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~he proc~dur~ that has b~on d~voloped by P. M~ric Bm , 

Il! . ,jlstruc , a nd X • •• ndriou [ lJ for tho deterrainotion of 

Idne tic p aram<.. t e l' s of 8iopl0 ul t:lct r ode reactions using 

nornal pulse polnrogr s phy has bu ttn tu s ttld by applying 

the tl:chni quo to gUllsi - reversibl e po l nrogrRphic el ectr ode 

r uc.iuctlon of Zn(II) and , to irrt:t vc roib l e pol arographic 

electrode reduct ions of Gr ( 111 ) and Ni(II) . ~ho obtained 

I ~ inetic parGUlcterc have butln coopered with va lues computod 

with previously cctablishud llu thod s . 

Hn alternative 510},l ur procedure for t he ev a l uat ion 

of kinetic pararlwtcr s of s i IOplu e l e ctrode r e actions by 

norLlol pulse .,!.'o l c,x0Lr a hy h au been proposed . 1.'ho c c thod 

has boon devised. by for mul ating s inul t uneolls equations 

froIl the logarithr.lic form of rAatsuda ' s equa tion [2J for 

the r ate constflIlt DJ1d usinG cX].Jl! riI!lt:ntnl paraI!lcters of :, 

th t~ NPP wave , namely , the half WH V C potenti a l Ey2 and 

three quart er wave. pot vntial E;/4' Thi s techni que has 

been t est ed on th0 rbovQ nent~oned ~ lcctrode r eduction 

of Zn(n) , NiCn) , ond Cr(nI) . lwsults obtained are in 

Bood oBreeOtnt ~'lith values CODlJuted by other methods . 

Httcmpts have 0.1 80 been cade to s tudy the e ff~ct of 

th~ support ing el~ctrolytc concentration on the kinetic 

pnrRnlct ers . 
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1 . n;'iHlIlJUCTIOH 

Norrnn l puI s .... l't l Hrogr a phy (nPF) \illS t1.eve lopod ori­

ginally by G. C. Be'.rk e r [3J as an out Growth of his work 

on square W1.ve pol..:-roBr llphy . No\"ndnys , NFl' h os bec ome 

one of tho IJIos t ru\;-.:rful nnd nppli c l1bln e l ect r oflna l ytic a l 

tt!chniqut;ls bl;;lcuusu of its hi (1h(!l' olmsi ti vi ty [ 4-7 J . J\ 

~rlJut potentiality of HPP has becn r ccoBnized Ills a for 

the tlot e rIJinc tion ~) f kinetic ])Ar Htll..! t e re of sioplt: el c c -

trado r eactions thurc by I lmclinB i t scl! to wider utility 

in eloctr ochomic.l s tudies . 

J!. Generl' l th ... ry of HPP curr ent-potent i al curve bna 

blHJn dc vc lorcd by PlAtsuu a [2J f o r 0 oio1'10 LlectroJe r~­

nction p r oc"cdinr: a t he cxpllnd.in~ plHnlJ e l e ctroue . 

Other extens ive th .... or ctic nl stuuies hnvo also boe n I!u>.Jc 

b~' vnrious workurs [8-12J . 

Following tho s tuuies uf 1:-llrry and Oste r y oung [4J 

on r e versible: WUVv5 , se ve r nl pnpe r s h nv e l1cA.l t with m--p 

fo r stuJying the ! inetics of siDple e l nct r ode r Hf1 ctions . 

FrOIl the curre nt- po tentinl r e l ation of lkrkcr un u 

Gar une r [12] , J . li . Christ ie ct . u l [l3J ha v e deve l oped a 

nut hod for (. valuating ldnotic pnrnmt' t;i~ rs and the y npplied 

the t:J.cthou t o the rt!uuction of Zon(II) in varying c o ncen­

trntions of NaNO:; . l\oryt A. [ 14] h as studied this systeo 

by rnpid. pol i"J rogr. _ hy . Using the Gone current-potential 

equation of Ber k(;lr t Oll Gardner , OlUhoc nnJ. Parr y [15J 

h llve a l so proposc,~ 0 lOBnri thrlic oxpressi on for a totally 
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irrev(!rs~blc tllectrotle r eduction fron \ihieh kinetic p. r e.-

Ile'ters arc determine.b I e . ~he r e l Ation of Ol J.hac DnJ 

Parry eM al so bc.. t;vo l ol't..;u fran the C uAtion of MatsuJa 

(2. J . L. Cncncho r..: t . 01 [ 16] have a l so SU(mcst~d d i ­

f fere nt mat hCl!llltic:ll r l; l at ionships f or nn irrcYu r siblo 

clectrol!e r uducti on frau thL:: soluti on given by Galvez 

/lnd Hur na [8J . 

HtJ cently , P. Mc.. ricnr.l ct . nl (lJ hove developed a 

ne\{ graphic" l procudure for tht: detcrl.:lin8t i on of kinetic 

pHrl1l.~etQrs of sinple el cctr()~le r(J [\ction by NFP . Thl.l gra­

phicnl oethodG of th{;.se workers hnv~ b~en uevised from 

fi~Tster1:ltic v ariation of the kinetic pnrnIJl.;tl;rs intro-

duced ~ither in closed foru sulutions or in J lgital 51-

nulntions . The mc,t;hod has bUtJD appl i ed t o tho r ed.uc t i on 

of zinc in po t nssium nitrAtc sulution which hnt! ulrcRily 

b(~en used as El t ..:.~t [17J . The poss iblo app lication of 

the oothod for an irrl:vl.;rnibln electrode r euuction has 

a lHo beiJn sugEestuu [lj . 

In thi s \ ork the ol;thud of P. Ue rican ~t . 0.1 [1] h ns 

bl~en applied anJ. tustl..J. on thl: unsi- revlJrsibl e po1.1ir o­

Graphic elcctrouc r~duction of ~n(II) in vnrying con­

centrat i on of NaN0
3 

tht: t hUll o.lrendy be on stuuied by NPP 

[l3] nod rapi d pol'"rogrnphy [ l4-J . The t ost h~s nl so boon 

e:n:; cndeJ t o the p.)l progr:1rhic el ectrode r eduction of 

Ni(II ) in vnrying concLntrHt ion of KN0
3 

AS n supporting 

oloetrol yte . Ni( II) h ad boon stu<liod [lS] by d e polnro-

grllphy in 0 . 1 M KN0
3

• JJifferont \'Iork s on tho e lL. ctroue 
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l~ine tic s of Zn(II ) nu Ni(II) enn bu [(JUDJ in r\,!ference 

19 . The nppl ic 'lb1.1i t y of tho P . Hl:: ric Am m(; thou is Also 

checked. f or the t vtl' lly irr t.:vol'sib l c 1 ,o l o ro~ruphic 

el ectrode r 0uuct iun of Gr (ll1) in uiff~ren t c onc~ntration 

of NaCI04 as 11 supporting ult:ctrolyto . r:'hc rcJuct i on of 

Gr(ll1) a t the Ilr01Jling clJrcury electrode hm.!. beto stu-

died. ns a functi on of both ul uctr oJe pot(:ntial nnd. 

HaGI04 c onccntrntion by H. Jlndr ou ll t AI . [20J using 

r apid l)olurogrnl'hy . ~hc rntu of rctluction of Gr(llI) ot 

DIm using Dormnl de p o l a r ogr aphic Method has nlso been 

Btwlied. by F . G .1neon c t Il l . [21] I Anll by H. Pttrsons a nd 

E . Pnsseron [22J in an uttl,,)ll), t to sunrch .for tho pot en-

tia l ,It:penJ.enct:J of thl; trAnsfer c oefficient . Various 

stu~ies on the ~luctroue kinutic8 of Cr(III) have been 

cU I~pil tJd in ref orencc 19 . 'l'hn vnlidi t y of the P . Hcri-

C lll~ et a 1 . metho(l is ustnblishthl by c Ol!lpnring the r esul t s 

ohta ined. \'lith vl1u~ s cOr:lputed us ine; thv to..:chni'1uus of 

J . H. Christi~ at ;,1 . [ 13] and ul dhhlJ nnd Fur r y [ 15] . 

In thi s stu·.'y simpler Dunns c) f uxtrncting the 

kin Htic parRtl~tdrs of sinplu e l octrotw reactions hos 

bULU pro}?o s 0d . The t t: chnique h ns b(;en Jt.3 vclopcd. by f or mu ­

lilting s i oultanuous equntions frOD thu lognrit~ic f or o 

of Untsuda' s f.:qu'1.tion [2J for thl., r Rtt: constant nnd tho 

cxperinental v nl ul!s of thtl thrue qunrt (.; r wn vc pot(;nti c.l 

E3/
4 

anol thcl hal f Wl'V~ pot nntia l Ey2 of tht.; NPP wave . 

The oethod. UCViSLcl has b(;(;n tc!:)tuu on tho pruviously 

I~c nt~onuu quasi- r ,,;-vl., r s iblli 1..1 lJ ctrvuc r u..1uction of Zn( I I ) 
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and the t otally irr~vcrsil)le oll;c trooa reductions of 

e r CllI) anJ Ni(II ) . Ttl{! results obt n iDlH.! arc in 800..1 

l1(!;r cenunt with v.,luf..8 u(;tcrr .. inu by the nbo vlJ Ilcntiont:u 

tuchniqucs vf J . H. Christie ct 01 ., tJl (lh ao {\nc.l Parry , 

and F. MtJr i cam e t 01 . 

The lJOr]c has 111so blam extended t o tht: stuJy of t he 

influence of 5uPk'ortlnc e l t:ctrol yto conccntrutiun on the 

ulcctrouc kinutics froo the oJ ff ect on h (; experiI!ltmt a lly 

<ioteroincu appn r ,Jnt vnlucs of thu kinetic parA.I!letcrs . 
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2 . TIIEUHY 

El ectro.J.c rc 'ctions ~ru hutt;rog(.;noll3 procesa~s whose 

kinetic s ucpt...nu (\n thL rotc of chl!r!)c trnnsf cr , cass trRn­

Hfer , possibly tho...: r fltu of chcn)..cnl rUllctl.ons coupled \Iith 

charGe trnns f ur , .... nd other sur face reliction , such HS odso-

r ption , ul;sor ption , or crystllllizatiun . Becnuse of the 

h U1;c. rOr;cnous nA.ture of clt~ctro:.lt:! prosvsscs , the i r kinotics 

ir, profounJly aff oJctuu by th~ doublo-lnyt:!' structurt:! and 

by adsor ption of r(){ctnn t s , pr oducts , supporting el cc tro-

l.y t u- , and. nny aJ.-1i ti Vl! . ':rht.: siwpl~tit rel~ction inval v(.;s 

only nass trnJ1Sf(;l' c f rc.:(!ctllnts to th~ ulectroue , hfJt(.ro-

gUllOUS e l uctroD- tr narur involvin[i nonndsorbcu speci..:s 

ll1ld rl'lSS transf er of the product to the so l u t ion . In this 

chapt e r lcinctics of such sinple ~ l cctr(),Jc r cnction s m,J 

nc t hotls of dett..rLlin~ng thuir kinlitic pnrlluet l:1S by nor nnl 

pul se pol Ar0gr;;.phy 'Wi ll blJ discussuu. . 

2 . 1 Kinutics o f Sitlplo Ell.!ctrod.o lWflctions 

C(Jnsilcr 0. sinple e l ectr ode re~ ction , desiEnllt (.u 

by 

~ 

k 

- -' R 
(1) 

0 + ne ~ 
<--
k 

where both r(; .... ~ctnnts 0 anti R Pro nssUDcti. t o be 

s oluble in solut~on ur in tho c.l.roppinG llur cury 
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..L.'hu r~td of thl.l forworJ reuction 

- 1 
.'"Inu thL bl1ckwt~r<.1 rep-etion Vb (mo l s 

Vf 
, k Co(X,O) • i c/ nF,\ ( 2a) 

<-

Vb , k CR(x-O) , i a/nF,\ 
(2b) 

-" '--
rJhe r e k anl.i k "Ire t he forwfirJ. ond back\Ulr d hl.: t ero-

trUnous rot..: canst:"llts r~!3pcctive ly nnll hnv e a dimension 

co - 2) 

- 1 3 of eLl 5 if t:hlJ cuncunt(.;rutions fU'U l.xprLsscJ. in Do l cm- • 

~hc rate con;~tr.Dto arc ~lvpenucnt un pot(';Dt ial , E and 

clln be 0xvr \.;sstHl ns 

nFE 
RT 

. 

