-5J 19lTl:l-Jl iJ fl1j'~I?J-J'kll:l-J 1 dJ'kl1:l-J lf1j'~~ fPl ::;~~ ~11~ lfl n 

1'Vld'-wTl1~'i'1~'liJ fl1j'~l?J-J'kll1'kl~1'kl"llTl'l~'J'kllh::;nTlUll~::;rJ'i'1~~1.jfYhhJlm~~ fI::;~~~11~ bflnt'm 
q 

l~VI::;VI,:{n~ l~mJ'kl 1 'klTllV11dll~ ::;~'l II'd ~~Tl:l-J lU'kl~'l~~11~ l11 ~ fPl'dl:l-J~ ffl n rl'l'd't1 l~tJ-vf'JhJ 

1~VI::;VI,:{n9::;hJ 61 n 'i'1 ~1 tJ ~'dtJ m::;u'J'klfl1 j''Vll'l~'J~'VltJ1 l~VI::;VI,:{n 'i'11:l-J 1d'61 'i'1 ::;'i'1:l-J1'W:l-J'kl'MtJ1Jl 91 n 
qJ q 

~Tl'lfl1j'mU'"l:l-Jm:l-Jlrwtm;\::;VI,:{m'll'kl ffl::;~'J lbfPl~biJtJ:l-J lf1niJtJ:l-J bl't1::;l~VI::;VI,:{n~'W 1b'klTllV11j' 

l~Tl fPl'J1mJ't1Tl ~iltJ llri 'i'11 III j'rw'll'kl 

fl1n11 ~ld'A:l-J::;b~'l ~lb~ l11 ~ fl1j'riTln't11tJ~'klfi ( fl1j'~llmh) ll~::;dJ'kl'i'11lVI ffl"llTl'l fl'dl :l-J~fl1j'"llTl'l
q q 

'Vl1 m 1 'WfPlnn [8J 'VlTl'llb~,m~ ::;l~VI::;~'kl1 'klm:l-Jl rwuTlmu'kl l~VI::;~ iJ fI'Jl:l-J91 bu'Wl9lTli1'l fl1 tJ:l-J~'MtJ 

'i'11:l-J1 d'm1J'kl'i'111,VI [fj1~ 1,11 i?1 fPl'd 1:l-J I,~UU 'J m'Wbld''l [1 OJ I, VI ffl [:.J ~VI~n~ rflTl'liJ fl1 n~1 j'::;<)'l j'::;~U fPl 'Jl:l-J 
q q q 

l,u'W~'M"lITl'll~ VI::;VI,:{n 1'WTll VllntiTl'l91 n iJ fl1 nJ'kll~Tl'W1'W ~'lll, 'd i?1~Tl:l-J l~:l-J~ 'W 1,1, Vlfl'l'i'1 ¥1'l:W~~11 
~'El~'ll,l'J i?1~Tl:l-J:l-Jl 91 n lH':l1'~'1l 

q 
ffl'i'11V1nn:w bb~ ::;fl1j'9n9j' fl1 nnl1[fjj' l?1,nr'Wfl1j'~n111 A'Jl:W 1,1J'W 

http:fPl'WfPl~b.jf
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emission spectrometry, mass spectrometry, electrochemical methods (potentiometry, 

voltammetry), colorimetry ll'6'l:::; 

bVim :::;~l-J flU n1 nfl~'fl'Wtr'l tJ (portable) In'flvl'l n1~';J lfl n:::;i~'l~!?l'dmh~n n 'l ~"lI'W~~ ~ 'l ~!?l'd'flt.h~ 

bolf'l~~'fl'lU~u'1i n1~~'1'fltll'1 n'fl1~bfl i?1 n1~U'Wln'fl'W"'l'l n~'1ll'd i?1~'fld-JJlltJ'W'fl n lJi'vl1 1 ~~'6'lm ~ 

';J bfln:::;i~'WfI'l i?1lfl~'fl'W"'l1 n fI'dll-J bU'W"'l1'1 lbl?11'Wb'Vl fltJfI fI:::;Y1'6'l'6'li!~l~n t 'Vl ~~'fl1~~~1'W~'l'W';J9t.Je 
b~'W'fl~'WiJ'lI'W'l i?1 b~ n~ld-J 'l~b1 bfl~'fl'Wtr'lt.JlJi'~:::; i?1'd n bb'6'l :::;I?l~'d"'lr)i?11'W ~ m'W~ bfl'lJ !?l'd'fltl'l'll~bb'6'l:::;~It.J 

l?1'fl n1~1?l ~'d"'lr)i?1~'dd-Ji'l1Ji'~'6'l n1 ~';J bfl n :::;i~ n n ~'fl'l bl'6'l :::;mJ'W~1 '6'l i?1U ruvn n1~U'W bn'fl'W"'l'l n 
~ ~ 

, 
.::::.!U I cv I 

~'1 bb'd i?1'6'l'fll-J"'l'l n n1~"lI'W~'1~'l ~1?l'd'fltJ 'l~ 

1l-Jtfl~~l"I~ 'll-Jl ~n';J bfln:::;Vl1'6'lVl:::;VI1!n1'W~'l~'1 bU'Wn1~~W-J'W'll-Jl"'l'l n fI :::;Y1'6'l rl i~~ b~n t 'Vl~ 

~'W'fl~flUfJru~l-JU'1i"ll'fl'lr)~ ~~'llId-Jlvll ~'fl'lhj"'h1~-W'lllrl:::;hj~(?1iu~'l l'll'W llnlJ(glass) l"I'fl~ ll-J'f1f 

(polymer) 1Ji'lln poly (dimethylsiloxane) [12]. poly (methyl methacrylate) [13]. 

polycarbonate [14], cyclic olefin polymers [15], SU-8 [16] llrl:::; polyimide [17] ~'11'W 

'11'W';J9t.Je1-il1l-Jtfl~~l"I~vll"'lln lln'd b ~'fl';J bfln:::;i~'l ~t'6'lVi :::;wln 

1'WJi''l'W mm1tJl fI~'W~hu~:::; lJl'Vllfl1'fl'l ~d-J'fl'l An1~'fl'W'l~t.J t'6'l nnn 1 ~fh\!I'W(?1illm rum J' 

I?l n A'l'l"ll'fl~ t'6'lVl:::;VI1!n1'W~'WA'l'llllolf'lll'6'l:::;'6'l'l'fl'fl n l ~'fl Al-J flJ''fl~ ~'lJ1tJl fI b'Vl fltJfl1d-J tm~l"I fI:::;Y1 rl '6'l'l 
q ~ 

1~ l~n t m~'fl1~ ~~'ld-Jl J'n'll'll-J'lI?lJ''d'''lr)i?1 L'6'l VI :::;wwn1Ji'l'll'Wfl'Wbn'fl VI 1~Jl 'l 'd:::;~ l VI:W 'l :::;~d-J bl'6'l:::; 

';J lfln:::;Vl1Ji''fltll'1 J''d (?1l~'d l ~'flI?l'fl'lJ~'W'fl'l ml:W ~'fl'l m J"n'fl'l ~ i:-J ~ I?l ~'WA 'l 
~ 

~'1~'W1'W~I'W';J9t.Je1Ji'b~'W'fll'VlfltJfl1:wtm~l"I fI:::;Y1rl~'1'l1~ l~n t 'Vl~~'fl1~~ b~'fl-WW-J'kl'l';Jfim:f 

I?l~'d"'lr)i?1 LrlVl :::;VI-wn1'W!?l'd'fltll'1~'l~~I:Wl ~nl?l ~'d"'lr)i?11Ji''fltl'l'l ~'d i?1 b~'d rl n ~'fl'l 1-n'l'l'W1Ji''Wl'W blrl:::;H 
~ 

iJ"lI'W'l i?1 b~n~ 'l:W 'l ~nl"l nl"l'l1~ 

2. u~:::;tJn 1?l1-il1:WLm~l"I fI:::;Y1'6'l'6'li~;S l~n t 'Vl~~'fl1~~1'd:W flU n1~I?l~'d"'lr)i?1'Vll'1bfliJ1~Yh 
q 

http:fl1~~~1'W~'l'W';J9t.Je
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1.3 'lJ'flUb'lJ[P1n1';j"1~~ 

1'W'Il'l.i;;)~tJ~1.J:i':;tJ n [P11-ii'hJ ~fl J~9fj fl:;Y1~ ~n1~ b~ n~'Vl Jyj'f:i~~~ irH-J nu m:i'[P1:i''J'"lt)(?)'Vll'1
q 

bfliJ1 yjYll bbUU bb~~ b9fjf) ~n~ [P11b~f)V11m~1 ru~~;m:;mrn ~1.J'Wb~f)'W1'W~1V11 nb~ :;bfli~'1 ~~~(?)tJ1-if 

.rr'J1 yjYll fllfUf)'WY1 ~rf~ n1'W bU 'W.rr".l 1 yjYll'vll'11'W 1.J:i':;bJl'Vll~ ~fl:i'~9fj~ b~f) n1-ifYll'"l1 mdl".l 

YllmJ~n~l-iff)~~ b~f)'1 ~'W'1Jf)'1~~V1:;mrn ~".ltJ b'Vlflufll"11 fl~ n ~'J~bb'Vl~ b~ 1911 l~bbri 
'lJ 

~ ~ , 
1~ 19l i".ll yjYll fll fu~'WY1~rf~ n1'Wbu'Wi".l1yjYllYll'11'W1'W1~~m~9fj fl:;Y1 ~ ~11~ b~ n t'VlJyjf)1~~ViYll 

m:i'l9l:i''J'"lrJ(?) ~~V1:;'\.!j'Wn~'JtJ b'Vl flUfl'Vll'1 bfliJ1 yjYll bbUUbb~~ b9fj~ ~:i'b~19l1 YllnlJ~n~l ~ntJ1yjYll~H 

19lJ'J'"lrJ(?) ~ntJ1yjYll~HbbtJ n~~V1:;mrn fl'Jl~ b-if~-if'W'1Jf)'1 ~l:i'~:;~ltJUyj byj~f :i':;tJ:;b'J ~1 mJU1~lJ 

b-ifl1~ ~fl:i'~9fj ml~~~~'Wfib~'1 b~'Wl9l:i"lJ':;V1~l'1 fl'Jl~ b-if~-if'W'1J~'1 ~1 J'nu ,"11 m:;bb~1 yjYll ~1~'"l1 n 

m:i'l9l:i'''.l'"lrJ(?) bb~:;V11 fl".ll ~mJ 'W~1 bn~l~~Jll".l:;~ bV1~l:;~~~lV1fum :i'l9lJ'''.l'"lrJ~t~V1 :;wwn ~".l tJ1~ 

tflJ~9fjfl:;Y1~~11~ b~n t 'Vl:i'yj~1~~numJl9l:i'''.l'"lrJ(?)'Vll'1 bfliJ1yjYllbbUUbb~~ b9fj~tn~ 1911Ulm1.J:i':;tJ
q 
nl9l 