I 

r ( l - Cl)nFEj' 
I, R'l' 

~"T --' 
wh ort;; k O nn.] k ~r~ th(: vr.luo o f k ond 

"-­
k when 

E=O, on an arb1tr. I'Y potl;ntial scnl t; und. a. i s a tlim~n-

sionl uss parcmct..,;r cflllull cnthodic trnnsf~r coeff ici ent 

Hhi ch is P.D intr in::>ic char<lctt!ristic of thu given 

char ge- t ransfe r r~ ction . 

r llt;c 

.. f or mor lJ us .... fu l pottmtinl nt whi ch to dl.:f i nc thl: 

const'Ults is lih<.. fonlll l stfmlillrd r edox couple EO 

\Jhe r e EO h'lS tho usul11 th~,rnodynnDic siBni ficnnco . 
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"hen E=E
o

, CO(X=O) = CR(X-U) lind Vf - Vb ' 

aml 

-> 
o k cxp 

. ...._u ,..c.. 
,~~~ I 
. NT _ ... 

,-
leo 

Thus k = k 

o k denotes the hutcroBonous rnt~ constant at EO and is 

terllotl the stnnJ.nru rotc conotnnt . 

Equation (4) r,BY be fmbstitut.d in Eqs , (0) nml 

(3b) t o yield : 

(5a) 

(5b) 

The value of leo is chornctvristic of n ~i ven 

elcctr oUc process . Its physicnl l.ntl;rprt.:tntion is 

strni(jht fOr\'it.rJ . It is siully n JJf.:ll!3UrU o f the kinetic 

fncility of n r~ :lc' couplo . H systt.:L with l'lrge kO viill 

achie ve equilibriwl on n short tim; BCl!lt.: , but a system 

\vi th m:Hlll kO \iill b .... sluGGioh . 

The c 'lthodic trronsft.;r c,jl;fficient , ex , "hich chnra­

ct~rizes th~ ulcctrcdc kl.netics to~cth\..r with kO, tletcr­

nines whllt fractiun of thl: (;luctrical L;nergy resulting 

froro the displucl>r:t. .. nt <.;1' tho l'otl;ntinl froD the uqui­

librium value Aff(~cts th(.; r at ... of L:l<.;ctroch(.;oical tran-
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s f or Iln t ion . In tl,...rt:.s of f r tJc Unl:rgy- vs- r l:t1ction coor di ­

nnt o ld ngrans [23 , 24J it CllD be p r oposL:u thct t ho hoi ght 

of t he activation (;nl..'rgy of tht forwnrll r G-o.c t ion i s 

HI t l r ed by SOD~ fr,lction ex. of tht.: tut01 f rtw I.!nurgy 

cJHmgc r (.;su l ting froc thu potential Jif fcruncu nt tho 

el uc troJ.e- so lutiun i nterf' co whtm the ruuuction occurs . 

The SBIDe I1G8u I!lpt L(ln rcquirus thnt thL. Bctlvntiun tml: r gy 

fo r tho r overse 1'0 et ian is nl t crcu by I-ex. of tho t ot31 

frue t}flor gy . The v/Iluti of cx. l i~u bct\wl:n 0 fUld 1 . 

The n~ 't r a t (; 1 V
n

, \;,hich ut:tL: r Lincs th,} cnr;nituJ.e of 

t h0 c ur runt i 1 is l,i v on by th(; tliffcrl!ncc bct \;lecn tho 

fo r \vp r u onJ. r (:V\;l:rt;C; r:"lt05 , GO thAt 

r~hus : 

->. '--
i c nF" [k Cu(x, O) - k CH( x'O))' i c - ia 

i 

nFA 
( 6) 

(7) 

Us i ng Eqs . (6) ond (7) tho co~pl ot0 c rront- pot cn-

tin l oquati on i s rlI'i ttl;n BG 

i = 
r - o:ru'(E-J;°) -I -
- R~ -

tDC!' 

( 8 ) 

}l'or vor y rllpi~l ol ectrodu kinetics , o r fo r r evIJrsibl e 
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processes it eRn b~ shown that the Bencrlll currf.!nt- poten­

tiftl r~lation (.Bq . (6» r thiuces to the Hurnst rt.:lAtion : 

o RT E=E + I n 
nF 

co,x.o) 

CR(x.O) 
(9) 

~~his class of elcctrouc processes nrc ch;~T'ncterizod by 

lurtju value of kO , <' nu. thl; currt.nt usgnitude at all 
~ 

potentials is con::lidcrcd to be inucpendtmt of kO, k , or 

k within the litlit of experiMental error of method of 

twnsur nent . 

\.hen the eluctrodc l~incticB Are very slugGish (ko 

is very small) , tho nnoJ.ic (lnu cathouic terus of Bq . (8) 

are never siuul t Ull,;ously significant .. Thnt is when an 

appreciabll;l net cdthouic current is f10\ling , the second 

tern has u necrligibly suall uf fuct , enJ vice VLrsu . For 

SHch lcinds of elt...c1.rodE:! r~l]ctions , thu reduction p rocess 

lS solely gcvcrnIJ,l by k flnd the oxid.ation process by 

k . ~his type of ul(;ctrouc processes C.rc called. totally 

irreversible I;!l,~ctrcd.e proccssl:s . 

.El ectrode r e,'ctions are not always vtJry facile or 

very sluggish , an',~ the whol!.; i-l:; chnr<'ctcristic Dust SOClO-

tiues be consi~ldrc,' . For these 'typos of clectro'le pro-

ccsses called. qU('\bi-rl:vcrsiblc l:1t:ctrod.e rroccssl:S , the 

conplete cathematicel description requires inclusion of 

terl1s involving both k and k . In this class of 

clec~roue processos tho cngnituue of k ~nu k arc comp~-

rablu . 
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In oxpiJrim~n" ~ uot.uruinntion uf tho j~in(;tic para­

neturs , thu rcr:ct1ne SP1.:CiUB in the ini'tinl nnu flnRl 

S1;atl.S of tho reilction nrL' uGually to be locntt:i.l on the 

solution side of the double 1,Yl;r . .\5 n consequence of 

this assul1j1tion the pnri~r:Jct.urs aru nffl.!ctuu by the 

Btructural chaIlBC: of the cloublo lOYl.!r .. For cxnl'lplu the 

ntnnunru rate constont kO for {l givon electrode rcnction 

nitSht be n function of thu nnture of supporting I.llcctro­

lyte or the supporting ol ~ctrolytu conccntr 1tion , l.vun 

when no npporcnt bulk rt::flction involvinB oloctrolyte ions 

occurs . Tho..;sc ~ff0CtS C.:ln bo uml.urstoou nnrl interpretod 

in torus of the v~rirtionB of the pot1.:ntinl in the double 

layur region . The btlG1C conCI1pts \Yure duscribeu by 

)~rUlakin [44J nnl vhe uff\,. o t ill SOIJctir:ws cl1llcu Prumkin 

effuct . 

Under th~ asslmJtion thnt the ~lcctroue rCflction 

procueus at thl: ouc-tor Hulmhol tlo 1'1 nne 1 tho Frumkin lloubl o 

layer effect on the ltinctic pnrnr:lt; terG is £;i von by the 

follO\:ing equati oll::> : 

(lOa) 

( l Ob) 

h'hure the pRramot~rs with tht~ suuscript IIt ll denotes 

the pflraoetl:lrs correctud for }'runkin effect , Zo the 

c1wrgu nU11ber (Hi th siGn) of thu SI·t..:cil.!s 0 , nnd f3~ is 
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the uldct ricil pOliential of the CJut t,; r Heluholtz lo.y(.;r 

rl:furrt.:d to the: buD .. of solution . 

~h~ ovtrall cffwct uf th~ double l uyer on kinetics 

13 that thu appar;mt quantities , k O oml Cl , nrc functi ons 

uf potentinl , throuGh the vnrintion of ¢2 \/1 th E . They 

are function of the 6uPl-,ortlnB t.:luctrolyt~ concuntr~ltion , 

111-; \;ell , since ¢2 u(.;].ll.mJa on the GUPlort ina ulc:ctr olytu 

concentrat ion . 

2 . 2 Horenl I-uls (;: rCllnrol';rnphy 

In puIs ... ro1.'1rOe;raphy A. BinGle re:ctnngulRr puls("; 

of short J.ur 'tion rf:r r:wrcury trot is nplllieu Inti.: in 

the drop lif\..; (3- 6J . .,ineu thu crtpncit nnce curr c.:nt 

uu c ays much nor!..' rapiuly thon tht.: f:'r'ldic current . 

tlH~ current I1c[1suruJ. ut 20 - 40 116 nfter the pulse.. 

npplico.tlon i:3 ess .... n tinlly fnr.!dlc . 'J:lhl; l.'olarogrElu 

is 11 p l ot of "liht:: f::ril(lic eurrl:nt pr ouuct:;.l by the 

l'u l s{;s vursu!" tlh(.: opplit:u !,ott.:ntiHl . .Illlnlytic:1.11y 

the chie f il v:.ntnl3c of pulsu pull' r oGrRlhi c rJetholis 

over conventioncl de lol:.rugraphy ic th(;ir Abi lity 

to discricint,to chnrt;ing C,Jrrt;nt . ..Jupenclint; on the 

appliad vol t flbv functl0n Hn(t the oet hod of currl.!nt 

uvterminatior , various kin.is of puls\.! I=ol .. roernphy 

f'lny be dis ti ishvd , of which the two mos t icpo-

rtant ar(; clifft. r cntl.Rl "n,l nor r:wl rulse l-olnroe;rn by 

(NFl)) . \Ihat follo\'is ia n th~orctical iscussion 

about the l cn:;t ... r . 
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In N"J?P thlJ .l.. .. ctrodu is huhI. at D COD2t:mt I (lJ.just ­

able base voltngc (El ) , ~lt which nuc;lieibll.: ulectrolysis 

occurs (FiB . 1) . hftt;r n fixed wdtin(; period. C, r.lOa­

sur~J fron the birth of ~hc urop , th~ vnluc is changeu 

abr upt ly to ~nothor cunstnnt vnluo E2 for A Rhort 

per iod . 

ii-i\Jl 
E -----------------------~==-

1 t' 

i 

0 

E 2 

E 

, 

I 
I 
1 __ __ --,. 

a 

( 9 t' s 
b L ____ __ __ _ 

-- -r:L' L -, .. I I 

___ ---'I : 
I -~-. ',\ -----------=:c:--

Ss t' c 

Fig. 1 . Bampl i schemo f or noreal pulse pol arography 
(a) iotentia1 prograc~c (b) ~urrent and (c) roten­
tial during a singl e dr op ' s lifo tice 
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~he potontial pul~3 is bndel by 0 return to a bns~ vnlue 

El o The current i:-- sOllph:u at Fl tir:1c 9
5 

neHr the (;n1 of 

the pulse , 'ill(! a ~,ign, 1 pr oportional to this sl1I!lplcJ 

value is r eco J.'ueJ. . ':rhe c.l rof i:-; uislouButl just a ft e r the 

pulSt; ends , and the rJholc cyclt-: is rl:pcntcu with a. seri ­

es of pul scs of illCrE:.llsing height . 'fho plot i s th~ 

output curr (;nt vt;;-rsus l:itep pot(.. ntiAl 12 0 The i /E curvo 

obtnint~d resuI!lb l us an oruinary polnrOural:l . 

H. Uatsuda [2J has Biven n Bonural equation for thu 

current - potenTial rc l ntlon for norHnl pulsc; polaroGraphy . 

For 8
5
/ C ~ 1/30 , r/hich C:l.y be sntisfiud in usunl oxperi­

r.1tmtnl conJitions ) 

(i~) Gott 
(), 2>1ls) 

. c 

" ~NFF 
, 

1 + "XP ( ~ 2) 
( 11 ) 

~vhere 

(i~) Gott 
ru'J\Y DoC~ 

, 
V rt-g

s 

(12u) 

--" '-
112 , k2 /VD 0 + k o 

~ 
/VDH 

(12b) 

(12c) 

r 
Ei/2 

, EO _ (RT/nF) (12d) 



• 

.. 

- 1'> -

I n or lcr to cx:minc thu behavior or a I,·ul s!;; l ,olaro-

gran , it i s convc ni \..nt to ~lt.. riv(; nn ~xpr~ss ion siuil ar 

t o the l og- plot in de pol nroGr nlJhy . 

Cons i dering the; liI.liting CHao of r uv(:rsiblc waVeS , 

0( 12" 9 ) i s cqu(1.1 to unity wi t hin nn error of 2i. , when s 

( tl2Vlls ) ~ 5 . IhtDuda (2 J hOB shown thnt this inequality 

can be expressecl as : 

hlhc r e 

Un<i(:: r such c unliition , Eq . ( 11) enn bo sinplifil!d 

into 

or , solving Eq . (14) Hi th r cspt..lc t to E2 , 

E2 = ~2 - CRT/n}') In (x/C I-x)) C15.) 

I/herc 

.c I C·C) x = ~NFP ~d Gott (l5b) 

For n or l;}al puls(.. l;ol nrouruws of quas i-rtlv~rsibl~ 

{lJ'Hl i rreversible sYEi tlJ !..3S , H n l.lW l og IJl o t vms de rived 
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by Mntsuda [2] using an apprOXiCi'lt1;: cqun.tion of ~ uo.!rived 

b,' 01 clh"10 'l1ld Parry [ 1 » . 

It h os been shelm [ 1~) t hat for any A2V 9
s 

value , 

(J ( / \2V9s) c an be cX])ress"~ IlS : 

( 160) 

where the function E( 1\2'195 ) c nn be approxilllctud by : 

(16b) 

Gubstituting Eg . (16b) into Lq . (16n) ;;ntt solving fo r 

/12" 9 8 , 

2 
1. 75 + @ 

1 - ¢ 

,-1/2 

I (J , 

IntroJ.ucing Eq8 . ( 50) Ilnd (5b) into l:.q . (l2b) nnd 

m,ing the definition of l) given in bq . (13b) , 1\2 can 

be expressed as : 

(17) 

/12 = (ko /'i D) [eX]) ( - a ( 2) + eX]) I ( I - a) ~ ~ ) 

( 18) 

I t can be s hown (see J,ppendix III) that th\;; use of 

EqH . ( 11) , ( 17 ) md (18) yiulds , upon SOI:lt: rearranBIJOl:nt s , 

r 

" In ' 
I 

2 - )' 2 _ 1/2 
1
' 1 . 75 + x ( 1 + eX])('2) I ; 

x I (19n) l l - x(l+cxp ( ~ 2») _ 
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\.,there 

(19b) 

V; \ j) 

EquntiQn ( 19 a ) is 0. convcuient lOB- plot for npp 

wnves . 

bquation ( 19[') enn f urther be silll)lifiea for A 

totally i r r uvl:rsibl c W;!VfjS ~ The tt;rn ex)} (;, 2) in Eq . 

(19n) cnn be nE:!gh;ctcd COL'lpnrtJu with unity in tho \/hol~ 

pot(;ntial r egion c"ncerneu . ~us Eq . (198) will bo rc-

cluced to 

E = E~ _ RT 
CL!l 

[
1. 75 + 

1 - x 

2 '12/ 
x I , 

) 

This is the s''''E.e equation that WRS prt::viously 

(20) 

pr oposed by Gl.lhar .. anu larry [15J for totally irrcve-

rGible waves • 

The half wnV8 potl.mtial of totnlly irr..:vcrsiblc 

waVeS e nn be obt '1incd f r ou btl · (20) ns 

RT 1n 
(tn],' 

2 · 31 (21) 

Equation (21 ) shm;s thnt thl; half WAVU potLntL~l for 

.U1 irrev(; rsibl~ rt]tluction \Jill be A function of 

s:l.I:ipling time , G , i. e , Jroll t ioc govl,;:rns the tiLl<.! 
s 

scnle in de polarobrtlphy , \;1hcrct'ls 9 5 is the equiv~.l .. mt 

pnrnnctiJr in NPl? .. 
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The pr, ce" 'll(. 1 t' h ~ ........ . re l\ loons s ow thnt the bA.sis for th(; 

clnssific::tion of NFf m.ves int;o ruverGiblc , quasi- ::-uvl..: ­

rsible or irrevlJrsible ilPllius e'lunlly to lic nnu ~ FP . 

Hl.H11:Ve r , a reversihle r (.:/1ction in dc polarogr aphy l!iay be 

clllGsiiied. ;).s qU:lzi- ruvLrsiblt:: v/hun eX(luincJ. by NPP Flnd 

on e wInch is qua.si - revlJrsiblH l!1ny be obsl..!rvL:d as total ly 

irre vHl.'s iblc with short t.;!' tiue scnl e of rH?p. 

" 3 ~ . Det erLlincticn c f Kinotic Pnral!h . .;ters of biClple 

El ectroJo ~v"ctions by Horco.l l'ulse f-o l nro[;rophy 

VClrious tt. chniques of cxtr ncting kinetic para­

l'lctors of sinple o loctrod~ r eactions by NPl:- hnve 

been JcsiGnccl by 'liffer(.;nt workers [1 , 13 , 15J . J . H. 

Christie c t 01 . [ l 3J havH used tIlv currcnt-potcnti.:ll 

equation of Barke r and Gnruner [12J to Jevise n 

Il1H t hool f or c.w\lunting kim..:tic pHranet~rs of qUll.si -

rev<Jrsibl0 el!,;ctrodu rl.l,lction . UsinB the snr:1~ 

current- pot(.:ntinl rclntion of Bflrker ilnu GnrJ.ncr , 

Ol dham and P<'..rry [ 15J have also ut::veloped a lJl.;.thod 

for evaluatin~ kinetic pnranctcrs of totally irre ­

versible c l uctrolie reduction . ~hl!se trIO }:o r ocl.!uur(;S 

cHn [lIsa be obtnined f r oo t he gl..:ncr :1.l current potcn-

t ial equRtion of I1RtGuda [ 2J (Equation (ll» . Rece­

ntly P. L-loriC.:lL1 e t nl. [ 1 ] have designt:J. a Gr'tphic:'ll 

proc ed.ure using COI!lput~r plots obtainuol by systeootic 

v ariation of kinetic pornL1t~turs introduced. in the 

equation of l.I~tsuJn (Equation (ll» . "relativel y 
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sinple technique of (;xtrac t ing kinutic parfl rlctl:rS by NFP 

can also be d(:duC0{: f r oo thu l ognri thmic forro of t1atsuda 

equation (Equntion (19a» . In this ccction R. th~oretic(ll 

discussion of t h 3 .... various tochniqul;G will be presented . 

2 . 3 . 1 Me thod of ~. J! . Christ ie 

Introducing EqB . (12a) and (120) into Eq . ( 11) Bnd 

u:Jinr; the exprL: sGi (. n of I';~ given ~n 1:,q . (18) , i t can be 

nhown t hat 

Ill!';. CO Jl "/~o . 
o 0 I 

l oXP 
D ,,/2 
H 

I -<xnl'(E2- 'Y2' J 

HT 

Equation ( 22 ) obt ained froo the: g .... neral IJquation 

of MntsudR. (J:.qu.:"!.tion (ll » is the curront potontinl r e ­

l atio n for NPf oriGinnl ly uuvt!loPIJd by Barke r nnti 

Gnr(lner [1 2 j . EClU'1 tion (22) had. bet.;n usud by J 4H. 

Christ i E: et a l. [13 ] t o forIDu1at13 the techniqul: f or 

dct t;rnining k inl3tic paralJeturs of qUBs i-rl3ver siblc 

u10ctr oJ.e rtH::c t i;n . 

Since Eq . (11) c nn nl Go be \lri tt tin as : 

(23) 
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equution ( 23 ) indicates 'that tht: value of 112 Q
s 

corrus­

llontiine; to iUly v :::!.lu~ of i/iu of the l;xpcriot.;Dt:11 NPP 

polnrogr a1.2 o .... y be ll.c teri.ined frou thl: th(!oretical plot o f 

11( 1\2V9 s exp( 1\~9S ) errc ( / '219.) VB 1\2\"s ' 

FroB the v alu8 

by 

nF(E _Er , 1 - 1 
I 2 1/2', I (24) 

HT 

will be determined. . 

Us ing ~qs . (18) and (13b) , Eq . (24) can be r"-

\~ri tten as ; 

kV 9 s = (2~) 

Equation (25) shows that a plot of log k vs E2 

should be linear ilith n .slope - (0:.nl!'/2 <503RT). Tho plot 

of log k vs E2 thuG g iv(!s 0:. froD its slope . .lot ~2 Eg o 

(2~) will be r o-luced to 

log k = loe; k O 
- \a/2 log ~l - (I-a) l og Do 

2 

USlng the valu& of log k fi t ~2 ' Eq . (26) Gives k
O 

if 

Do ' D
H

, c=mu. a v '"',lues nrc n.vRilHble o 

<2 03 . 2 The LogRrithmic r.intsuttn l:..quation 

(26) 

Ii convenLmt techni (!uu of (ioterwining the sets of 
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kinetic parc:me'ters (ko and a) cnn 11 1so b<.: tleri v:e<l fron the 

lot;aritlmic form of ~ntsudH ' s equntion [2J (Equation ( 19a» . 

Equation (19<1) c::>n be rC\'Jrittcn as 

~ 

In k2 = In 0 <, + In b (27a) 

Y3YDo 
2 , »2 '/2 [ 1. 75+X (1+cXP('2 1 

wher e U = I'lnd 1"- = x 
l - x( l+exp(( 2») 1 ( 27b) 4V Ils 

~his r e l ation c an be ucri veel from Eq . ( 19n) by taking 

into acc ount the re l ations given by Eqs . (51.\) , (12J) , 

an(i ( 1 3b ) . 
,~ 

Consideri ng the exprt; csion of k2 at Ey2 and E3/4 

; -an}'( EvrEO)l 

L HT 

Eq . (27a) e Rn blJ "TJ ttun either as 

l og a + l OB b + 

or 

log kO = 106 u + l og b + 

(280) 

(28b) 

(29n) 

(29b) 

OOa) 
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(30b) 

It is possible tG obt ain sinult nncous cquotions frOD 

hq~ . (290) 1llld (00 ) if the c"P"riotntn1 Ey2 nnd E3/4 

values of NPF po l.~\roGr (ll:: arc nvai l "lb l o . J.'hc sol ution 

of the sir:.ult{lneGU5 uquR.tion yielus the set of kinetic 

par:u:wt0rs (ke :mll et) . 

For a total l y irrever s ible e l ectrode- r eduction an 

expression \i.-hi ch envbl e an u tu COI!lput e C(. froo the \'lave 

width (E
3

/ 4 - Ey4) of lll'l' pol:1roBr aUl can be deduced . 

~al:inr; In k; n t E,;4 Hnd usinG Eq . (2?n) ! it i s possible 

t o hAve the fcllov:ing r ul:1tion : 

liT 
4VQs HT 1n kO 

( E3/4 - K{41 = - 1n i - ) - - + 
ex",' V3Do 

nnlt' 

1. 7,+x2(l+GXPCi 2J} 
1/2 

RT 
In x I 1 + 

ex",' 1-x(l+cxp(~ 2» 

(31a) 

with 

( 31b) 

For t ot:J.lly irrevt!rsib l e e l ect r ode reJ.uction kO 

Can be writt en nS 

.,.------
r~ ( E , - EO)] 
. RT < 
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Elju"tion (32 ) can be obt a i n",l freI!! E<j . ( 12b ) by di s ca ­

r di ng t hi.; sec ond t ... r D, nssWJing t he effect the bnclcrlllr J. 