1.4 'lh::1~~,j'.yifl1[P1tj1'"l::11P1~u 

lW3fi~ bflJ1:;V11~V1:;V111n~".ltJ b'Vl flufll~tfl:i'~9fj fl~Y1~~11~ b~ n ~'VlJ'yj~1~~i'J~ numJ 

19l:i'''.l'"lrJ(?)'Vll'1 bfliJ1 yjYll bbUU bb f)~ bWe:! ~n~ 1911bb~ :;~1~1 :i'blUl~l1.J:i':;tJ
q 
n [P11-ifVllm~1 rut~V1:;V111n1'W 

http:n1'Wbu'Wi".l1
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A:::Y1~~i~~d~n1'Vl~yj'f:i~'~'6'1 (Capillary electrophoresis) [18] briklb'Vl AUA1V1~1kln1~ 

~ bAn:::tf'6'11~~n1~vr[9J.Jkll:I-J191n~ v~ n 1 'Vl~yj'fl~~'6'1 (Electrophoresis) ~1']rlkl:I-Jlkllkl bl~:::~'1Hrlkl 

:l-Jln~'l1199Ukl1kln1~~ bAn :::Vl1u~~kl bb~:::m(Y)U'J A~n 1wl:::Y1~~i~~ b~n1'Vl~yj'fl~~'6'1~kln1nbtJn
q 

'6'11:I-Jlnln~:::91tJ A'Jl:I-J¥'flkl~ bfl (y)91n n1~~iJm:::lb'6'11yj.yh~hkl1~~ n~l~ b~n1'Vl~yj'fl~~ '6'1 bb'lJ'lJ~'l btl:w 

rJ~~j;ll:I-J:I-J1 A'fl~ (y)n1nl'\"d (diffusion) '1I'fl'l'6'11~~.yhn1~~ bA~l:::tf v'h 1 m~lh:::~'VlfiJll'V'11kln1nbtJn 

~'1 (High Efficiency ) bb~:::'6'1:I-J\l~nr ( High Resolution ) VI~nn1~'1I'fl'lA:::Y1~~iHib~n1'Vl~yj'fl~~'6'1 

briklb"1lklb~tJ'Jrl'lJ ~ b~ n 1 'Vl~yj'fl~~'6'1 A'fl '6'11~~iJ'1Ikll (Y) bl~:::U~:::9 1?11'l"JJU(Y)rlkl9:::lb'6'1 (y)'l~m~ru:::n1~
q 

I I I I 

"" "" "" "" "" n I "",~ n IElectrophoresis VI:l-Jlt1 bl'l n1nA~'flkl'Vl'1l'fl'l'flklJll A'Vl:I-Ju :r:::9'Vl'fltl bkl~u'1l'fl'l'6'11 ~~:::~1t1 
q q qJ 'U 

Vl1-'fl bb'1l'Jkl~'fltJ'fltJ1kl'6'11~~:::~1t1~ b~ n 1 'Vl~1~ i?l1(Y)tlmyj.yh~'l ~lkl bbA j;l1'fl'fl'flkl1kl'6'11~~ :::~ntl9:::~'l1u 
'!J 

~tln~l electropherog ram 'chkln1~1Vl~'1I'fl'l~ b~ n 1 'Vl~1~ j;l1Uj;l1:I-J A:::Y1~fn1~ brikl1uj;l1:I-J!Ubb1J1J 

electroosmotic flow Vl1-'fl EOF ~'lv'h1,xb'J~11kln1~~bAn:::tf~(Y)~'l 
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'nit~grU!o()r i) r 
C~pdl or!" ('·~) ll1 ~"lJ.,{:'or 

f 

r'llloci,' --+-~ 

":lmpl e Vi:;:1 

Hi~d l Vol, "g~ 

Power $ ,'pply 


C) etector' t-e s pons·,=~ 	
- ,1

..•... + . 
CJ[J~ ~ 

l\ ,1\ 1\ l\ 
0' I 	 I I II I Tin'-, e 1-1 ... /\'--__I 1... 1,.,--.___ 

2.1.1 n1'jb~~'fl'Wvi'1J'fl.:)'611'j.n1~.t1.'W~::-W~~1~ 


n1nfl~~'W~'1I~'1~1:i'illt.J1'lM·l:-;~'Cl'Cll~lL1J'IdJ-w 2 l.J:r::::Lil'Vl 


1. f)'Jl~~1~lnl1'Wn1nf)~~'W~'Vll'11Yh~1 (electrophoretic mobility) 

"'l ::::Li'l ~ LL:i''1 ~h'Wn1nf)~~'W~ Lti~'1"'ll n f)'Jl~'VIU~'1I~'1~l:i''Cl::::'Cllt.J:aL~ n b 'Vl:i'1'Cl r;l' FJ' ~'1 

~'W~~nUff1me'lb~:i'1~'W1~n'1l~'11~~~'W (hydrodynamic radius of the ion, r,,) V'1'dl~L~'J1'Wn1:i' 

Lf)~~'W~'Vll'11'\"h~1'11~'1~1:i' (electrophoretic velocity, vep ) 

b'Vl:i'hr;l' (ry) 1'Wn:rru~~'Yillf)'Vl:i".:m'Cl~ ~1 FF (?)'1~~n1:i' 

FF = 61rryr"vep 

:i'::::UU"'l ::::~~ ~'ClillCJ1'Wn'Cl~~'Wl'Vl LL:i''11~~1 LL'Cl::::LLN rXl'Wn th L'Vl1 n'WLL~Vi f1'Vll'1191N n'W.]1~, 

FE =FF 

zeE = 61rryr" vep 

http:n1nfl~~'W~'1I~'1~1:i'illt.J1
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9~l{h,llcil~11 'W!?l'd n fl1-1'lltJC?1V1ti-11 
., , ,

~'W'El~ flU A'd1l-J l']l-J'lJ'El-1 ~'W1l-Jlyjyh 1?1-1'l1'Wm nmtJu lVltJU m nA ~'El'WVlVl1-11yjYh'lJ'El-1~1 :i''lltJC?11'W 
'IJ 

A'd1l-J~1l-J1:i'b11'Wn1nA~'El'W~ (electrophoretic mobility VI~'El mobility, p) ~-1tJtJ1l-J~1lU'W 
A'd1l-J l;'d 1 'WmnA~'El'W~Vl1-11yjYh'lJ'El-1~1:i'.n1tJ1~A'.l1l-J l']l-J'lJ'El-1~'W1l-Jlyjyh 1 llfl~1'WV m-1 

., 
~'W'EltJ flU A1UJ'~9~f"lme:(LC?1J'lC?1 'W1iJ n 

'IJ q 

Vep = pE 

Vep ze 
p=-=-

E 67rrJrh 

2. ~l~ntVl:i''El'El~tl-J~~ (Electroosmosis) 

~l~n t VI:i''El'El~tl-J~~lnC?191 n t:.J'l1-1'1J'El-1A~Y1flfl11~-1Vi1 cil'.ltJ fuse silica uJ'~n'ElU cil'.ltJ 

silanol group (Si-OH) ~-19~lll9ln!?l'.llu'Wl'El'El'El'Wln'ElUJ'J'~~l~ntVlJ'1fltv1~n pH ~~ tC?1tJVi11~t:.JtJ-1 

'1J'El-1 A~Y1flfl11rhh~9flU ~-19~~-1 C?1C?11'El'El'El'WU'.ln91 n~ 1J'fl~'i'l1tJ!?l'.l n'i'l1-1l-J1lm~~~'.l In C?1lU'W.ff''W 
q 'IJ 

'lJ'El-11'El'El'El'W 2 .ff''W ( Double Layers ) ~'El.ff''W~lm~~C?1ll'll'WflU~'.l'1J'El-1A~Y1~~n1 ( Fixed Layer 

VI~'El The Stern Layer) ll'i'l~.ff''W~lm~'Elth-1V1'i'l'.ll-J1 ( Diffuse Layer ) In'El1~~ntJlyj.yhl,]1~ 

A~Y1'i'l'i'l111'El'El'El'Wu'.ln~'El~fl'WVI'W1ll'll'Wlll?ilA~'El'W~1cil1'W.ff''W Diffuse Layer ll'i'l~hJ~'i'l~~'1J'El-1~1~ 
~'Ell-JJ''ElU9-1lA~'El'W~hJ~.rr'.lllA t VI C?1 dJ'Wt:.Jfl1~~1J'fl~'i'l1tJ lA~'El'W~hJtY-1 !?l'.lt)C?1irurmt1J ti''W~'EllU'W 

'IJ ~ ~ 

m:i't:.J~nl?1'W1'El'El'El'WhJ19l1l-JA~Y1flfl11~h'W!?l'.lt)C?1ib1JbkJ1ru ~'.l'W~l~ntVlJ'l'i'ltv1~n pH ~1 silanol 9~ 

1dJ lll9ln!?l'.l 1?1-1t!'W'fl19ln n1J'1 VI'i'l9-1ojf1l-J1nVl~'El~1J'fl~fl1tJ'El191dJ lA~'El'W~ l'i'ltJ IStJ mJnn{] mnw 

'1J'El-1 n1nA~'El'W~'1J'El-1 tl-J l'i'l nfl'1J'El'l~1V1~'El~1J''i'l~'i'l1tJd~1 ~ l~ n t VlJ''El'El~tl-J~~ llfl~lStJnmnA~'El'W~ 
q 
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Electric Field________~~~~~~__~~ EOF 

lUvi 2.2 bb~i?I'I1i?1'El::;bbm':W Electroosmotic flow (EOF) 

High pH 
OH OH OH OH 0- 0- 0- 0

l 
,1fjI"'' i S ID I·'. :OW P;...ii.J:.L.W. Si~lilil?liil~:~ .)II.... 

mobility, ,lien) 

A,)1:Wb~')~d~ntVl:i''El'El~t:w~~ (electroosmotic velocity, vel)) ~:i'::;tJ::; X li?11 91nEJ,)A::;V1~ 

v = - &S E(l - e - KX ) 
eo 4Jr7] 

& ~'El permittivity '1J'fl'lrll')n~1'1 K ~'fl '6'l')'\.Jn~U'lJ'fl'lA,)1:WVl'W1'lJ'fl'l diffusion layer 