(o::<idntion) pr oc ccs t o b' n 1° obI e ct; 1 £51. e nnd taking int o 

account Eq . ( ~a) . bince f or An irruvtlrsibl~ system cxp 

( [. 2) c an b e negl.ected c ompar e.! wi t h unity Eq . (17 ) 

al so b0 rccluc IJd to 

1/2 1 

J 
r x 
I 

Using Eqs . ( 32) and (33) and perfor I!! i ng some 

will 

r earr<Jngoont s , Eq . ( 31a) will be r euuc lHl t o t he f or m 

_ x , (1. 75+x •
2 / 2 oJ 

: RT In I 1 - x , 
a n],' 1 75 ,, 2 1/2 

_ xl! \ . +x ) 

1 _ x u2 

with x , : 0 . 25 and x" = 0 . 75 . Lq . (34 ) is the SODe 

fin 

_RT I n 0 . 0<'9 (35) 

2anF 

Eq . (35 ) indicnt {; S t hAt the wr.vo \7i Jith of HPP 

pol nr ogr ao t o be indepcnuent of the r nt e c onstant f or 

a t otn l l y irr(. vors i bl e e l ectrode r educt i on as pr oposed 

by P. lAeric:1.IJ ut ['.1 . [ I J . The cxperinent nl wave wi llith 

of NPl? polnr oGr D.Iil of t ot n.lly irrov~r6ible e l octrode r e­

(luction furni s hes the Ct value us in~ Eq . .(3') .. 

l"or total l y i rr uv lJ r s i bl c uli..!ctrode ro~'\ctions the 
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turIJ exp (~ 2) in b of equntion (27a) can be negll..!ct",d 

corjpi1rt::~l \!ith unity. Equations (29,,) nnli (300) deriv..;d 

fron Eq . (270) cc.n thus further be ruuucccl to : 

log k O 10[5 a + 
r 

x /1. 75 + x
2 

f 2 ) = log ' 
l . 1 - x 

+ 
an}' 

(E,;2 - EO) 
2 · 303RT 

(363) 

log k O = log a + log 1 x 
11.75 + x2. 1/2 · 

. I - x J J 

exnF (E3/4 
_ EO) + (36b) 

2 . 303RT 

Bince x in Ec:s . (56,,) an d C36b) is 0 . 5 and 0 . 75 re­

HIJ<.ctiv ely (see equc tions (29b) and (jOb) , 1qs . (368) 

and (36b) l1ill be sillplified to : 

log k O 10:3 a + 
exnF 

(E,;2 
_ EO) C37a) = 

2· 303HT 

log k O l og a + 0 . 358 + 
a,nl!' 

(]:;3/" -
EO) 

= 
2 · 303HI' C37b) 

'i'he solution of the siuult '1neolls oquntions from 

e'luetions C37c) '.r.<1 C37b) furnishes the values of kO 

nn(l ex . ]:;qu~tion 07,,) and (j7b) a l so indicate the 

kinetic pur noetoJrs cf irrvveruible systIJIl can b<J tlcter ­

l1inod using EO vciu£s without any knowlc{l(;0 of ~2 ' 
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2". 3 Ile t hod of Cl dhac end } arry 

01dho.E and Parry [ l~J hed developed Eq . ( 2U) of 

il'ruV(;rsible wnvcs inl.it.':J'imdentl~ of t1atsutln ' s equation 

usinB the current j;Jot untinl r lJlation of Barke r and 

Gardner [ 12J ( Eq . ( 22 )) . 

Equ~tion ( 20) enn be r ewritten in the for~ 

2 . 303RT 

2anF 

2 2 x ( 1. 75+x ) 
( 1 _ x) J = 

Equation ( 38) indicates that n plot of l og[ 

(38) 

2 2) "x_ (""lo.:.'-!.7",5.;..+ x"-,, I ( E ) 
- - I VS - of the exper 1Imntnl IfB' palara-

1 - x J 

t;r nrl t;ives " straiGht line \7ith a s l ope of (2O;nF)/2 . 303RT) 

unabling ouc:! to uval uate u . ?he int erce yt of tho pl ot i s 

1>,;2 ,m,l yields k O on applicah on of Eq . (21) . 

') 0< 4 1-:.. • .,.. . Met h od of P . M(.:ric rUl 

P . Mcri c r!ID c t Dl . [ lJ hnve developed systeuatic 

netho(l of 0vclunting lcinctic pllrnnt.: t :..:rs of s i opl c t: l oc­

tr()l~e r CB.ction uSi!lg pnrace tt!rs of casy experim:ntal 

t t ' 1 K '2 and wave access , nn.rnuly , th;.. half \'I[\V(; po un HI " ~ 

Their DcthoJ h,s 

f E EO " b \ ~tJn developed by systcrintic c c lculntion 0 i. 1/2 -

nnd (E
3/4 

- Ey4\ frun the s ot o f kinetic pnr Cl!lcters int r o­

duced into the g...:nc rnl currcnt - potcntinl equation of 

IdntsU(in (EqUat i on (11)) . The c alcul ntions Wt,l r e perfo-

rneu lvith a conput L; r using A. progrp.r.IIJe sholln in .lppendix 1. 
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':lIH; obt uincJ. ciepcn<.hmc(; afiEO - 1;' 'anJ(E 
""1/2 ' 3/4 - EyL# on 

k O for Jiffl3r t,nt vol tiCS of a. i s shewn in F ' 19S . 2<l 

nnd 2b . 

In the r ev ersibl e s ituation (log kO > - 0 . 5) no 

infor l'lation e Rn be: ob t n ine<l on the ac tunl values of k O 

Ilnd (;(. . I n totally irrnversibl(~ r egi on (log kO < - 2 . 5 ) 

the ::;i tU<lt i on is r3tlu~r sinplc . The expL:riocntnl \'IOVC 

\/i d th 

\!idth 

Ey4) ' furniHheB thJ a - value , s ince the 

E1/~) is dcter DinuJ by a. only as shown in 

Fir; . 2b . It hns b(:en r eported. [1J tha t expression of 

E'l o \ 3:» for the ',:'ve \; i J. th holus t rqe, The experioent al 

!.>hift of Ly-2 vs thu stnnllfl.rd pot untinl gives log kO 

corrcsl>onding t o the ~ vnlu(l te{t a. value us ing 

l!'iG ~ 2a \/hore half ':vF.ve pot c ntiol i3 linc fl rly Jepenclunt 

on log k G. 

In the: qW1.si - :ceversib l u dOllo in uf the e l c ctrode-

r!;;lct i ons t h::ru i::: no Guch niuJ, l ..: r e l utionship in ova-

luating kinetic l-...-::cI:lutt:rs an t hn t e,f t otally irrev..;.rs i blc 

(.:loc trole r ec:c tic.'n""' . IJ:he expcriJ:wnt nl chHr .... ct~r~stics of 

tlH~ HFP r-o l p,ru[';r ~:.: ut:l'cnd. both on the stAnunrd r nte con­

utnnt .UId. the trcnsf e r coefficient . 'rhus the qunnti to.ti va 

cval unt i on of the k inetic pnruneters using the sinple pr o­

cc.ture of totelly irrevers~ble electr ode rellc t ions is Dot 

possibl e . h th been e labor~teu . 
Jj, graphical procedure os us 

0) 'n'" t o fixed 'lhe p llirs of v a l ues (k , Cl correspon~. u 

or/and (E3I4 -

frol1 F i e:s . 2u an '. 2b ., nnn 

E ) l ues c nn be eVAl uated 
'V4 V O_ 

o 
VI ot t cd. in a log k vs a 
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uingr or.l. (Fig . 3) . ,;. set of straifjht lines f or the fi rs t , 

Hnd a set of curves with vertical nsynpt o'te s f or the 

necvn~l ht' ..l been obtr· ined. . 

~hd ~le ter n i n.:-'.tion of kinetic p fl r <1I:le ters frof] t he 

experiIJent nl NFP po lA.ruljr no is then strAight f or \,er d : 

tlH~ shift of the h.:1.1f- wnve potenti3 1 nnd the wnve- \'J i dth 

belong t o two- cru~sin6 lines . 'i'he intersection coor.li ­

nates .lefine the t,et l.. f loc: l~o and ex. vnlues (FiB _ 3) 
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'.i'he chemic al s used were Zn (N") ( v, 2 Riede l de Haen) , 

lIallO, ("nelnr , EDE) , Ni (110,)2 (Ri edel de Haen) , KNO, 

(J<1w l " r , Hopkin :md l,illie,Ds ) , Cr (NO,), (BDH) , HC10
4 

(hillI ) und No.C104 (BDH) . Polarographi c experi oents "ar e 

pvrforIle d using mer cury purified acc or ding t o procedure 

in r eference 26 . 

~he Zn( II ) s olutions Nere prepp..red fr OD a stock s olu­

tion st'mJ.:1.r cl ized by EDTA titruti on Ilith Erichrone Bl nck 

"' in,lic ator [27 J. Stock solution of Cr(III) ( 1o- 2M 

Cr ( I II )) Ins rr" p '\rell by dis"o l ving Cr(NO,) 3 in " ten 

tiues Do re concentcr uted HCI04 solution [20J . .all solu­

tions '/er e prepare~l using d.oubly uistillell water . HIl 

pol nror;r Hns were r un fo r 0 . 19 oM ZinCrI) , 0 . 20 l!!M Ni(II) , 

Hml 0 . 2 nr.1 erC III ) concent e r ;'t ions . 

Po l a r ogr nOG \.re re obtruned with n. Metrohn po! orccor u. 

E506 , ami t he NP? ... ,() l ar()~raphic technique VIi th a dr op­

tine of 1 sec cnJ ~··<'.S Hchieved wi th a Metrohn pol ar ogr aphic 

stan,l 1:":505 . ,111 1 DC["BUrI!lents " ere t aken at P.. scan r ate of 

0. 5 I1V per s ec on.:.~ . The cxperinents \"Je r e curried. out under 

til t t ' " t ' t 25 + 5°" us'ntr a wp.. t er - j ncket eu !~ rllOS a lC C Ollul ' lOll a - v .... u 

p o1a r oErnphic cell . ...11 solutions were flushed \/ith pure 

!Srade heliur:;, f or 10 l'linutc s nnrt then b l .:mket ed \1 i th an 

ntnosph ere o f h e l i oo whi l e recorli inlj the pol nr ogr nlls . 
For 

t \Jere t aken against 
Ni(rr) , lotentia l ne <.djUrOen s 

the llgl Age l , KGl ( sI"' t d . ) roference electruue • 
'l'he r efer ence 
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electrode cODfar tuent of the Gr(lII) sys t en contalned 

supporting electrulyte amI the refer ence cl ectroJe \'12.5 

.Ag/.I,g(;l i r:lOersed i n snturat e,l NnCl instead of KCl to 

prevent the r r eci p it[\tion of KCI0q. 0 Nl?P po l ~lrograns 

\1'e r B obtnined Rt (: buse l_otenti al of - O. BV f or 2n(11) 

ilm! - 0 . 6V fo r bJth ~ i( II ) o n e[ Gr(In) "yste",s . The 

potuntial vAlues used \Jore extrnvolat(:u fro I:! the r ecor uod 

polnro[;rans o...TlJ helve p.n error of ! . C.02 V. 

I n the NPF t e chn i que the pulses were generntcd in 

the last 200 IDS vf erch dr oplife using the Uctrolu:l po l n-

record E.706 and th·~ current \ms Ii!co5ured f or 20 us at the 

end of cr ch !,ulse J ur ction. Por the detcruinnti on of !;Is 

Matsuda [ 2J hL5 levelopcd the f ol lowing r elati on : 

(39) 

Hherc e
1

: the time ro t which the curr ent oensurucnt is 

s"l:;nrt ecl . 

6G : the t iI!lE! dur l1tion in which the current i s 

BquRtion (39) is G.:a,. ~ :i. icnb10 \Jhen 91 is l ar ger than 

3/2 ~g ) . .Fer our ex])erill~nt" l c Olld ition Hhere ~l ' 
180 th 3/2 'DQ) , 30 cs , cvcluat ion of 

I1 S , is Breder on " 

Y
s 

using equation ( 39) is tl justifictl npyr o1:.ch . 