"" "" '17] A'El A':l1:WVl'Wi?I b'W double layer 

diffusion layer 

A,)1:wb~,)~ b~n t Vl:i''fl'El~ t:W~~~A,)1:W b.jj:W~'l,n:w1vJ.yh 1 Vm- 1 ~tJ n~1 A,)1:W~1:W1:i'(;l1'Wn1:i' 

bA~'El'W~ ~htJ~b~ n t Vl:i''fl'fl~t:w~~ Vl1'El~mJ:i'::;~Vl"t'lJ'El'l~ b~n t Vl:i''El'fl~t:w~~ ' (electroosmostic 

"" mobility VI:i''El electroosmotic coefficient, ,lieo ) 

-&( 
v en = - -E 

4Jr7] 

Veo - &( 
,lien = E = 4Jr7] 

http:b.jj:W~'l,n:w1vJ.yh
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+ ! /...,-.'"";."~,, 
+ " (.-N. ) + 1 ( . ,. ' ) ',---, ! 
+ j \, . . j ® \ + 
t: \~_'-__/ '>'''_ L-________________~~ __________________________________~~ 

Direction of EOF 

~'l.H;j 2.4 bb~(?)~(ih tKu n1~(?l~'J"'l1(?) h'fl'fl'Wu'Jn 'ClU bb'Cl:::n'Cl'l~ ~ bA~'fl'W~ JhtJ electrophoretic 

bb'Cl::: electroosmotic flow (?l'll-J'lJ'W'l(?)l'fl'fl'fl'Wbb'Cl:::~'l'W'J'Wh'fl'fl'W 

2.1.31mn'i-n'W1'V1~ (migration time, (rn) 

b~'fl~'l~~'J'flt.h~ bA~ 'fl'W~ i:J'l'WbA~'fl'W(?l~'J"'lt)(91"'l :::bb~ (91~ t:.J'Cl'fl'fl nl-J 'l tK~ 
'U
aj~ 1 

~ b~ nt'Vl~~tnbn~l-J (electropherogram) bb'Cl:::~:::tJ:::b')'Cl'l~~'lnA~'fl'W~"'l'l mJ'Cl'ltJA:::V1'Cl'Cll1-Jh'W 

un"'l~'l~"'l'W(i~ bAi'fl~ (?l~'J"'l1(91 ~tJ n~'l 1l-J bm-n'Wl'Vl:W n1nA~'fl'W~Jl'ltJ1'WA:::V1'Cl'Cl'l1-~'J'W1vmj~'l~
q ~ 

v = v +vnet . ep eo 

flner = fl + flea 

ll-Jbm-n'Wl'Vl:W Urn ,s) l'.JA'J'll-Jil-J~'Wfinu~'Jbbu~l?h~l tK~~l-Jn1~ 

I IL 
{ =-= - ---
m V ner (fl ep + fl eo )V 

" ~ ~ Q ~ 

L A'fl A'J'll-Jm'J'Vl~Vll-J(91'lJ'fl~A:::'V'j'Cl'Cl'l~ (m) 

I ~'fl A'J'l:J.Jm'J"'l'l nu'Cl 'l tJ A:::V1'Cl'Cl 'l1-J1'l'WU~~"'l~'l ~"'l'W(i~ bAi'fl~ (?l~'J91(91
q 

V A'fl ~ntJ1l'l.yh (V) 

1'W'Vl'l~U5U~ b~'fl'Vl~'lul:J.J bm-n'Wl'VlJ-J"'l'l n~b~ n t 'Vl~~tnbml-J "'l:::~'ll-J'l~C1 ~TW'Jru fleo bb'Cl::: 

fl lJ1~~ ~ l-Jn1~ 

IL 
fl eo = vt 

eo 

Ji = flo er - fl ea = (_1 - _1J~ 
t m {en 

{ea A'flll-Jbm-n'Wl'VlJ-J'1J'fl~~'l~~l:Wl'.Ju~:::r.:Vl1-'fl EOF marker 

http:ntJ1l'l.yh
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<V col col 
2.1.4 '6'In~ru:;nl'iIb!PI'6'l'el'W'VI (flow profile) 

~mrru~n1nA~'El'W~'lI'El'l~1J1'WA~Y1'Cl'C-l11~~~n'l'VlJ'V'J'El1;'t.'ldJ'W~~1J1J Flat Flow Profile ~'l 

l~l7ln!?l1'l"'l1nn1J1V1'Cl1'W HPLC ~~n~ru~n1nfl~mJ~dJ'W~~1J1J Parabolic Flow Profile ~H' 

Pump b'L1'W&I'dt:J~n~'W'vhH\n(YJn1J1V1'Cl·'lI'El'l Mobile Phase ~'ln1J'lVl'Cl'l(YJtJH' Pump '"l~~Ll'W~~1J1J 

~~U'W~'le~ti'El'l"'l1n~I7lJ'1~~'d'll'El'l Mobile Phase I7lNn'Cl1'l Column '"l~'t.'l'ln~1~t:J'\rA'l~~~J''l~~tJ(YJ
'11 

'Vll'W (Shear Force) t:J'Cl~ 17l1J.JJ.J1 ~'El 'l,]'W'lI!l'l't.'l1J~ ~n (YJ"'l1 n n1n~tJn1'Wfl~Y1'Cl'Cl11~b~ n'l'VlJ'V'J'El1;'t.'l 

"'l~~~A1Jn~11'W HPLC ~'l.yhllXth~~'Vlfi.n1'V'11'Wn1n~tJn ( Efficiency ) 'lI'El'lfl~Y1'Cl~n1~~~n'l'VlJ~!l1 

;'t.'l~n~1 HPLC 1'W1.'l'd'WVlti'l 

Hydrodynamic now EOF 

hydrodynamic flow 

http:17l1J.JJ.J1
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- I 

Electrophoresis 

VI~'i)Uvhr+El f~ 

~1~~~a.J~~~'1 

U~ ~~'i)f ~-rl'W!?l':lVil'6'l~'6'lltJ~'W'Vl~tJ ~1~'6'l (?l~ l'~n 'l'Vl~'i)'i)~ 'la.J~~ (electroosmosis su ppressant) 

~1~~~a.J~~~'11Af'6'lUl'1"ll-W(?l dJ'W~'W V'I~~'6'l'6'lI~~H ~-rl'W fused silica ~'1e1':lc~h'W1'W"lI'i)'1V'1:::~'6'l'6'l1~ 

tJ~~n'i)U~'JtJVllJYr'lni'W~~'W'i.l'6'l JlltJ1~~Jll':l~'lI'i)'1n1nbtJn~I~~ pH 'lI'i.l'lU~~yj'i.lfa.Jlnn~1 2 ~':l 
'lJ 

~1'W1'W'lI'i.l'l A~~'6'l'6'll~~tJ'WtJ ~:::'"l '6'lU ~ti'i.l'l'"ll n n1~1'i)'i.l'i)1'W"ll'll'i)'l1f'!'l(?ln'"l'W'lI 'i)'1Vl:W~~'W'i)'6'l
q 'lJ 

~ntJ1~~1 ~~'i.ll~tJ n~I~!?l'J'i)t11'l Vil11X~n (?ltJn nD n1~ru~ ~~tJn~l ~ ~~n'l'Vl~'i)'i)~'la.J~~ ~~'6'l:::n1~1Vl'6'l 
~, ~ 

'lI'i)'l~ ~~ n 'l'Vl~'i)'i.l~'la.J~~ (EOF) nVi V'1hJ'Vll'lO]':l ~I.V'I 'l'Vl(?l 'l(?ltJvl':l1tJ1'Wn1n~tJn~l~ '"l~1,xo]':l1yj.yh~I'W 

~V'l1-'i)'1lYl~'J'"l1'(?l ~tJ'Wi':l ~~V'I 'l'Vl (?l (i':l'6'lu) ~1~!?l':l'i.lt11'1 ~tJ'W~I.V'I'Vl1'i.l'i.l'i)'W (~l~~ntJ~~'"lU':l n) '"l:::nI.I.N 
q 

~~a.J~'Wl.ti'i.l'l'"l1 ne.J'6'l"ll'i)'1 EOF a.Jlnn~1 V'I':lla.J~la.Jl~bl1'Wn1nV'l~'i)'W~'Vll'l1~.yh'll'i.l'lI.I.'i)'Wl'i.l'El'El'W ~ 

Jll'J~l-rl'W~ ~~V'I'Vl1'i)'i.l'i)'W~n V'I':lla.J~la.Jlm1'Wn1nV'l~'i)'W~'Vll'11yjYha.Jlnn~1 Vl1'El ~hrerlYl~l~':l'W"lI'i.l'l 

tld~'"l r;l'i.l"ll'W1 (?l'll'i)'l1'i.l'i.l'i.l'Wa.Jlnn~1 '"l~n~1 ~U n1nV'l~'El'W~'i.l'i.l na.Jln'i)'W lYlla.J ~':ltJ~l~~'la.Jl.'6'ln'6'll.tJ'W 
q q 
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. I " ~n1j-cw:::;m:mtJ n'1l'f:h'l1:wtfl:i'~'\AItr'W 

m~mlj~n capillary electrophoresis ll'i;'l:::; liquid chromatography ~1V1f'lJfl:::;-W'i;'l'i;'l11~H'9:::;~ 
, " 

l~'WrJ1 ~'WtJn 'i;'l1'l hm~'lJ1:wtfln:w~:i' ~'lVi11m·ihnmCW'i;'11 :rii'f)tJ:W 1 m:::; ~u~tn~ ~:i'lyhtr'W 

/ lIow -clirec!lor) 

8 
_ f.;~MPJ';;:;fEtf:'r (~)~ rm ) 

tli, .· ,~:~I .~ :~:,. ~'4 . 

run sample rUIl L~ -=-~~it:---~ 
buffer c=:::J ~ buffer 


•• 1-------1 


Conventional CE system ~ micro CE 

';j'U~ 2,6 fl:::;V1'i;'l'i;'l11~d~ n t'Vl:i'~'f:i~'~'i;'1ll'i;'l:::;1:wtfl:i'~'\AIf1:::;V1'i;'l'i;'l11~l~ n t'Vl:i'~'f)1~'i;'1.... 

fl:::;~'i;'l'i;'l11~ l~n t 'Vl:i'yj'El1~'i;'1 l~~~.jJ'f) ~ l~:w~'Wn~1ll'lJ'lJ l~:W ~'f) 1·ihE:W1 CW'i;'11:i'~'J'Elth'lll'i;'l:::;1l'f) 19'W~ 
ii'EltJ ~lf1n:::;Vl1~:i''Jl7Il~'Jn~1l~:W 'i;'11:W1:i'(l~lfln:::;,xll'lJ'lJ in situ 1~ ll'i;'l:::;1'Wnnn~1lJtV'1:i'~'V'HU'W 

'\AI'i;'l1'i;'1~n 'i;'11:W1:i'(lH'll~,)~'l1~l'i;'ltJ 

~'J'W'Lh:::;n'El'lJ'1I'f)'l:i':::;'lJ'lJ1:w'i:m~'\AI~~1A'1.!1~llri microchip, high voltage supply 

'\AI~'f):wi'J1~~1 ll'i;'l:::;lfl~'f)'l ~:i',)9~171 ~1V1f'lJ1:wtm~'\AI,r'W'i;'11:W1:i'(ll7lntJ'i;'l:::;l~tJI7I1~'"l1 miJ~1'Wci1'l 
~ ~ 

fkh'(·tioll 

Injection T 

Inle1 Port 

Reagents 
Separation 
Channel 

eBW 
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d j 'W injection, separation LL~::; detection 

2.2.1 im~tu~t~tfl'1iw 

~1V1f'lJ~lILb'lJ'lJ'lJ'f)\I~::;Yl~~11"i::;~~lILb'1J'lJVI~n'f)ri 3 LL'lJtI ~'f) channel, tee LL~~ cross 
~ ~ ~ 

Channel Tee Cross 

t~tJ~Lbtl'lJ Channel "i::Li1'W~'l'W~.yh1~\n~n'l~bbtJn~'W bL'lJ'lJ Tee Li1'W~'l'W~Ln~n'l~e.J~"'ri'W'lJ'f)\I 

~1~ LL~:: Cross bi1'W~'l'W~HLi1'W~i~ ~1~ ~\I~t1LLtI'lJ~\I~1'" LL'lJtI~~1"'1~m11"'1:i''l~ri'W 
'IJ 

r 

bL'lJ'lJ Cross ri'lJ Channel bb'lJ'lJ Tee, Cross bb~::; Channel bb'lJ'lJ Cross, Channel bb~:: 

Tee 

" 1'Wn'l~U1 ~t1LL'lJtI"'1~'l",ri'W'I!'W.yh1~~1"'1:i'tl~L~:i'1::~fl1~'lrJlVl~1mLtI'lJ b"ll'W bb'lJ'lJ Cross ntl 
'iJ 

Channel btl'Wn'l:i'~~~1:i'bb~::;vhm:i'bbtJn bb'lJ'lJ Tee, Cross I.brl::: Channel bll'Wn'ln.J~~~1:i'ri'el'W 

';hn'l~~~~1:J'I.W ::;·vhn'l:i'bI.fJn (precolurnn) I.btltl Cross, Channel Ll.rl::; Tee Li1'Wn'l:i'~l?l~1~ 

bb~ ::"111 n'l nbEJn ~1:i'ri 'em':;'1 ~'l e.J ~ '" '1'lJ11.'f) b"i'Wf1l (posteol u rn n) 

-I 

http:t1LL'lJtI"'1~'l",ri'W'I!'W.yh
http:i::Li1'W~'l'W~.yh


" 
'W'Elnr.n nt1tr'l~1:J.J1J'bl-W1 Channel l-J1J''Jl-Jn'W1~ b~'El~ bAn ~tf~1J'1~VI'i:11t.J"JjU(?)1'W 

microchip b~mn'W C~t.Jn "multi-microchannel" 

-atl-vi 2.9 multi-microchannel .. 

" n1J'~(?)~1J'i?l'J'Elt.l1'1,r'WnVl'i:11tmUU b"l1'W simplest, pinched bb'i:1~ variable-volume injection 

dJ'W~'W 

bulier HVl 

sample 
sample 
waste 

GNC 

wasle 
(a2.)(<11) 

..-au-vi 2.10 bbUU simplest injection 

, , 
n1J' injection ~1,x~ntJl'Yhl'h~(?)b~m~ sample reservoir 1,x sample bA~T)'W.y]r.:nn 

" , 
sample reservoir hJ sample waste VI~'1"'l1n,r'WbrJ'El sample bA~'El'W:J.J1~1'W cross bb~'J9'1 

bu~tJ'W"'l(?)~1,x~mJdJ'W reservoir 'lJ'El'l buffer ~fi~1~ %RSD-2% bti'El'l"'l1niJ-.1n sample
q 

http:bti'El'l"'l1niJ-.1n
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butfer 
""'2 HV1 

sample it s\~~tt~ 
. .... ONO HV2'·~... .HV2· 

T injected 
pluijhi 

G~lOH\'2 

waste 


(b2)(b~) 

:;tJ.v1 2.11 llUU Pinched injection 

injection llUU pinched sample 

reservoir(HV1) buffer reservoir (HV2) ll);'l~ waste reservoir(HV2) lC91tl HV1 >HV2 l~'fl1,x 
I I I I 

"" '" ~ n I "" "",sample lA);'l'fl'W'Vl"'lIn sample reservoir bU sample waste lJ-J'fl sample lA);'l'fl'WJ-J1 t:J1'W cross 

ll~'d "'l~l~J-J~ntll'VHh~ buffer reservoir l'lJ'W HV1 l~'fl1,x sample b1n'Vnl'ih~ channel lC91tl"'l~ 
'" '" 

1,x~mr~ sample reservoir ll);'l~ sample waste 1'Wm:i'iJ'fl'lrl'W sample UI'l~'d'W1V1);'ll'ihJ-JIYi1 

11X1cil %RSD-O.3% 

:3NO 
wa,ste 

(c1 } (c2) {c3) 

'ltJ.v1 2.12 llUU variable-volume injection
'" 

~ , 
..c::;::I .c::::j dod c::l Q/ 

nlJ' injection llUU variable-volume 'W"'l~J-J sample reservoir 'VlJ-J channel lC91tl'dnU 

GND JJnlJ'1,x~mr'i;'lIJ-J"'lC91 ~'fl buffer reservoir(HV1) sample reservoir (HV2) ll);'l~ sample
q 

waste(HV3) lC91tlHV1 >HV2>HV3 l~'fl1,x sample lojhltl~ waste ll);'l~l~'fl~'fl'lnlJ' inject ~\l 
'U 

hJ1,x~mr HV1 sample "'l~~n'V'lll-lfl~ channel v!~\l"'l1mr'W~\l1,x~mr HV1 simple n"'l~~m.J~n 
ltl~ sample waste 1fid'6'11:W1 J'b1 rllV!'WC9Ill:W1 ru~ ~'fl\l nlJ'1'WlllYi);'l~Af\ll~~'dtl mJ'A'dU '")W'dfll 

"'lIn c2 "" b1\l c3 
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2.3 b'VI!D'l-W!D'l'VI1.:Jb!D'lii1'VHh (electrochemical technique) 

2.3.11'1!!D'l~nb'J'~bb'VI:JJb:JJ(91~ (cyclic voltammetry) 

lA1'il'liJ'illl~::;lVl A-Wr1l?11'1 1 "lJ'il'l n1~Yhl"llA~ n b'd~ LbVl~ b~ l?i~lt-1~'iltU1U~htJtlf~~tlbl'i~1-
hnd1~ b~~ bVl9 b~bbn~~iJ~mj-rlJ::;dJ'W'i\)1~ bt-1~I'J~ b61h.Ul'W bL!?l bLl?ln !?l1'191n~1~ m~I'J~"lJ'il'l~ btJl'Jf 

~~tlbl'i~1bmd1~ ~'il b~'ilL'd~1b~~mn~'Wr1nI'J1v+vh9::;b~~~'W9'Wti'l~ln~~1Y1 91n,!'Wfl'ill'J 1, 

~ 1Y1~'1cil'dI'J'ilI?ld1 b~'d bYl1 n'W b'd~ LVl9 b~bLm~~1~9'1iJ~n'jj-ru::;bu'W~1~ Lt-1~I'J~mJ1~'d vl'l~tl~ 2.13 
'" 

L~'il ~~~bLn'Wt'd~ L'Vl9n ~~iJ m::;LL~ LnlY1~'W LiJ'il1,xr1nI'J1'\"J~1'i\)'1~ IY1 (D'II'J'ilIY1"lJ'il'l~l~ m~t1~) n9::;iJ 
I I I iI I I 

'" , 
n ~::;LL~ Lti'il'l91 n Ltl IY1 tlBml'J11vlni'WLn 1Y1~'W~'1 ~ lY1iJ ~n'jj-ru::; LU'W~ n LL~::;L~'il~ IY1 r1n 1'J1~Yh~ 'd1'J 

'fl(91d1 L~'d LYl1 L~~m::;LL~ n9::;fl'iltl 1 ~1Y1~'N9'Wti'l~1~ IY1 Ll'id1::;Ltl IY1tlBml'J11 'WYl f"1Vl1'1 1?lJ''l n'W.jh~ (~'W 

n~1Jlcil) iJ~n'jj-ru::;Lu'W~m-rl'Wn'W LL!?ln~1JYlf"1Vll'lnU~mLm ~'liJ~n'jj-ru::;~'i\)~~ll?ml'W LL!?lnl 

tlBml'J1~'Wn~uhi1~9::;hhnlY1~n L~'il'i\)LLn'W1,xr1nI'J1'\"J~1~1Y1~'l LL~::;nltlBml'J1~'Wn~1JHlhJ 

'i\)~1J~ru ~m1ru::;~n~ Ln 1Y1~'W9::;hJ'i\)~ml?l~n'W vl'l~tl~ 2.14 
'" '" 

. I f 

(-) 
E 

o ~ 

t 

'i'llvi 2.13 'h~ LLVl~b~LLm~"lJ'il'll"ll A~ nt'd~bL'Vl~ L~ (911... 

switching 
[win!

1 
... ..... ................ ... ....~--

E 
ol-==-------j--=--P------------

c 

'i'llvi 2.14 hA~nb'J~LLVl~b~LLm~ 
'" 
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'V11J'1~ bl'lTlf~~l Ab]d'll(rh'l1snA~ nt,)~bbVl:whmnn.j HlLbn m:;bb~~tJTll?lbb'f)t'W~n (anodic 

peak current ,ipa ) m:;bb~~tJTll?lbbAtVl~n (cathodic peak current, ipc) P1ntJ1~.yh~t.JTli?lbbTlt'W~n 

(anodic peak potential, Ep) P1nt.J1~.yh~t.JTll?lbbAtVl~n (cathodic peak current,EpJ ' 

~nt.J1~.yhb~:W ~'Wm)"~ bbn'W(initial potential, E) formal potential (Eo') 

'"l1 n bVl AlJA 1"1l\P1~ n t ')~ bbVl:W b:W l'l1~1:Wl)"bl ~m~ltJijnhJ1~ bn 1?l~'Wlvlril L1J'WbLUu1i?l 

reversible, quasireversible bb~:; irreversible 

)":;UU reversible m:;bb~~bnl?l'"llntJijmmTlTln~bi?l-n'W bb~:; 1~n-n'W '"l:;~fhb'l'hn'W 
I I ~ 'iI I)I 

;~ m:;bL~vhn 1?l~'Welbu'Wm:;Lb~'"l1 nm)" diffusion bb~:;lvl~ n.y]~:W:Wll'l)" ~:wm)".y]lntJ,) 

'lITl~1'W)"~uu~ 
ip = (2.69x1 05)n3/2AD 1/2 CV1/2 

ip =peak current .A 

n =electron stoichiometry, eq/mol 

A = electrode area,cm2 

D =diffusion coefficient,cm2/s 

C =concentration, mol/cm2 

v = scan rate,V/s 

'"lln~:Wn1)"~~mh'd'"l~b~'W~lm~bl~~lnl?l~'W'"l:;lL1Jnr'Wl'll:W C,V1/2 lbl?lAl Ep '"l::hJ 

- )"~uu irreversible 

m~bb~~bnl?l'"ll mJijmmTlTln~ bl?l-n'W bb~:; 1~n-n'W '"l:;~ Al b'I'll n'Wbb~:;lvlb~'i.l~l~~:W:Wl [;1)" 

i = (2.99xl05)aI/2AC*DI /V I2 
p 

E = EO' ~ RT[ 0.780+ In(DI/2)+ln(aFV)II2] 
p 

aF ko RT 

, ' d=.. i.!cv.e:J de.. . 