Gxperinent(>,l g w:ts thus CUr.1put eu t o be 190 os . 
s 
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4 . ILbUL~.8 .JID DIS(';U~bION 

Zn( n) ·,,~ s studiod in 0 . 49M , 1. 051] , und 2 . 451J 

ITaN03 {.5 sup: rting electrolyte . The set of kine tic 

pn.raneters \7Cre c.e teroined using the techniques of 

J . H. Chri s tie , P . Meric l1Il and the lOl}nrithmic 

I,'.atsuJ.c. equc:clc ns . The di ffus ion coe fficient vol ues 

us ed in n11 the t hree 110 t hu<is were infinite ly dilute 

vulu8s i'nt: \Ycre Do = DH = 7 . 2xlu- 6 en2s - l [25] . The 

equutions of ·i;hc various t e chniques copl oyed in the 

nnalys i s o f the uiffer ent sys'teTls are c cupiled i n 

4 . 1 . 1 Deterllin 1.ti on of Kine tic Pnr etlc t ers 

4 . 1 . 1 . 1 ,e thml of J . B. Christie 

'l'he vulue of l!.V2 used in t hi s t echni-

(leterll'ned by menns of the extrapo-que \'70.80 .... 

l otion ".thod [1 3 , 14 , 28- 30] . Normnl de po l n-

I 
"

.;th n droptine of about 6 s rO~rDJ13 tP. wn .... 

wer e used t o plot IOB( . i . ) vs E. Vnlues 
~J-~ 

of ~2 ~ .. e r c obtainod. 8S the potentia l s at 

ht l' t nnuent t o the l oge which the strait! _ ~ne u o 

- ,-' - ) vs 
i d-i 

h '~ost anodiC poten­t p l ot nt t e ~ 

tial intersect the 
i ) () axis . l og (- = 

i - i 
tl . f EF. f or 

deteroinHt~on u -v2 bee Fig . 4 f or the 
t !J:he vnlues of 

Zn ( rr) - 0 . 4911. NallO, s ys eo . 
·nJ ico.t ed in 

~2 f or t he three GystollS nr e 1 

Tob le 2 . ________ .............. . 
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1 

Mu thod of 

o llRlysis 

J . H. Christie 

Lo(;ar~thtlic 

l.lutsul1.a 

L\i.untion 

Table 1. Equations used for the J.nalysis o f the 

Zn(II) - NA.N0
3 

Systecs 

Equn'ti cns usod 

.C - J - ~ 
J..N:'",_ \ n1!~ ~ ~ r 

= V1t~vesi exp(j\~.,s)c rfC(,\2\ 9'; - . : l+exp - (E2- EY2 
i " L HT ' - -' 

nl"(E ,.r ) . 1 - ( ' " -~Y2 \ -
kV G = 1\2VG ~ l+exp ~ ! \ 

S s l- " HT ~.-J 

kOVe r - CXUF(E2- EV2 ) : 
kV b = s exp 

; HT \ s 
jJa/2 D(1- a)/2 

H • 0 .~ -
- --- -i 100 )c = 10[; )'0 - \ <.</2 Ilcr; Dj( -

( I-a) 
loC Do 

2 

\ 10[; KO = 10[; a + lOll b + (001' (I:: V2 - j;, 
0

) 
2 . j03it'r 1 

o •• 
log 1: .. Ie£? + lOB b + o.nJ.' (E _ EO ) 

2 . 303RT 3/4 

~c;,uati on Comoent 
nuober 

UseJ. 

23 f or the 
J.e t e r -
mina t ion 
o f }\ 2V 9s 

24 Used fe r 
the -le t e -
rmination 
of k 

25 
Use d for 
Je t e r mi -
natio n o f 
a (10~ k 
~ E2 

26 
Us eu for 
the ,:ete-
rUline tiop 

1 of l og k 

29a 

30a 
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~nb l e 2 . The v alue s cf "r . -';2 v s ,·g/rl!> Cl , KCl (s nt d ) of 

Zn(II) Re2uc tion in Vnrious Concentration of 

NaNv, 

liaN03 
r 

EY2 
L V 

0 . 49 - 0· 958 

1 . 0) - 0· 960 

2 . 45 - 0· 954 

U~ing t his <::xpe r iLcntnl BV2 ' the vi'llues of Z, 

( '10) 

at clifftJ r Gnt ro t cni;i nls w~re cI11cul ated for t he 

ev a lunt ion of ,), 2VGs . The vnlues of Z were then oulti-

1)1io(! wi t h the corres pond ing experillental i/id of the 

HFJ? polnr ugron . 'J:he uxpc:riIilcntHl ly obt ained UFF pol (\.­

r Or;r nI:1S I1r o sh Qt,m in Pi Gs . 6a , 6b , anti 6c . U5in8 the 

r ulnt ion est nblisheJ. in e quat i on (23) (see Table 1 ) , 

/- ;::.\ 9
8 

v a l ues a t different potentials of the NFl' pol ar o­

(jr flfl Hore <le t c r nined froo the respective experiDcntAl 

,, (i) ., ( 2) ~ ~ t a r o s o.n.1 the theoretica l plot of ~ lex cxp x 

l d 
e r fc (x ) v e r s u s x S h Oi'ill in :Fi(S o 5. The valut!s of 

e:xp( x2 ) c.nJ erfc(x ) versuS x were obtained [ron the 
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1i t c r r tur e [ 31 J . 

':.,'0 eV3.1uAt e ;,; he ki netic parnnct ers , vHlucs of kVQ 
s 

\lo r e c Hlculot eJ. by J ividin£5 the / '2 \ Qs terns with t he 

c orrc spc na ing Z v;.lue s according t o ~qu \!t i on ( 24) s hown 

i n ,?pble 1. Log k vms conput eu fron t he kvQ t erns 'l UU • 
plotted flg r..:. ins t E. Using t ho r t:: l ntion of e quation ( 25) 

(see T['.ble 1 ) , a. i-l .... S cnlculat erl froD the s l ope , s l ope '" 

( - aIll<') /2 . 303R'f ) . The vn1uu of kO wos deter~ined usi l1(\ 

l()~~ lc at EV2 obt ... ~.inc <l f r oD t ho plot of l og It vs E and 

the rel , t i on of e0.urtion (26) (see Tabl e 1 ) . . J,pplying 

this Fr oc eclurc t o Zn( II) - O. 4'!M NnN03 the r esults of 

~; ~bl(~ 3 fo.nU the l og k vs E p::'ot of Fi g . 70. were obtc.incd . 

111!ble 3 . 'i'hu v 'll ues of .A.2\ 9s ' kVQs ' nnu l og k At Jiffe ­

r ent p(y~ent inls of bn(I I ) r eduction in O. 49M 

E(V) Z Z(i/ i tl ) i- 2 v 9 8 
k\ 9

5 
l og k 

- 0 · '!50 2 . 67 0 . 8 77 1. 67 0 . 627 0 . 158 

- 0 . %0 1. 84 0 . 835 1. 37 0 . 744 0 . 232 

- 0 · '170 1. 39 0 . 807 1 . 20 0 . 800 0 . 2'!7 

- 0 . '!80 1. 19 0 . 805 1.1'! L OU 0 . 361 

0 . 812 1. 24 1.136 0 . '>16 
- 0 . 9'!0 1. 09 

0 . 842 1. n , . 0'!7 0 . 491 
-1. 000 1. 04 

0 . 8 70 1. 62 1 . 586 0 . 561 
- 1. 010 1. 02 

1 . 81 1 . 792 0 . 614 
- 1. 0 20 1. 01 0 . 889 

2 . 13 2 . 120 0 . 687 
-1. 030 1. 00 0 . 914 0 . 736 
-1. 040 1. 00 0 . 928 2 . 38 2 . 373 
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~he vrtlues of !, 2~ ~ versus E of m ,'01 3 f () S ... 1 e or Zn II -

O ~ 4Yh Ih:i:'H)3 syster~ indicpte an initir:l decrease of 

r 2\ 8
5 

in "tf!€ I m,-er ner;otive pot entials r egion pt i n­

cro['s ing ne:;:ti ve v~lues of E. But nfter re ,~chinG a 

nini on , !\2V 9 s v nl u0s incrlJi1e a with an i ncre nse of - i. in 

the hiGher negative l~o tentinls r egion . 1j,1his trend of 

:A.
2

yg s is the S 'lflO OS tha t of J . H. Christie et R1. [13] 

At saLlpling tines ~! f 20 t'lS nml 40 os . ~he vnl ue of log 

k on the other h rlld Sh(J\7S Po. linear depenllence on E as 

8110\ln in Pi g . 7p. . 'l'his dep emlence of l OG k on 1:: is in 

l1grecuent \;,i th the- t heoreticnl prediction of equat ion 

(2~) . Fr ot! t he plot of log k VB E, k
O 

(CIl s - l ) ond (l 

\lore c ;llcul ilt eu t;(l be 4 . 34 x 10- 3 and 0 . 21 re spectively . 

'I'he u'ltn for ;;;ys t CIlS of ~n( II) -l. 05 M N~H03 nnJ. 

Zn(II) - 2 . 45 M NnNO~ ~re fTiven in ~l~:ble 4 Ponu ::> froo which 
? 0 

thl' lo~ k vs .a. plo·i:,s of 7b nnd 7c were cbt!lineJ , 'i'he 

pairs : (ko , a) f or ~n(U) -l. O? fl NaNu3 ancl ~n(Il) -2 . "5 M 
3 1 ~ned to bo (2 . 19 x 10- CD S- , 0 . 21) 

HalW
3 

He r e l~e tur 

and ( 1. 89 x 10- 3 - 1 en s 

Hesul t s of T"b1 e 4 of the <In(U ) -1 . 05 l! HaN03 sys t em 

slums "tihet the trend of ;\2H:~ s with r eGpect t c E is the 

salle as that of Zn (II ) - 0 . 49 
The linear 

depen(hmc e of log k on E is fl180 shokD in It' i g . 'lb . 
Un-

Hl,. the Zn( n)- o . 49 r.1 11<11<0
3 

system , log k has noW nega­

tive v r. l ues in the lower ne[;ative potential r er;i ons 

which i ndeed is the source of vnrl lltion in the evaluated 

v alues of the r ate ccnst ant . '.che valUt~S in Tab l e;' alsO 
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shOW that ) .. 2V Qs ~ .. ilC. log k vs E (:b"'.ir; . 7c ) have t he S:1ID.e 

tron,l . 

'lable 4 . The V~lues of;'. 2V 9s ' and lo~ k nt different 

pctentinls of Zn(II) Heuuction in 1. 0;' ~ Ihl{03 

E(V) z Z( ~ ) (\ 2V9s kV9s Log k 
~d 

- 0 . 960 2 . 08 0 . 680 0 . 72 0 . 34~ - 0 . 101 

- 0 . 964 1. 78 0 . 642 0 . 67 0 . 376 - 0. 064 

- 0 . 968 1. 56 0 . 618 0 . 63 0 .403 - 0 . 033 

- 0 . 972 1. 41 0 . 6C4 0 .60 0 . 427 - 0. 009 

- 0 . 976 1. 29 0 . 601 0 . 59 0 . 456 0 . 020 

- 0 . 980 1.21 0 . 604 0 . 60 0 . 496 0. 050 

- 0 . 984 1.15 0 . 6C9 0 . 61 0 . 529 0 . 085 

- 0 . 992 1.08 0 . 627 0 . 64 0 . 593 0. 134 

- 1. 000 1. 01+ 0 . 666 0 . 73 0 . 702 0 . 206 

- 1. 02r 1.01 0 . 755 0 . 99 0 . 982 0 . 352 

- 1. 06(' 1.00 0 . 823 1. 30 1. 298 o . l~71..) 