'W'Elnn1m~~bb~Vl bnl?l'"llnn1~ diffusion bb~')m:wm~bb~Vl bnl?l'"lln electroactlve 

species ~'W1 ~~lV1ill~A~ltJ capacitor cr-t.Jn~1 charging current (icl ~~:Wn1),,~ 
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ic = ACdV 


Cd =differential capacitance of the double layer 


"'lln~~n'ldr;1,m~l'J"'l~b~'W~lm~bb~~ bI'i (?l~'W"'l~bbiJnr'W(?l1~ V1/2 


b~i~'e)~iJ'e)~H~1~f1J1'l! A~ n l'JflbbVl~ b~(?i~ iJd~n'e)1J c;l'JtJ 

1) b'l!flfl1i d~ n ll?ld1fl ~n T(?ltJi'J 1iJ dJ'Wb'l!fl~']jU(?l~l~~ b~nTVld(?l ~b~nTVl d(?l',h-11'W~'J'Wlml,j 

b'lJ'W solid disk electrode UtJ~H']jU(?l bb'l"lflVl'!!~ n~l~~Alfu'El'W 

2) bb~~~ nlbU(?l~C1! C1!1 ru ~ih~l~~C1! qJlru~ntJ1r+V~lbb1J1Jd'ElUn1Jb'l!fl~~~ mn 

3) T'1"1 bVl'W~'e)'El~ bLI?lVl LU'W'J~9dA'JUA~ ~ntJ1'YHh1~A~~1'W-rl'J~"lJ'El~ ~ntJ1'YHh~rX'El'l nld• 
4) bb'El~nbl?l'Elf 'Vll~1!l~rJ(?lnd~bb~~ bn (?l~'W~'lbiJ~tJ'WbLiJfl'l"lJ ru~Ln(?liJ~mm 

5) bA1'El'l,r'W~n 'Vll~1!l~,r'W~nT'JflbbVl~T~LLm~ 
2.3.1.1 n1'jiJ'j~~.n[p1L'1iiJ'j~1~"1i'lf 

I I I I 'V 

iJ~mmVlrJn'ldtiltJ T'El'W~ L~ nm'El'WVl bLl?lnl?h~n'W ~~ CV dJ'W~fiVl~ n H n'Wu'EltJ Af'll'Wn'ld~mn 

L~'lLAmyJYh 5m~ru~~lAC1!"lJ'El'l CV A'El n'ld~1~lbL~'W'l'e)th~d'J(?lL~'J"lJ'e)~~ntJ1yJ.yh1(?l'e)no]"lJ'e)~~ 

tJ~-l~rJ ~VlifVll~1yJ~l bbfl ~~ ~(?l'J nl1.mldiJd~Ln'Wt:Jfl"lJ'e)~ ~'J n fll'1~rJ t:-JfllP1'e) nd~1J'J 'Wn'w1(?lT) ni LLIP1 

CV dJ'W~fi~H1!'e)tJ~ln1'Wn'ld~ LAd1~,xb~'liJd~~l ru 

2.3.2 bb'flaJb~'flhbaJlP1-; (Amperometry) 


dJ'WLVl AUA~iJd~tJn 1?l1(?ltJlojf~5nn'l d"lJ'e)'l T'JmLVl~ L~ 1?l1

• 

, , 

~h m~LL~Vlml~ L-if~-if'W1P11'1 1 "lJ'El'l~ld~'J'e)t.h'lVl ~'e)'ln'ld~ LAd1~,x (19) 
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3.1.1 pH meter (Metrohm) 

3.1.2 Milli-Q water system, model Millipore ZMQS 5 VOOY, Millipore, USA. 

3.1.3 	 High-voltage 
, , 

dI <V 

3.1.4 bf):i''fl'l''ll'l (Metler) 

3.1.5 Sonicator (USA) 

3.1 .6 0.45 ~m Nylon membrane syringe filter with polypropylene (PP) housing 

(Orange Scientific filter) 

3.1.7 0.2 ~m Nylon membrane filter (Altech) 

3.1 .8 Teflon tubing (1/16 inch o.d., Upchurch) 

3.1.9 Autolab Potentiostat (PG-30, Methrom) 

3.1.10 Auto pipette bb'tl::; tips (Eppendrof, Germany) 

3.1.11 Digital microscope (Keyence) 

3.1.12 Glassy carbon electrode (0.07 cm2 , Bioanalytical system Inc) 

3.1 .13 Ag/AgCI electrode (TCI) nU~::;'YnWbn~'fl 

3.1.14 glass cell 

3.1.15 platinum wire 

3.1.16 O-ring viton (0.07 cm2) 

3.1 .17 Centrifuge, CENTAURA 2, (Sanyo) 

3.1.18 Microcentrifuge (MINI CENTRIFUGE, Cole Parmer) 

Glass chip '"l::;lh::;n'flu~'JtJ~'J'W~dJ'W cross 1 ~'J'Wbb'tl::; channel 1 ~'J'W~T\!ffubbtJn~1:i' 

(16 mm x 95 mm x 2.2 mm) rann Micralyne (model MC-BF4-001 ,Canada) l:wtm~~"'1::;ri 4 

'l1'fl'lU"?-b'Jru cross b~'fl:wI?i'flnu'l1'fl'l1~~1nb'tl::; channel ~1V1fubbtJn~1:i' ~U~1tJ"lI'fl.,:j channel dJ'W 

~'J'WI?I:i''J'"l1(?1~1:i'~'JmVl~Uf)b~mYh''l1 ~'J1:wm'J channel ~HfbbtJn~1:i'm'J 90 mm ~'J1:wm'J 
o " 'lI'fl'l channel 'W1~1n"ll1 1 0 mm 



19 

) n 

'------{ .. 'j " I) 
4) ' ___. > 

2) 

3.2.1 .r11yJ.yh 

Ag/AgCI dJi-Ji'd1'v'lvh~1-.:J~-.:J (reference electrode) 

Platinum wire dJi-Ji'd1'v'lvh'll'dtJ (counter electrode) 

Screen-printed carbon dJi-Ji'dhHhvh-.:Jli-J (working electrode) 
" , ,

on'd1'v'lvhYl1-if~1 '!t1fLJ nldl9ld'd'"lt)(91'i)tJLJ1-~ 'd ruwcU-ll;'lldfl:::flltJYl1-if~~~'d 
" q 

3.3 ~l'ibFlij 


3.3.1 Lead(II)nitrate (Aldrich) 


3.3.2 Cadmium sulfate (Baker Analyzed) 


3.3.3 Copper(II) sulphate (BDH) 


3.3.4 2-Morpholinoethanesulfonic acid; MES (Fluka) 


3.3.5 (s)-2-Amiono-3-(4-imidazyl)propionic acid; L-histidine (Fluka) 


3.3.6 Potassium hexacyanoferrate(Merck) 


3.3.7 Potassium chloride (Merck) 


3.3.8 Boron trioxide (Wako) 


3.3.9 Acetone (Wako) 


3.3.10 Sulfuric acid (Merck) 


3.3.11 Acetic acid (Merck) 


3.3.12 Methanol (Merck) 


3.3.13 Ethylene diamine tetraacetic acid (EDTA, Riedel de Haen) 


3.3.14 Potassium dihydrogen orthophosphate (BDH) 
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3.3.15 Di-sodium hydrogen orthophosphate-dihydrate (BDH) 

3.3.16 Sodium hydroxide (Merck) 

3.3.17 Hydrochloric acid (Merck) 

3.3.18 Phosphoric acid (Merck) 

3.3.19 Ethylenediaminetetraacetic acid disodium salt dehydrate (Fluka) 

3.3.20 Citric acid monohydrate (Baker analyzed) 

3.3.21 A standard buffer solution pH 4 and pH 7 (Metrohm) 

3.3.22 Nitric acid (Merck) 

3.3.23 Pyroatechol (Fluka) 

3.3.24 3,4-Dihydroxyphenethylamine hydrochloride (Dopamine, Wako) 

3.3.25 Ethanol (Merck) 

""CO

3.4 'Jfin1'a'VI!PI'CI'el~ 

3.4.1 n1'a':jb~'a1~~~'Jm 'VI ~iJ~1'1!~~ nb'J'CI bb'VI).J b).J!PIn'W'a~'IJ'IJ Batch 

v'hmJ'';jlfld1:::'lflllt1b'W glass cell ~'liJ Ag/AgCI djt,!i'J1vHh~l'l~'l Platinum wire blJt,! 

i'J1~vh"li'JtI U~::: Screen-printed carbon b1Jt,!i'J1~YhYh:nt,! H'~lJ'fl:::~lt1tr~byj'flfb~~~VeJ~ 
, .J 

(2-(N-Morpholino)ethanesulfonic) bb~:::bb'fl~~~Vl~t,!Vlfl'Jl~l']~']t,! 25 mM 'Vl scan rate 50 

mVs-1 ~(Y)mfl1'fl'l Potentiostat b ~~l ~ntl1~vh lbrii'J 1 yjYh H''llt,! 