'.cable 5. 'rhe Values of /,2V lls ' k\ Qs ' 
and log k at Ji fferent 

:'-'o tentials of Zn(II) Heuuction in 2. 45 II NcJl03 

A2v"s 
Log k 

E(V) z Z(i/i d ) kV lls 

- 0 · 940 4 . 120 0 . 817 1. 27 0 . 308 - 0. 15 

- 0 · 950 2 . 380 0 . 662 0 . 72 0 . 302 - 0. 16 

- 0 · 960 1.614 0 . 576 0 . 55 0 . 345 . _0. 101 

- 0 . 970 1. 272 0 . 555 0 . 51 0 . 397 - 0 .04 

- 0·980 1.121 0 . 578 0 . 56 0 . 500 0 . 06 

- 0 · 990 1.054 0 . 619 0 . 63 0 .602 0 . 14 

- 1.00" 1.024 0 . 663 0 . 73 0 . 712 0 . 21 

- 1. 0D 1.010 0 . 714 0 . 86 0 . 8~0 0. 29 

- 1. 020 1. 004 0 . 7~7 1. 00 0 . 998 0. 36 

- 1. 03 1. 000 0 . 803 1. 20 1 . 195 0 . 44 

- 1. 04') 1. 000 0 . 842 1. 41 1 .615 0 . 57 
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" . 1.1. 2 Me t hou of F. tler i con 

1:' of P . r.~c ric nl':l to the To ac.ljust t he '·rocetture 

cond itions of 0 syst em th~ fo llowing chnnces in the 

prOGr<1r:lI~e of j~p:pem~ix I wer e mn<.le : 

80 C" • 190E 3 

100 Dl • SQR ( · 72E 5) 

105 D2 • SQR ( . 72E 5) 

110 EO • - 0 . 76 3 

f2hesc were Jone se as t o include the exper imental 

s~npling t i me Qs = 190 

Do • DH . (1. 72xl 0- 5 c m
2 

os , t he diffusion 

- 1 0 
5 , and Ezn/Zn2+ 

coefficients 

• -0.76; V VB 

!Jlili. ?heor eticnl c~lculat'ons of v
o 

]:; fUld v h. " ~ - V2 ~3/4 - -y4 

were then perfor med f or 0 . 05 < ex < 0 . , (with succesaive 

",[dition of 0 . 05) and 10- 1 ~ k O ( CD 5 -
1

) ? 10-
4 

(with 

success i ve aJdit i on of - 0 . 05 to the exponent) . The l'ro-

£~rHlJnc W,1S r un with \, BOg uicr o COI:ll!utcr . ~ho conputer 

t ine US8U t o c omplete t he cnl culnt ion \VHS 1 dO hrs . From 

th" coml'ut uJ values , (]:;o - By21 nmll E3I4 - By,,) were plotteJ. 

agHl..nst l og k O at~he J.iffer ent v alues of (x , FiGs . 80. I:.oJ 

Bb . 

Fo r the a:'llicf' tion of the technique , th~ t:xpe­

ril'cntal p~r2meters of 1]:;° - By2) nnti {b 3/ 4 - E.,..ql "ere 
r.i:'he values of log kO 

cxtrnct~li f roc t he NPF pol o.rogrno . 

at the var ious v~lues of ~ for t he oxpericent~lly obtained 

atcd f r on the re-

spective t heor etic;o l p l ots of l!'igs . 80 anJ 8b . 
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Has then p l otteJ nee:: inst a for th~se fixed values of 

oro \' _ "£'/21 anel (E3/4 - Eylj\. In uccor-.lnnce with the 1 roposT 1 

of P . r~eric cIil ct nJ. . [ lJ strllight linl3s were obtnineu for 

iEO - 1>,/2) anJ. curveG with verticnl usynptote for jE3/4 -

Ey4)for Zn(II) systems s tu,lied , Fi8S . 90 TlIlu 9b . Tho 

Sl!t o f kinetic pare'meters were then tlote r uinoJ from the 

intersection coorJ.inntc of thu t\JO cross~ng lines of th..: 

p l ots of log kO vs " at (EO - LY2\and(E3/ 4 - Ey4)of ench 

systcr.J. . ,Since the t heoretical cnlculations wert: pcrformud 

nt intervals of 0 . 05 of ex. IInu log kG , tht:: obtained re­

Bul'ts are r eported wi th error of ± . 05 · 

Gturtin5 with Zn(II) - 0 . 49 I. UnN03 systec , the expcri­

l1entnliEo _ Ey2)= 0 . ()06 V nn-.l(13/ 4 - Ey4'- -0 . 046 V wero 

obt<'li ned frow the NJf pol '1ro(5r no of lf1(j o 68 . ,,[tor 

extr ncting the co rre s];onJin(~ pu.irs : (lOG kO, Cl) frol!! 

Fi Gs . 8n <lnd 8b , the plots shmm in the lOB kO vs n u i a-

f 
"9 bt ° > l "hu v,o,luus " f log 

15rn w. 0 iig . a 'r;!crfJ 0 1'l1lllH . - " 

(ko/ c m 5- 1 ) and 0. f r om the inter!.H.!ction coordinnto wer e 

found to be - 2 . 40 ± . 0, pnd 0 . 2 ± . 05 resrectivcly . 

In the 5<'-00 \,I.'l Y the exporitltmtol EO - hy2 ~ " 0 . 018 V 

O 068 V of tho NFl p01aroGr:1.c of 
nnd E3/4 - Ey4 = - • 
un(II) - 1 . 05 M NnNO, (Fig . bb) , nn,l the Vlcts vf Figs . 86 

1 t in Fil~ . 9b . The va1 uoa 
nmt 8b yiclli the respccti'lU }J 0 S u 

of log ( ko/cm s- l ) end" froe. the plot in Fig . 9b wure 
• O~ ~ 0 19 ± . 05 rusp~­

then evnluntcu to be _2 . 61 - . ./ an . 

ctivo1y . . 

Usi ng (10 _ E¥2) = 0 . 018 V on~ (E3/4 - Ly4) • -o. C76 V 
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of the lr~p ~o laroGrom ! Fi B· 6c nnd the corrtspundinG 

plotG in F i g . S'b o1:.tAined fron Figs . 8a nn.l 8b , tht.:: p"'ir : 

[l()~ (ko/co 5 - 1 ) , ex] of ~n(II)-2 . "> 14 Ual103 was foun to 

be ( - 2 . 60 3 . O~ , 0. 16 3 . 0» . 

4 . 1 . 1 ~ 3 ~he LOflC'~i t hmic Mnt Guua Equation 

1£0 s tudy t he aliplic ability of thu tcchniq,ue 

IllHlucClt from the logl~rithnic tIlntsutla equation , siuultanc­

ous equ<ltions for eo ch systen Here forL'lu l ated usinG oqua­

tions (29") and (50a) (see Tnbl e 1) aM the ,xperiountal 

£'V2 and E3/4 of the NFP pol.:1r ogr nns • The ~2 t urn fOun 

in the equntion is ic1ent ifieu (\5 EO in all the systeL10 . 

.Gincl.; (D
o
/D

R
)V2 is ? l roos t unity the vulue of EO bns " 

nct51igible JifferCllc e frOM ~2 ,\CcoruiDf5 t o equAtion (120.) . 

~ho 3SsUDption is f urthe r justified. since ~2 obtninod a t 

° uiff (: r~nt c ('lDcentrntions of NuNO, do not vory froo E 

~Il2+/~n . 

For Zn(II) - O. 49 M Nn1103 tho volu"s of 1\12 - EO 

ill i E _ EO fr orl the NFP l)olnrOBrnu , 'Fig . 6Po , Herl;! 
, ( ·3/4 
evaluat ed t o be - 0 . 006 V fmd _0 . 028 V respectively . Using 

these experiment al v a lue s , equations (298) nnd (jOo) 

yield the f ollowi nt; sioultaneous eq ntions : 

l og k O = - 2 . 32 - U. 203'" 
(410) 

(41b) 
l og k O = - 2 . 113 - o. 9'>6cx 

o - 1) 
values of lOB (k /cc S 

nnd 0. cnlcula~t,;J 
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via equations (4-1 ,,) enJ (41b) arc - 2· 37 end 0 . 28 r espect ­

ively. 

'1'0 deteroine 1;he kinot ic pnrAucters of the Zn(II) - l.O;' 

H HaN0
3 

sys tem , tha experiuo..!ntal values , Ey2 - EO ... - 0 . 018 

V aml E3/4 - ],;0 = - 0 . 058 V, with equations (29") and (3011) 

10 5 k O = - 2. 50 - 0 . 682~ 
( 42n) 

(42b) 

Lo~ (ko /C1!l 8 - 1 ) ['.nil ex. W(; ro then cocputfjU to be - 2 . 66 "n 

In thd s ame ~"ry l'lS tho pr&vious caStlS , for Zn(II) - 2 . 45 

the fol l o\/ing sil::ul tancous tlquntions froo 

= 0. 018 V r nd E3/4 - ];0 = - 0 . 058 V were fo r mu-

l uted : 

l og kO = - 2. 501 - O . 682~ 

(43b) 
l og k O = - 2. 209 - 2 . 027a 

~he pair : [(loB kO jcc 5- 1 ) , aJ \'lOS the n calcul ated t o btl 

( -2 . 6~ , 0. 22 ) . 

4 . 1 . 2 Discussion 

The expe riul".ntnl vnlulls of thl: l~inctic pnrn­

oet <;rs of the three tochniquCS Rud thr.; litcrnturc 
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values in the v a rying c oncl:nt r t' f N I' . u n 1 0n 0 11103 ar~ listua 

_ '" "'., 5 5 OWE n. rcnson-in 'i'iJble 6 . Go::::,. rison of t Il " r ""ult h 

nble agreeL'1ent b..:"i;;lee n the value s of the three tcchniqul:s . 

nGr ceIlcnt o f -1;110 lite rature vnlul.. of k
O 

t n a 'O'
5

::ot 

ROll 40 I!I.S , r:ith '~h~ expe rloentnl kO (ot 9 ::: 190 me) 5 

20 DB 

fur ther consoliu. , .-;;()s the fnet thot the effect of g s on 

the rat e c onst Rnt i s not so oignificnnt . 

In addit i on t'l the sil1p:. icity of the tuchnique J.evc­

l oped f r on tile l ogo.r i thmic f or e of I'1Htsu:ln t 5 equntion , 

the nt;rem:::ent o f its rusul t nnd the previously astubli­

Hhed proceJ.urc;s vf } . Mcric an t: t a l. [ l J and J . H. Christie 

Lt ,11 . [ 1 3 J denons"i; r at<:s the reliability of the obt ained. 

v.-::.lucs as \ie ll as t he val~dity of the Dethod . ~he 1.'1,; -

,jul1;S <'I.lso confirl , the n'pJ!lic~bili ty of 'thu P. Moric :.11 

et a l . technique -l.;C, the lJ.unsi- re vurs~blc electrode r e -

dllcti on of Zn(II) , 

Ili th r egnrllio the effect of t he concentration of 

the s upporting clvctrolyt e on thL: rnt ~ of reduction of 

~n(II ) tho rl;sult 5 \..- f t he J . H. Christie t echni quu un-

ravels ~ <.!ccrU[lSC i..I f k O vnlue wi th AD incref-l(;U o f H3.NC3 

conc entra"ticn iIl:;?lying a docro RGe in th~ rate of uif.j­

clm r e;o of Zn(II) ::-.t Drl.]:; . ~hc vnlue of kO 0: the log~i­
thn ic fAntsucla ' s c..cuet 1cn nn(t t.he tf,;chnique of p . l::.t:: r icao 

(li s close n J.iff erL:'ut tencluncy i n transition fron 1 . O~ 
, 'n th.> tr~nJ of rnto 

~l\his v.:1rint~on ,L ~ 

f th polnroarn~s of "n(II) -2.4~ 
constant r:lay be b~C.J.uSO 0 e 0 

I
, I . . t f or <lDo 1ysis . ThiS con-
'I ~ilN{J3 which nr o j_ nconv\...n~en 
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..2.~ 4 ... 
~ 

'IJ 
0 .... 

-2.~ 
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Pig . 9b log k vs a di"crnm at (0) S,/4 - Sy4 • -0.0 ; 

(b ) E3/4 _ Ey4 • -o.Oc8T\ (e) EO- Sy2 • 0.018 V ot Zn(ll) 

,.. 1.05M and _2 . 4!>M NollO .,..tems 
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of the l~~f yo l nrocr3m , Fig . 6c nnd the corr~spond1nG 

plots in Fig . 'jb oetAined. fron 

[lo~ (ko/en s - l) , u j of 

1"i gs . 80. and 8b , tht: pp1r : 

be ( - 2 . 60 ~ . 05 , 0 . 16 ~ 

~n( II) -2 . 45 L! II 103 

. 05) · 

4 . 1 . 1 ~ 3 The Logerithmic .1nt sud,a. Equation 

WIlS [ oun, to 

'1' 0 stuuy tho G.l;plicllbility of tho tochnL.j.ue 

(lc(luccd. f r om thE..' lognritlmic Mn t sudo tJquation , simultano­

ous equat i ons fo r eneh syste n were forIJulnt~d usiOB uquo­

tions (29<1 ) and ( 30a) (see Tnbl l:l 1) aOll tho experi monta.l 

l:.V2 ami E3/4 of the NFP pol:lrOBrnns . 'i'hc ~2 turl!l founu 

in tho equnt ion is identifi ed (\5 EO in a ll thL systl:lLlS . 