3.4.1.1 ~n'rtluDmtl11c;1nit,!"lI'fl'l copper (II) ion 

ill copper (II) ion ~fl'Jl~b']~']t,! 1 mM 1t,!~1J'~:::~1t1tr~b~TlflU~bflJ'1:::,xUDmm~ 

bn(Y)~t,!~'Jm'Vlflllfl1'llfl~n~'J~ll'Vl~b~1Y11 ~ scan rate 50 mVs-1 

3.4.1.2 ~n'rtluDmm1c;1nit,!"1lTl'l cadmium (II) ion 

ill cadmium (II) ion~fl'Jl~b']~']t,! 1 mM bt,!~lJ'~:::fllt1tr~b~Tlflmbfld1:::'lfulJmm~ 

bn(Y)~t,!~'Jm'Vlflllfl1'llfl~n~'Jmb'Vl~b~1Y11 ~ scan rate 50 mVs- 1 

3.4.1.3 ~n'rtluDmm1c;1nit,!"1lTl'l lead (II) ion 

ill lead (II) ion ~f1'Jl~b']~']t,! 1 mM bt,!~lJ'~:::~lt1tr~b'Y'lTlflu';jbflJ'l:::,xulJmm~ 

bn(Y)~t,!~'Jm'Vlflllfl1'llfl~n~'J~bl'Vl~b~1Y11 ~ scan rate 50 mVs-1 

3.4.1.4 Jaln'rtlt:Jfl"1lTl'l scan rate 

ill~lJ'~:::~lt1~~'j,\:::i'l 3 ~fI'n~l']~']~ 1mM lU~bfld1:::'lfuDmtl1~bn(Y)~t,!~'Jm'Vlflllfi 
1'l!f1~n~'J~bb'Vl~b~1Y11 ~ scan rate 102050 100200 bbfl::: 300 mVs 1 
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Wfl~I.'V1tlbm.Jwi~ 

1-\JltJl.l.~~~1~b~~'V1~~Vl~~'l~~I.~nbVl~-Wtll"l1~~1-il"h,\,:J'm~r.rtJ tJ~~ntl'U~'ltJ glass chip, 

" " 
chip hold, high voltage power supply I.I.~~ m~I?lJ''J~~~L~iJl-wY1'l b~tJU'l..u'llyjY1'l";,:J Ag/AgCI 

(RE) Platinum wire (CE) I.L~ ~ Screen-printed carbon (WE) ~tlWlL;r'l~tJ~'ltJ"1ltl,:J channel ~Hf 
, " 

Ll.tJ n ~'l:i' L!jtl Vi '1 m J'Vl ~~tl~U '1 ~'l ~~~~'ltJ1~'"~ ~ 'U n~~'l~~ ~~ '1 £.I'" ~~~'lnu'lJ 1 ~I"i '1 ~n tJ1-wY1'l~ '1 n 
q q 

high voltage power supply 

of, .. c:i 'i' .,I-~
3.4.2.2 "lI'U(;l'il'U/fH~n L'VI'1n'il'1·D~ 

mn(;i1tJ~ glass chip ritl'lJm:i'Ll.tJn~'l:i' 'l~'l deionized water ~'l,:JI?l'l~ ~'J tJ NaOH ~ 

" 
~~..:! ~'lnU'J'U J'J''1 ~ '1 J'wl'ltl tJ'l..:! 

~'lJ'~~~'ltJ~'JtJ high voltage power supply ~ 1200 V Jl'ltJ1'lJ1.'J~ 'l 3 ~ 'lJ'l V1 I.I.~'J1~~ntJ1yjY1 'l 

"nm~1tl~ Potentiostat HLl.fJn~'lJ' 
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copper(II), lead(ll) 

3.4.2.5 ~n'H1 ~n~1w.vhv1b'VI3J1::~3J~1't.'If'U n1'd!PI'd'J~rUlb'6'l'lt1:: copper(II), 

lead(lI) bb'6'l::cadmium(lI) ion 

3.4.2.6 ~n'H1 ~n~1wyhv1b'VI3J1::~3J~1'V1f'U n1'dbbtlnb'6'l'VI:: copper(II), 

lead(lI) bb'6'l::cadmium(lI) ion 

3.4.2. 7 ~n'H1'V11b'J'6'l1v1b'VI3J1::~3J~1'V1f'Un1'd111~1'db-n1 channel 

3.4 .2. 8 ~n'H1 f'l'J13J-K:~,l'rr'lJ fib:a-3 bi'lJ!PI'd-3'd::W;i1-3 f'l'J13J b-n3J-n'lJ"1J'fI-3~1'dn'U 

1"i1n'd:: bb~1wYhv111Pl~1n n1'd!PI'd'J~rUl (Linearity) 

3.4.2.9 ~n'H1'V111"i1~ Ulf'l'J13J~13J1HI~1~!PI"L'lJn1'd1bf'l'd1::~ (Limit of 
• 

Determination; LaD) 'VI111Pl~1n 3 S/Nbb'6'l:: 1"i1~Ulf'l'J13J~13J1'dt;l~1'i.1Ul"L'lJn1'd1bFl'd1::~b:a-3. 
m3J1ru11Pl (Limit of Quantitative; LOQ) 'VI111Pl~1n 10 SIN 

3.4.2.1 0 ~n'H1'V11F1'J13Jbb:J..i'lJih (Precision) 'VI111Pl~1n % RSD bb'6'l:: f'l'J13J 

t;l n 1Pl'fl-3 (Accuracy) "L'lJ n1'd!PI'd'J~r!PIb'6'l'VI:: copper(II), lead(lI) bb'6'l::cadmium(lI) ion 
OJ 

% RSD = standard deviation X 100 

Mean 

3.5 'VI1,j~3J1 rub'6'l'VI:: copper(II) , lead(ll) bb'6'l::cadmium(lI) ion "L'lJbf'l~'fI-3 ~3J 

'I11~1i:J~1~ 2 mL 1~ centrifuge tube '111hI certrifuged dJ-Wl,)~1 10 'W1Yl~ 3500 

rpm 'I11~')'Wl~lJ1 0.5 mL 1~ filter-centrifuge tube (0.45 ~m Nylon membrane) 'I1111J 

centrifuged dJ'Wb,)~1 5 'W1Yl 'I11~1i:J~1~~~1'Wn1~nJ''fl'llJ1 spiked ~1~~::;~1tJlJ1[?lnJ1'Wbm!j::; 
" " 

[Y]::;n') bbf)~HntJlJ bb~ ::;'VI'fl'l bb!?l'l Yl f),)1lJ bo]lJo]'W 100 200 400 800 bb~::; 1000 ~M '\.-1~'l'"l1 mY'W 

'11111]';) bf)n::;~~,)tJ1lJbf)~~l"j f)::;~~~i~~b~nb'VI~yJ'fl1'~~ 
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4.1 n1'<l'~hA'<l'l~~tK'Jm'VJ~l'WAl'11A~nb'J'GI bb'VJ:J.J b:J.J [pin 'lJ'<l'~UU Batch 

1'] A~n Y 'J'i'1bb'Vl:Wb:w[?i~\U'Wb'Vl AUA~H'~njj'lul)mtJ'l"lJ'f)'1Y'i'1'\.t:::V!~n (Pb2+, Cd2+ bb'i'1::: Cu2+) 

bn'f)'1iX'W'i:(?ltJul)mtJ'l~ bTl (?l~'W"lJ'f)'1 Y'i'1V!:::~'1 3 A'f) ul)mtJl~~n-n'W 
4.1.1 Background current 

011 m:::bb~~ bTl (?l~WJJ'f)'1~l~'i'1 :::'i'11tJUyj byj'f)fl'~:W~ b'f) ~ bb'i'1 :::bb'f)'i'1 ~~Vl~'W~A'Jl:wl.jf:w-if'W 25 m M 

Vil'fl"ll 7 ~'1Vhn1~[?l~'J9rJ(?lrJlrJtJi".lhHh Screen-printed carbon ~'J'I~ntJl'\"J'I~h~Yl(?l'i'1'f)'1 +1 .0 

0'1 -1.0 V bVltJUrl'lJ Ag/AgCI ~'1btl'Wi".l1'\"Jrh~1'1~'1 

4 

3 

2 

::? 
5 1 

i:i.., 
t:: 
:::: 0 

U 

-1 

-2 1-- 25 mM MES and L-Histidine 1 
-3 

-\.5 -1.0 -0.5 0.0 0.5 1.0 1.5 

E (V) 

'<l'tJv1 4.1 h A~nY'J mb'Vl:W Y:w bbm:W"JJ'f)'1~l~'i'1 :::tlltJ,jyj b yj'f) fbii:w~ b'f)~ bb'i'1:::bb'f)'i'1 ~~Vl~'W~ A".ll:W b-if:w-ifU 
OJ ,... , 

25 mM Vl-n".l1yjrh Screen-printed carbon Vl scan rate 50 mV/s 

4.1.2 tJDm~l'VJl-3bAijlvJ.yh"ll'el-3b'GI'VI~ 

4.1.2.1 tJDm~l'VJl-3bAijlvJ.yh"ll'el-3lead (II) 

U~mtJ'l~bn(?l~'WA'f) u~mtJ'l1~n-n'W"JJ'f)'1 lead(lI) ion 
, ," 

background current bb~(JlTl (?lul)nhnVl ~ntJl yj,yh-o. 73 V Vl-n'J 1yjrh Screen-printed carbon 

~'J'I~ntJlyjrh~~mn -0. 2 0'1 0.95 V 

http:A'Jl:wl.jf
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---'/ 

---"" 
--,--

-- ~-------,I 
~ cadmium 

BGE 

-so 

:? 
::i.
'-' 
I::: 
(l) ........ 
;::J 

U 

-40 

-30 

-20 

-10 -0- lead(II) ion 
-- BGE 

-0.4 -0.5 -0.6 -0.7 -0.8 -0.9 -1.0 

E (V) 
, , 

';IUVi.. 4.2 1"1lfl~nt'J'cHL'Vll-Jhmm'l-J"lI'El'l lead (II) ion Vlfl'JIl-JL-ifl-J-if'W 1 mM 1'W~I~~:;~ltJ 

scan rate 50 mV/s 

4.1 .2.2 Unm~TVn-!lb~ij1vJ.yh'll'fl-!l Cadmium (II) 

,jDmm~LnC?l~'W~'El ,jDmm1-~no]'W"lI'El'l Cadmium (II) ion tC?ltJ~ntJ1yj.yh~~n~'El'lV1~'l 
,xn background current Lb~'JbnC?l,jDmm~~ntJ1yj.y:h -0.84 V ~~'J1yjyh Screen-printed 

carbon ~'J'I~mJ1yj~I~~m~n -0.2 ~'1 0.90 V 

-12.-------------------------------------~ 

-10 

-8 

:?
20 -6 

E 
~ 5 -4 


U 


-2 

o ___:::::.:.