:Jineo CD /D )'V2 i s f'. l I1lus t unity the volue of EO hoa " 
° R ne~liGible l ifferonce fron ~2 nccordin~ t o equatiun (12d ) . 

~hu nssw:Jption is f urth(.; r j ustified. s ince ~2 obtninad nt 

° uif f erent concentrations of NoNO" (to not vary froI:l E 

" 2+/" LIn LIn . 

For Zn(II) - 0 . 49 M NnlW
3 

tho v alues of "'/2 - EO 

mHi E3/4 _ EO fr o!';'! th(: NFL' po l nro(5r nu , l!~ ig . 6A , \/ere 

evaluat ed t o be - 0 . 006 V Rod - 0 . 028 V rCGpectively . Using 

tJl<lse exper imental v a lues , equations ( 290) (Uld ( ::SOn) 

yi~lcl the f ollowing sioul t nnoous oquotions : 

(41a) 

l og k O = - 2 . 113 - 0 . 946a 
(41b) 

f 1 (ke/em . - 1 ) e.nd a coleu1at~d 
~hc values 0 oe . 
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via uquations (41,,) an~ (41b) arc - 2 . 37 and 0 . 28 r espect­

ively ~ 

'1'0 determine the kinetic pnrAllcters of the Zne 11) - 1. 05 

( HaH0
3 

sys teu , the experiIJ~nt:11 v alues , £';2 - EO = - 0 . 018 

V and E3/4 - EO = - 0 . 058 V, with equations ( 290) and (30.,) 

yielu. : 

lOG kO = - 2 . 50 - 0 .682a 

(42b) 

( ° - 1) LO{j k /Cl!l S f'JlJ ex. were then CO Dputeti to be - 2 . 66 '"' nJ. 

O ~ 23 resr~ctivcly . 

In the saI!le \\.~ry (lS the prt:vious CAses , f or Zn(II) - 2 . 45 

l,j HnH0
3 

the fol l o \ling s i multaneous equations froc 

lly2 - EO = 0 . 018 V r nd E3/4 - ):'0 = - 0 . 058 V were formu-

l at ed : 

log kO = - 2 . 501 - 0 . 682a 
(430) 

l og kO = - 2 . 209 - 2. 027a 
(43b) 

"h . [(1 kO/c- s - l) , ~J I,;a s then cnlcul o.ted t o be _ e pillr : 015 ... .... 

( - 2 . 6;' , 0 . 22) • 

4. 1 ~ 2 Discussion 

The experi~t..ntnl vnlues uf the l~il1etic pnrn­

cet ers of the three tuchniques /lnd th~ litcr(\tur~ 
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VIlIUl:R in the varying conct:nt roti f N ' . l: on 0 :1103 urt: listou 

in ?avlt,; 6 . CO w:,_ :('~son of the ri!Gults shoWG 1'J rCnGOD­

nblt.; ngret.cent b..;·i;~'ce n the values of thu thrc-.: tochniqu.,;s . 

'.!.'he olir0eocnt of ;,110 litcrnturc vnLH .. s of kO nt 9 • 20 D8 s 
Hod 40 os , with i.ihl1 expericcntnl kO Co t 9 • 190 ms) s 
further com.;olil.l .-i;(:s tho fact that thc effcct of Qa on 

ttl<: rate cons t Hnt is not so Gigniflcnnt . 

In addit i on t,) the sinp: icit y vi the tuchnique .J.tlVO­

loped frOD the l ogori thmic f or e of ~JIltBuJn I S oquntion , 

the a~r~CDunt of its r 06ult nml tho previously ootllbli-

1,hu{l proce·.lurcs f} . Ueric lll~ (;t nl. [1J anJ. J . B. Christie 

{.t nl . [15J uecon::ri; rate::s tho rolinbility of tho obto.inoJ 

vl!lues as \;e11 as the val~.lity of thu oothuJ . ':::'ht; ~u-

'lll'tH A.lso confi!"" •• the O'PIJl ic ..... bility of thu p , Maric 

e t nl . technique -i,;, tho qu ~lsi-rt!vcrsiblc oluctrodo r (.l­

(tuction of Zn( II) . 

\.i th regnr.l -1i0 the effect of hl.! concontration of 

the .support i ng c l ...:ctr olyt e on thl: rntl..l of roduction of 

:tn(II) the rUEultr.> <-f the J , U, Chriutit; tuchni'luu un­

ravtJls .... locrc[\ sC uf k O vnluo wi th nn incro'lD\J ()f NO.H03 

concentrnti 0n iIl.?lying P. uecrun:;u in thf.; rate of .... i£­

chnq;c of Zn( II) , .. t DkL . 'rho vnlue of kO 0: thu log~i­

thr.ic rAatsu~l.\ ' 5 (,( uatl cn nnd the tt.clmiqul of F, L:&l.;ric.:m 

disclose n I.hff ercLlt tendcncy in transition fron 1 . 05 .. 

'j'his varifltion in thu trunJ of rr-.to 

"th poloroarruws of "n(II) -2 . ~' 
constant cay b~ b~c.J.UBe 0 1 U u 

I,j HoNU
3 

which nr c inconvwnil;n t for anolysis . 
This con-
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tr<-H~icticn of th~ results flRy be solvecl if the studios 

were performed at hie;her concent (:ration of N G f a 5 ' or 

the GtuJies in rnr:ce c oncentrllt(;:d solution Bive n l)r opt.! r 

insic ht intc the r-.;c1uction rate response [20 , 32 J . 

~he trend of kO observeu in the r esults obtnincd 

uGing the J . H. Christie techni que h ad nlso b een obsurveu 

b:l Korytn [ 14 J in h is stu<ly by r Hl) i d J. i: pol nro(5r nphy c.nu. 

by J . 1I . Christie c t nl. . [ 1 3J using NPP nt tho two 

s:mpline; tines of 20 r:J.S and 40 os . :3uch dependences of 

k O of Zn ( II) reJ.uc"i;ion in vClrious types of supporting 

el{:ctrolyte h e ve .:Usc buen shown [ 19 J using diff tJ r cnt 

e l(:ctrocher.:li c t! l Llc thous . J!'or Zn(II) - NalW, s ystco it h08 

b(~en 5hO\'"n [14 J th~, t the dE~cr01tSO of the r a te of eltJctroJe 

reduction of Zn( II) is du e t o tihe ue cre nso of the poten­

tial J. ifference iu t he double l llytJ r which in its most 

part is causetl by eloctros t l! tic off l.lc t of the ionic p ... ' rt 

of tIl(] u oub lc I n.ycr . 

4 . 2 Cr(III)-NuC104 bysteu 

In the s tuLly of tho ol..3:ctrode Jdnctics of 

e r( III) the proposal suggested. by P . U1erlC:lO et 01 . 

llJ fo r t ho totully irreversible ul(;ctroJe ref!ction 

is npplieu nnu t os ted . 'llhc irrcvttrsibility of tho 

(';lectr ode r .... <:.cti on is checkod using the oetiho of 

Ol..lhnm IJ.ncl P~\rry with a furthe r use of this techni-

que to tlval uHte tht:) kinetic ynranetcrs . The techn1-

t ·OD is a l so que of t h e loc;nri thrlic Hr. t sUtl.Fl equn 1 



'" <1\ 

kcthou of 
nnf;,lysi~ 

Ol c.lhno an.l 

pprry 

.<" . l.1oriC:Uil 

Lot;D.rithoic 
r/.p.tsud r.. 

Equf'ltion 

Table 7 . Bquations Used for the J.nalysis o.f the 

!Ii( II) - K1;03 and Cr (III) - NaC10" Systb'" 

Equntions uscc.l 
EquLtion 

nuubt-rs. 

-
r \- i ~ ~~' 

f; .? ",:",o + nT 1n 2 . 31 kO 12 ! 21 .. - auF -J D j -- 0 ' 

2 . 3031 T ; 2 2 \ 
lOB i x (1 . 75+x ) I = E.,/ 2 - E2 38 

2cmF . ( 1 - x ) I 
'- .1 

~'/4-IV4 = RT In O . O2~ 35 
./ 2ctnF 

---
105 k

C 1 anl' C- EO ) = og n + . ,,"-/2 - , 37a 
2 .j03HT 

log k C = lOG a + 0 . 358 + 
anl' (E _Eo) 

2 . 303HT 3/4 
37b 

.. 

CooIL..:.nt 

USt-'J. .for Jete -
rLiootion o f 
l og 1: 0 

Used for detc -
rmination of 
a. ( l O~ Y VB 

E2 

Used for the 
determination 
of a. 

I I 
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UIJ] l oyed t o extraci:; . the kine tic p(1r p..r ,e t~rs . l'ht! t7qun­

tions t)f t ~lC Il i ff ~.rent techniques ar c listed in Tablo 7 . 

'l.'he study w, ~ p,-ri ... r neu in O. 2IJ , O. 5M Rnu 1M Nut.:l0
4 o 

Tho v clues f !iffusion coefficients of Cr3+ anJ 

Cr2+ ust)J. in a ll "he throe ncthoJ.s I/Crc obt nined froc 

liturnture [21 J l"'.lh1 we r e DC r 3+ '" ~ . 6 x 10- 6 eli 5-1 and 

DCr2+ " 7 . 9 " 10- 6 
CI!l2 s - 1 . EO (Cr 3+ ICr2+) p, t the di -

f l' () r ent concentrntion of NACI 04 were detlJr rninuu by H. 

J.mlreu c t a l e [20] a nti ha s values of -0 . 665 V, -0 . 650 V 1 

an,t - 0 . 645 V vcr,;us BGE f ur 0 . 2M , 0 . 5/;\ , nnd 1M NnC10" r o­

spective ly _ 

4 . 2 . 1 Detcrminati vn of Kinetic ~nraou turs 

4 . 2 . 1 . 1 1.1<.... CflOJ of Oldhp.ll and Parry 

I n the s tudy of Gr( III) - I1aClO" systo~ 

u sing the t..; chnique of 01<1huo amI. Pnrry , the irr e ­

versibility of the Gr(llI) reduction in ~Jch COD­

c entr1tion ui HaCIU
4 

\·ms first confirncd using th. 

r e l (ltion 0I:i:;3blished in ~quation ( 38) (seo Tnble 

7) . From 'i;he respective HlP pol nr oer an , the ..:xpe­

rimenta1 i/id (i/i
d 

= x ) at diff e r ent pot untinIs 

were jct e r Il ined . Log y , where 

--i 2 2) (44) 1 i x ~L 75 + x ' 
log Y 0 

, 
Oil I ! , (1 - x ) --

W/JS then ot t ed ~gtlinst , ( - L) . The I1Do nrity of 
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the plot delD.t.ons t r<':(;es t he e l ect rode reducticn to bo 

tutHlly irrGv~rsible (sec equation (j8» . 

Thl.: value of ex. of cech syst(;I:l wos iletcrLinc(i [roI.:. 

the slop~ , where the s l ope = (2an/o . o592) V- l accorJing 

t o equnt ion (38 ) . The value of EV2 obt nined frou tho 

intL::rc lJpt of t he vlot of l og y vs ( - E) should coinc1.u 

\'lith the exp<:: r imental Ey2 of t he NPP pt)l aro(JrfU'l nccorling 

to i,;quntion (38) . The vi~ luus of kO of u~ch oyotuo wcro 

then calcul a ted using an 0.1 tcr nnti vu expression of 

equation (21 ) : 

and the: values of -i:;he experi oont'll Ev2 tOGothur 

the Ii 'terRture VE'.lu~s of Dcrj+ ond E~r3+/c.:r2+ 

with 

lIor Or(III ) - O. 2M NrrC10" , the plot of log y vurauo 

( - ):,,) , l+~ig . 11 was found to be limmr showing the 010c­

trollc reduction t,. btl irr \,;versible . ~hu vulue of a. \I 5 

Ctml'utud .fr oB tho slope , and .found to be 0 · 78 . Thu 

expuriocnt ill EI/2 of the NPF polllror;rnu , - 0 · 781 V, (Fig . 