2+-------~------~------~======~ 
-0.2 -0.4 -0.6 -0.8 -1.0 

E (V) 
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ltl~ 4.3 1"l1~~n'i:'l~bb'VllJ'i:~mnn-J"lJ'El..:J cadmium (II) ion ~fI'lllJbojJlJojJ'W 1 mM 1'W~1~~::;~ltJ 

U9fh~'elfb'~lJ~b'fl~bb~::;bb'el~~~Vl~'W~fI'lllJbojJlJojJ'W 25 mM ~i'l1~Yh Screen-printed carbon ~ 
scan rate 50 mV/s 

4.1.2.3 t1nm~1'Vll,:jb~i11vJ.wl'lJ'fl,:j Copper (II) 

uljmm~bn(y);'WA'El uljmm1C91'n-n'W"lJ'el'l Copper (II) ion 'i:(y)tJfPTnd1~vh~Qn~'El'lVl~..:J 
oJn background current bb~'lbn(Y)uljmm~fPTntJ1~.yh -0.62 V ~i'l1~.yh Screen-printed 

carbon 'li(NfPTntJ1~yh~P1mn 0 ~'1 0.95 V 

-15 

~ 
:i. -10 
'-' .... 
c 
Q) .... .... 
;:l 

u 
-5 --<>-- copper 

-- BGE 

o 

.1'.,-------,. -;;: 
",/ ----

.,""/ ..,-";-----

-0.2 -0.4 -0 .6 -0.8 -1.0 

E (V) 

'atl~ 4.4 1"l1rl~n'i:'dmb'VllJhmmlJ"lJ'El'l copper (II) ion ~rl'dllJbojJlJojJ'W 1 mM 1'W~1J'~::;~1t1
<U 

scan rate 50 mV/s 

http:i'l1~.yh
http:bb~'lbn(Y)uljmm~fPTntJ1~.yh
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~l'il.:1~ 4.1 MntJ1yjYh~lV1~1::;\?U.J~1~fUnlJ'I?lJ',)9rJ~~')m'Vl AUA1~bAJ'~'V'l A::;~\;'l'i;n1~~~ nl'VlJ'yj 

'e:;~'~~i'J~ nu nlJ'I?lJ''J9rJt?l'Vll'1 ~Amyjy:h ~~uu ~~'elm'V'l'elln~ 1911'lJ'el'l b\;'l~::;~'1~l~ 

Analyte Potential (V) 

Lead (II) -0.73 

Cadmium (II) -0.84 

Copper (II) -0.62 

4.1.3 ~n'Hl(:J'iiI'lJ'fl.:l scan rate 

4.1.3.1 i:J'iiI'lJ'fl.:l scan rate ~'fltlllm~l~!Pln-n'lJ'lJ'fl.:l lead (II) 

7" 1 
flO J-80 

~ 50 j 
- '" I 
~ )0 

U -20 ' I 
w ·1 

-60 !--- +- ---,-- - - -, 
~ " (UU) !l.ln (UO n.)o 0 .40 0.50<C 
:i. (Scan r.a\e)"O .5 
'-" .... 
t:: 
Q) ..... -40..... 
;:J 

U _.. - .. _ .. WmV /s 

------ 20mV/s 

----- 50mV/s 

IOOmV/s 


--_._.- 200 mV/s 

-20 - - -

300 mV/s 

BGE 

-0.4 -0.5 -0.6 -0.7 -0 .8 -0.9 -1.0 

E (V) 

, 

'itl~ 4.5 1,]A~nl'Jm~'Vl~1~~~m~'lJ'el'l lead (II) ion Vlml~b-n~-n'W 1 mM 1'W'i:'11J'\;'l::;~ntJ., 


lJyhyj'elflil~~b'el'i:'1bb\;'l~bb'el\;'l~~Vl~'W~A'Jl~b-n~-n'W 25 mM ~~'JhjY:h Screen-printed carbon ~ 


scan rate 10-300 mV/s bb\;'l::;nnyjbb~t?l'lAr'J1~~~~'WfiJ'~~~l'1m::;bb~nunn~~'el'l'lJ'el'l scan rate 
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-15 

---. lJ.oll 0 . 111 021) O.JO 0.41) 0.51) U.(.tl 

<r: 
:i 

-J 0'-' 

(Sf.::m r<lI<:Y'O.5 

c 
(I,) .... 

_ •• _ • • -.. [I)I11V"~ 

----- 20Il1V:.~ .... 
;::l - - - -.. 5()lnVI.~ 

U - - - - IlJl)nl V:~ 

-5 
_-_._0 200mVIs 

:\00 mVI~ 
••••.•.••••••.•• nGE 

o - ._ ._ ._ 0 

4.1.3.2 1!.J'Cl"lJ'fl-!l scan rate lPi'flunnhJ1~~n.rlJ"lJ'fl-!l cadmium (II) 

-20 r,==================i----------------~ 

-0.2 -0.4 -0.6 -0.8 

E (V) 

,ri'JLi'J'flfb'al_J~L'fl'l:'lLL'Z'1:;LL'fl'Z'1~'I:'lYl~\.l~mll_JL.j[l_J.j[\.l 25 mM ~~')1i'J.yh Screen-printed carbon ~ 

scan rate 10-300 mV/s LL'Z'1:;nJ'1i'JLL'I:'l!?l'lrl,)Il_J~l_J~\.lfi~:;VI~I,:m~:;LL'I:'lnUJ'1n~'I:'l'fl'l"1l'el'l scan rate 

4.1 .3.3 1!.J'Cl"lJ'fl-!l scan rate lPi'flUnmtll~~n.rlJ"lJ'fl-!l copper (II) 

10 

-30 

---. 
<r: -20:i 
'--' 

C 
(I,) .... .... 
;::l 
U 

-J 0 

o 

;.0 
.s 
~ 5 · 

v I 
o l 
no() () 10 

_._0_. IOmV/s 

----- 20mV/s 

- " -"-" 511mV/s 

- - - - IOUmV/s 

31 J1J mV /s 
.. . .. ... ... .. ... BGE 

0.0 -1.0
-0.2 -0.4 -0.6 -0.8 


E (V) 
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.Id 1 = 'i' 'i' 	 d "" 1l'lJ'VI 4.7 "llA'i'1n b'J'iHbVlJ.J bJ.Jllm'J.J"1l!l~ copper (II) ion VlA'J1J.Jl"1lJ.J"1l'W 1 mM 'W~1~'i'1::;'i'11tJ 

u'Vh~!lfdhJ~l!l~ll'i'1::;ll!l'i'1~~Vl~'W~A'J1J.JboiiJ.Joii'W 25 mM ~~'Jl~vh Screen-printed carbon ~ 
scan rate 10-300 mV/s ll'i'1::;m'1~bl~(?)~A'J1J.J~:w-w'Wfi~::;VI~1~m'::::ll~nUnn~~!l~'lJ!l~ scan rate 

4.2 	 b'VI F1UFlb:J.JbFl 'a;a'W F1:;.w~~1~~ b~ nb'VI'a'Vhl~:n~~l'"f'lJ n1'abb~Jn bb~:;n1'a[91'a'J'"l1[91"1J'fI-3 

b~ 'VI:; 'VI'Wn 

4.2.1 ;nHru:;'VI1~bFli:ibyJ.yh"1J'fI~b~'VI:; lead (II), cadmium (II) bb~:; copper (II) 

IlonA 


o so 100 150 200 250 300 

Time (s) 

'a1l~ 4.8 
OJ 

~ b~n t Vl~~tnbm':W"1l!l~ t'i'1V1::; lead (II), cadmium (II) bb'i'1:::: copper (II) ~ A11J.Jboii:woii'W 

1.0 mM ~1~'i'1::::'i'11tJU'Vhyj!lfb{i:W~l!l~bb'i'1::::lb!l'i'1~~Vl~'W~A11J.JboiiJ.Joii'W 25 mM ~ntJ1~vh~H'bbtJn 

1100 V ~ntJ1yjvh~1ojf[91~'J'"lt)(?)~ -0.8 V ~~11yjvh Screen-printed carbon 

q 	 ~ .. I ... J rf a q q .oCII.<C:lI

4.2.2 ~~ 'W b'fl'1!"1J'fI~~1'a~:;~1~'lJn bn'fl'ab'el:J.J'el b'el~ bb~:; bb'fl~ eJ~'VI VI'\..! 

.yjl!l"lliJr.J'i'1(;\!l EOF n1nFl~!l'W~"1l!l~~1~ ll'i'1::; lh::::~VlfiJ11~n1nbtJn (Resolution) 'lJ!l-.:J 

~1~ "1i'J~"1l!l~.yjl!l"ll~'Y11n1~~mj"1 6 .0 - 8 .5 "1l!l~~1~'i'1::;'i'11tJ,ryjbyj!lfb{i:W~b!l~bb'i'1::;bb!l'i'1~~Vl_~'W~ 

A'J1:Wboii:woii'W 25 mM H'r.J'i'1f?i'~lw1n~ 
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lPIl~l':)'V1 4.2 bb~(91'1,"hm'~bb~1vHhbV~~ 0ilu~~~'Ylfin1nbtJn'll!l'l1~VI~vl'l 3 1'W~l~~~~ltJ 


, ," 

HIJl~'d91'(91Vi -0.85 V Vi-n'd1'I"Jvh Screen-printed carbon 


Current (nA) Resolution 
pH OfBGE 

Pb(II) Cd(II) Cu(II) Rpb,cd RCd,cu 

6 7.35 7.35 1.87 - 7.75 

6.5 1.98 14.81 7.88 2.58 2.51 

7 13.49 25.71 17.09 1.91 3.33 

7.5 13.25 18.48 10.99 2.18 2.31 

8 14.69 20.42 13.69 1.45 1.18 

8.5 11.38 11.89 10.35 1.79 1.05 

g., cv Q./... I .... 1 d' Wi .c'lI .q ,q.q

4.2 .3 I!J~ ~'Jl:J.J b"lJ :J.J"lJ'W"lJ'fl':)~1~~~~1~'lJl"l bl"l'fl~b'fl:J.J'flb'fl~ bb~~bb'fl'CH1~'V1~U 

-rl'd'l~y'i1n1~~m11 10-25 mM A'dl:J.J b-if:J.J-if1-J'lI!l'l~l~~~~ltJU'I"J b'I"J!lfv3:J.J~b!l~ bb~~bb!l~~~Vi~'U 
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A 
16 


14 

Cd(lI) 

12 
: ~ 

5 10 

C 8
g
U 6 

4 

2 

O+-------,-------r-------.------,.------. 
10 15 20 25 30 35 

Concentration (mM) 

Screen-printed carbon 

4.2.4 ~ntl1vJ.yhvh....,:J..I1~'Cl:J..I~l'VI~'I.Jn1'i(Wil1'"11cn1~....,~ lead(II) cadmium(II) ion bb~~ 

copper(II) 

~_d 

c 

o 100 200 300 

Time (s) 
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'iuv1 4.1 0 ;Sl~nt'Vl:i'YJtnlnnJ".lI'El'l lead(ll) cadmium(lI) ion ll'Cl:;copper(ll) ~A'Jl:Wl-iflJ-if'W.. 
1.0 mM ~~ntJ1yj.wllY1:i''d9rJ(7l (a) -0.99 V (b) -0.85 (c) -0.80 (d) -0.75 (e) -0.70 V f1ntJ1yj.wl~ 
HlltJn 1000 V 1'W~I:i''Cl:;'ClltJUyjlyj'Elfl~lJ~b'El~ll'Cl~lb'El'Cl~~~~'W~A'dl:Wl-iflJ-if'U 25 mM Hb'd'Cllb'W 

4.2.5 ~n~1vJ.yhv1b'VI:J,JI::'iil:J,J-il'VI~Unl'ibb~nb'CI'VI:: lead(lI)cadmium(ll) ion bb'CI:: 

copper(lI) 

(a) - HVI200V 

~ -,1 ~ .~, 

E 
~ 

U" F1.,2~ 

IOnAI 


0 50 100 150 200 250 

Time (s) 

(b) - HVIIOOV 

o 50 100 150 200 250 

Time(s) 

http:f1ntJ1yj.wl
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(e) 1- HVIOOOV 1 

50 100 150 200 250 

Time (s) 

ltJvi 4.11 ~b~n'L'VIj'YJ'Lnbnn..J"1I'El'l~lj'~::;~ltJ lead(ll)cadmium(II) ion bb~::;copper(ll) ~ 

fl'Jl~bO]~O]lJ 1 mM ~~ntJlyj~l~H'bLtJn (a) 1200, (b) 1100, (c) 1000 V 

. 4.2.6 f'l'Jl:J.,J~:J.,J-vr'Uth~-:Jbi'lJ(W.l-:J'i::;'j..d1-:Jf'l'J1mi:J.,Ji'U"lJ'el-:J~1'in'lJ~hn'i:ab~1vJvhvi 

1vlr.nn n1'iIn'i'J~:r1n (Linearity) bb'tl::;;i 1nf'l'J1:J.,J~1:J.,J1'if;)~1~1n"l'Un1'i~bf'l'i1::;~ (Limit of. 
Determination; LOD) 

1- -------.------.--- ..--.-..----- -. 
i 12 
I 

I 

! 
I 10 

8 
,.-.., Pb(II)
--<c:: 
'-' 6 
......c:: 0.0102x + 0.2829 
(\) 

4t:: = 0.9977;:I 
U 

2 

0 

0 200 400 600 800 1000 1200 
Concentration (uM) 

y = 

R2 

~ntJl~~l~H'bbtJn 1200 V ~f1tJl~~l~(?lj''J'''1rJi?l~ -0.8 V 1lJ~1j'~::;~ltJtlyjLyj'Elfb~~~b'El~bL~::; 

bb'El~ ~~Yl~lJ~ A'Jl~ bo]~o]'W 25 mM H'b'J~11lJn1nbtJ n 3 ~lJ1Yl 

: 
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~-..-.- -.-- - ..--.-.--.--... ----- ----- - - - --------.. ._.._.- . __.. _.. _ . 

50 

I0 200 400 600 800 1000 1200 i 
i 	 Concentration (uM)
I - --- _. _._------	 ._J 

~u~ 4.13 Lb~ ~l'lrl'dl3_Ji3_J~'i,Jjfb~,n~'i,Jl9lJ''lJ'~VI~I'l rl'dl3_J bojj'3_Jojj''i,J cadmium (II) flUfOl1 m~bb~hHh 

Mntllyj~I~HbbtJn 1200 V Mntllyj~I~19lJ''J9rr!?1~ -0 .8 V 1'W~IJ''tl~'tlltlUyjLyj'E)fdi3_J~L'fl~bL'tl~ 

bb'E)'tl~~Vl~'W~rl'dI3_JLojj'3_Jojj''i,J 25 mM Hb'd'tl11'Wn1J'bmn 3 ~'WIVl 

.------~--. -----~---.----.------------.-

i 
16 

0 

o 	 200 400 600 800 1000 1200 
Concentration (uM) ! 

.. ' .__.__..____.__.___.. _________.____________________._____ _.___________._- .. __..____l 

'iuv1 4.14 bb~!?1'l rl'JI3_J~l_!~'Wfib~'l b~'Wl9lNJ'~VI~I'l mil_! boif3_Jojj''W copper (II) flU fil m'::;bb~1yj~1.. 
~ntllyj~I~Hbbtln 1200 V Mntllyj~I~19lJ''J9rr!?1~ -0.8 V 1'i,J~IJ''tl~'tllmJyjbyj'flfb~3_J~b'E)~bb~~ 

bb'E)~~~Vl~'W~rl'Jll_!bojj'3_Jojj''W 25 mM Hb'd'tl11'Wn1nLtln 3 ~'WIVl 

~!?1A'JIl_!~I3_JIn1~1~!?11'Wn1J'~bAn::;'tf (Limit of Determination; LOD) Vll1~91n 3 SIN 
q 

45 

40 

35 
,--, 30 , ~ 
t:: 25'-", ...... 
t:: 20 

t <lJ ..... 
15! ..... 

t 
:::s 

U 10 

5 

0 

Cd(I1) 

y = 0.045h + 0.411 

R2 = 0.9958 

i 

,--, 

~ 
t:: 
'-" ..... 
t:: 
<lJ 
t: 
:::s 

U 

14 

12 

10 

8 

6 

4 

2 

Cu(II) 

y = 0.0101x + 3.3868 

R2 = 0.9949 
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.. 

4.2.7 'VI1A'Jla.JbbaJ'Wih (Precision) bb'CI::; A'Jla.Jf.mlPl'fl..:J (Accuracy) b'Wnl'iIPl'i'JIQj-JC9l

OJ 

b'CI'VI::; copper(II), lead(lI) bb'CI::;cadmium(lI) ion• 

Peak current 
Metals SD %RSD 

(average) 

Pb(II) 9.28 0.39 4.20 

Cd(n) 	 26.23 1.38 5.27 

Cu(n) 	 13.15 0.52 3.92 

, d 
4.3 	 'VIlma.Jlrub'CI'VI~ lead (II), cadmium (II) bb'CI::;copper (II) ion i.'WbA~'fl..:JIPla.J 

1Pl1'il..:J.y1 4.4 ll~(?1'1 %recovery 'lI'tl'l lead (II) 1'W~lern 

%recovery 
Concentration 

Pb(II) ion 
(flM) 

1 2 3 average SD %RSD 

1000 101.71 101.20 106.68 103.20 3.03 2.93 

750 100.14 99.26 103.77 101.06 2.39 2.37 

500 94.45 100.97 96.76 97.39 3.31 3.40 

250 81.76 82.33 90.63 84.91 4.96 5.85 

d 	 ~ 

1Pl1'il..:!'Vl 4.5 lb~(?1'1 %recovery 'lI'tl'l cadmium (II) 1'W{mrn 

%recovery 
Concentration 

Cd(n) ion 
(11M) 

1 2 3 average SD %RSD 

1000 98.67 96.73 97.11 97.50 1.03 1.05 

750 103.36 105.58 107.80 105.58 2.22 2.10 

500 95.46 97.69 93.13 95.43 2.28 2.39 

250 109.03 109.41 105.26 107.90 2.30 2.13 
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1?11'l1.:Jv1 4.6 lV~!?1~ %recovery "lJ!l~ copper (II) lwJl~n 

Concentration 
(~M) 

1000 

1 

100.91 

2 

97.74 

%recovery 

Cu(II) ion 

3 average 

99.00 99.22 

SD 

1.59 

%RSD 

1.61 

750 102.05 105.58 106.11 104.58 2.21 2.11 

500 

250 

90.75 

101.49 

94.75 

102.82 

90.28 

95 .77 

91.93 

100.03 

2.46 

3.75 

2.67 

3.75 

I I 
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~l'W';')~tJddJ'W-:jl'W';')~tJ llm~1-n l'Vl rorwAl~tm~'V'j~ l~ n t 'Vl~t m~l:'li'd~ niJ n1 :i'[ij~'d'"ltJ(?1'Vll~ 
lAmyJYh lliJUll!l~ l'V'j!l tn~ l'I1-1'Wn1~';') lAn:::tfVl1mm rut~VI:::Vl1!n1'WlAi!l~ ~~l.J~:::;lJl'VlJl ~n 

t:-J~1~ ~~1'W~1'W';')~tJdlJ1ll:'l'W!l1~l~'W~~t:-J~~"1l'f)~n1~Hl'Vl AtJAd lo]1,,\ 1:'l1l-Jl:i'b)';')lAn :;tf~l~lJ1!lth~ 

~'d(?1l~'dJlltJ11,,\l'd~1 3 ';')1,,\lVl th:::~'VlfiJll'V'jn1J'lltJnl:'l~ 1'd~!ln1:i'l'I~'d9tJ(?1 ~ltJ~!ln1:i'';')lrln:::tfll~:::
'IJ 

1-nm~1 rul:'ll~ii!ltJ m~t:n l'Vl AtJA'Vll-:jlyj-yh lA~ lolil~li'd~ l'I~'d'"ltJ(?lbti!l~91 nt~VI:;n A'dl ~(·h b'V'jl:::; 


~!ltllJmtJ1'Vll~1yHh bA~ b~mJl ~li'd~nul~tA~~'V'j A:::~ ~~11-Yll1~b'lJ1,,\b'Vl AtJA~l 'd ~!l m:i' 


l'I:i''d9tJ(?lbl~:::;1M (?l A'dl~l:'ll~~b)1'Wm~l'IJ''d9tJ(?l ~1 


~n~ru:::;t(?1tJ'VT'd ltl"1l!l~1~tAJ'~'V'j ~'lJ1,,\1 (?l b~n bVI~l:::;~lV1fiJ mJ''V'j n'V'jl bA~ !l'W~ (porta ble) 

lb~:::l'IJ''d (?ltJ(?11~ b~'d bVl~l:::niJm~';') bml:::;tfI:'l1~11,,\l:'lm1,,\~91-:jl~I:'l:::;(?l'd n ~~1'W~1'W';')~tJ~1,,\d~1~1~b) 

VllI:'lJll'd:::~bVl~1:::1:'l:W~lV1fum~l'I~'d9tJ(?1t~VI:::; lead (II) cadmium (II) bb~:::; copper (II) 1~'V'j¥!l~ 

vY~tl~:::;tJnl'l1-nb'VlAtJA~-:jmh'dVllm~lrut~VI:::;vY~ 3 11,,\lAi!l-:j~~tl~:::;bJl'Vl Jl~n 11X %recovery
q 

• 
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