I On) agrees wel l ·.lith the intf,r cCJl)t of the r~spljctivtj 

plot in ll' i g . 11 , - 0 . 782 V, in (lCCorltl!.nCe \"lith thd th 

. (38) Using th~ rul ntion reticnl pred iction of cqunt~on . 

(Jf equation (45) :,nu the expcriI::unta l Ly2 v·: lu~ , log 

(k"/cl'l s - l ) vms c.-Uculated to be - 4 . 75 · 

Exten-ling th~ techniqull to Cr(HI) - O. 51l lioC104 



- ~ -

• 

'i 
• 

/'f 

~1. 
,0 

o • o '" ~ • • J 6-
0 • .. ... , 

§ 

r 
.. ~. 
~ . ..... 
~ . 
~ 

'" • 
~ () 

• .:l l' ~ 

• o 
I 

• 
9 

• 
9 

H 
H ... , 
•• o 

~ 
• o ... 

o 

.. 
o .. 
• .... 
o 

'" 

• o 
r 

• 



- ~9 -

\ 
§ 0' .... 
• J ... ~ .. 
I > ... 
~ 

1 :..: 

'" • 0 

L~ 
.!\ 
~ 

• H 

'7 H .... 
'" .. 
<.> 

~ 
~ 

• 
0 

• ... 
0 0 
I 

to 
g .. .. 

> 
8 

, 

... 

! 
0 

L": Po 

'7 Po ... 

• ' I 

P 
0 ... 

~ § ... 
... • 

• 0 
0 0 I 

• 
r "' 0 

0 
• 

• 
0 

" 
... 

~. ... 



- GO -

\ 

, 
,,_ _ J 9 

o 
~ 1. 

cr-
• 

'" 

---~-,---- o , 
o 9 

r 

§ 
r , 

-r 
I 

L~ I j 

~ .. 
" ... 

,. 
H 
H ... 
~ 

" .) 

o ~ 
I 

" 
R 

,.., 
0 

'" , 
0 ~ 
I ~ • 

, 
l' 

e < 
, 

, 
'( ... 



61 
(a) 

1.C I 
• 

o~ y 

'. ~ 

• 

O.b 
, 

/ 0.':1 _ 

• 
~ .. 

C. T -r r T 

.7"0 0 . 7bO 0.& 0 .620 O.eeo o. 
-E(V) 

- C.2 • 

/ • 

-O.'~ / . 

• 
- O.v -1 

• 

/ I 
- ).d • 

-1. ", 

r( ••• / ia (a) O. ?; (b) C. 5; 



• 

- 62 -

,,:.'stet! , t he plot of l og Y VB ( - J:,) sholln in Fill ' 11 1"8 

obtninud . The liJ.1..::-;rity Llf the plot nc;nin confirms thu 

irrev~rsibility of the ol ectruJe reJuction . Tho plot 

Gi vLD a slop'] of 22 · 75 co t hat the value of a • O. b? 

In H(;reencnt with cquntion (j8) the vulue of the tixpuri­

Iwntal EV2 of t he NFl jJolllroerno ( - 0 . 838 V) (soo Fig . 

lOb ) and thu i ntcrCCIJt of t ho plot coinciJ.~ . Fror.l oqUQ-

( ) ( 0 - 1) tion 45 nne. t ho cXl)oricentll l EV2 ' l ou: k /eel 8 WttO 

COI!lputGd. to b0 - 5 .. 25 . 

:F'u l lowine the rbov G lJentionccl steps to Gr(IIl}lM 

UaGI04 systE:m , th8 lin~"r }Jlot of FiB _ 11 unrnvuls thu 

Gy~tHI1 to be irr c.:vorsible . ~h() value of a roo thti 

:31upc was ovaluntc ... 1. to be 0 . 62 . 'ihc oxpcrirwntnl b
Y2 

Of 

the UPF ]Jolaroc:;rall , (FiG . I Oc ) \Jhic h is the Stith' c.r. the 

intercept of the rIot , - 0 . 864 v , Rn~1 equAtion (45) gi vo 

10[; ( k o l en s · l ) t o be - ;, . 38 . 

4 . 2 . 1 . 2 Uiethol (0 1::J . M(;rie 1U~ 

To ft}.lply ",htl Dotho,l of F. l,.~ricnll the fo11 0 ing 

h ';n th" I,ro"rn.cnc of J.ppcn.!ix I . e nnG<Js \'wrc "'"on~.... .... u 

70 (1 " 96500)/(6 . 31~ ~ 298) 

80 G4 = 190 E - 3 

100 vI = b (0 . ;,6 E - ;,) 

10;' D2 = S$ (0 . 79 :0 - 5) 

llO EO = - 0 . 650 

iJtatcr.:lVnt Ilur.Jburs 7u , 80 , 100 , 10, nn~ 110 w.rc 
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cJlangeli i n 0rucr to t Hlw into nccount the vr.lu~B cf n • 1 

uxpe ricen t nl 8,:op11nC titlo f t h C 3+/C 2+ or (] r r systcn , th~ 

Gs :: 190 ms , 

E" 3 Ie 2+ Gr + r tt 

the l.1fiusien co<.:fficicnes 

- 0 . 6S0 V VB SCE. " h ... ..i.. \J thl.:orctic-:l calculation 

Here per f orm.ad f e r (,4 < Ct $: 1 (\,.~th SUCCOSGlvu f\11 .... 1tion 

of 0 . 05) and 1O-~· ~ (ko/c" . - 1) ~ 10- (\lith Buccu"aivu 

Hdd l tion of' the cXiJ)G n·~ nt by - 0 . 0") . "h .... ..' J. IJ S:1110 cocput r 

as in the prt:vlous CAse wns U51JU. with n cooput('r tluo e;,t 

1 : 4~ hours t o com~lete the cnlculntiona . Fr au thu c ~lcu­

I ntod volues , the theur eticl,l llots shm,n in Pig . 12 woru 

obt a i ne(l . 

To jUIlgG tho ,,,,-pplic:1bility of tho P . t tfriClU.l ' a 

IJe t llotl t o the irr.:..v[ rsiblc systur.l or GrClll) , a. of 13 lch 

sYRtefJ w(!.s c (l lcul "·~lll frau the oxperiuontnl wr.vu width 

usinG oqu'1tlon ( J5) . ~hlJ r1ctho\i. wr:s thl.!D cro6Bchuckull 

by c onsid.e rinu the 1cr0eL(~nt of tht,,; t.hvort: icnlly cRlcu­

IntGd irrevt.rsibl u vt'l.lucs of E.3/4 - EY4 at thu xpu r i ­

lluntnl v <duv of 0. \li th tho uX}.crim;ntrtl \Vr:lVC \'.i lth , 

H1
J
pemlix II a . Thl1 irrcv\;rsib ll: wnv\.! \litJth vnluu fer 

ench a. correslon.lf. tc the E3/4 - Ly4 volud in t.ho rl:&ion 

iJherc the w 'vc wilth is indu}Jomh.:nt of thti vnlU€J of lOB 

kO [ l J . If tho t..:!chniquu \mG founrt to bu vll11J fron tho 

agrccuent of the thct: r ctic nl nnd uXI>t!ri,",~ntnl rusult t 

thH vulue of kO w.- s ev:~luntuu froc Chl: th\,.;orl..tic 1 lot 

]
::0 _ k O at the eXIH.: r il..:cntRl a of FiG " 12 . _ EV2 va log 

}t'r olJ the cxpcrioentn l wnvt: \.'i,lth of thtt Ilff pol"ro­

(Fi~ . IOn) - 0 . 060 V, tho voluc of a of Cr(IIl) - O. 
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U:lGlO" \yos C 1 1· d '+ .' II eu Q-C~ to be 0 . 76 . The thl.!oroticlll v'lluo 

of the \'mve width i'reI:! 11!ipendix II n nt a • 0 . 7'/ 18 

-O . O~9 v. ..ithin ~n error of a , 0 . 75 + . 0'/ , (l rt;nsonllbllJ 

Clt;rct:IJ(mt e nn b.J o1)survuu b"tl.'····n th" . .......... ... I..'xrt::rl.I.:i.lmt:11 no 

tlw thooreticnl \/r.vc \lid th . It in thus pOBoiblo to pursuu 

our "tUlly on Cr\' EI ) - O. 21.' I' 1 "C 04 usinli this tochniquo . 

U~dnt; the experiu0ntul EO - EY2 vnluu of tho l~PP Dlll 'ro­

~l'lll.!l (1!'ig . lOa), 0 . 162 V, tho corrl..spunuin6 vnluu of lOb 

( ko/Cll 8- 1 ) f r oe the plot of "i15 . 12 at " • 0 . 77 ".,s 

(:val uated tc be - L:·.63 ± . 0,7 . 

The r Cll:a,1iniD.l, two sy stHns of ere III) hrvo thu OIlIJO 

exporir.lOntnJ_ w:!.v~ V/idth of - 0 . 070 v . ':.:'hu ~xrl.:ricl..'nt"l 

v alue of ex. W[\3 conpu t ed to bo o.6~ . Bincu tht..: \:xpf.!ri-

!wntal a. of Cr( III) - 0 . 5M NaC104 ami Cr (III) - lLl IhCI04 is 

thn I3 P.ue , i t is J.)o5sible to nSS(~58 the fi}'plicnbility cf 

the ncthod by trudng into nCcoW1t thu thuoruticol wove 

uidth of ~\pj?cmlix II f'I at ('(. "" 0 . 65 for both syst"'os . 

~hc thcor0ticI11 v, ..... 1.1.lC of B3/4 - EV4 iroo .. PpuDtiix II a 

it; A. r ountl - 0 . 06<) V shv\ling ~ g()od aer~cl1cnt nith thl.i 

uxpcrilOentn1 E3/4 - lly4 ' - 0 . 07tJ V. 

?hc v'"ll ue of EO - EV2 fran the UP}' lAJlnror;r':o of 

Gr(III) - O. 51.1 NnC10
4

, .'it.; . 10' , i s 0 . 233 V, "0 thnt 10& 
o 

(ko/cn s - l) = - 5 . 15 ! . 05 . In the srou wny '" - I1'2 • 
0 . 264 V of Cr(III)- lM !ln~104 and }'ig . l~ luf no lUll 

( k "/cIJ s - l) to bo - 5 . 70 ! . 05 · 

4 . 2 . 1. 3 ~hC_~~OG':U'j...1E.nic t ... ntsu.l8 ]:';qU"ltioD 

To stuJy the> irruv(~r;Jibl(! ~lectrl)JtJ 
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CreIII) th0 s implif ied l OBaritht:!ic llntsuJ.n equDtiona , 

EqH , (570) ana ( 37b ) (seo I'able 7) vf totally irrevvr-

!nule Gyst CLlS were used . 

"'or Cr( III)- O. 21! NaCI 04 , tho oxporil. •. ntnl(E
Y2 

_ EC~ 

- 0 . 264 V D.na E3/4 - EO <; .. 0 . 190 V and cqu. t,ons 07n) ,'no 

(3?b) respectively furnish the f ollowi ne G1Dultnnuous 

equations : 

l ot; kO 
= - 2 . 62 - 2. 7" a. (460) 

( b) 

Frou tho s olutlol'. c f the SiIlult.:mCQU5 cqurtlonn log 

(ko leu 5- 1 ) "'mu a ~.:crc f ound t u be _ l~ . 70 :mJ 0 . 77 r ... -

nptJctively . 

In tha cnsa of Gr(III) -O. 5M KnCI04 tho vnlu"s 

hV2 - EO and E3/4 - h 0 war e f oun.l to be - 0 . 23j V nnJ 

v ,"luus nnd oquntion (j7a) llnri - 0 . 267 V. Using ,h.se " 

CS:lb) the SiI:lUlt~ne(us equAtions biJlot7 lier u t oruulnted : 

IJ:Ihe v!!lues of o - 1) d a then cooputo! to l og (k Icc 5 an 

be - 5 . 10 nnJ 0 . 63 reGpactivcly . 

l!~oll o\-/in(; the S(1I!le stops , tho siuul tIlD&CUB uqu-

ntl ons : 
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IWre ob t a ined f o r Cr(III) - l!.\ NaClU . 
, 0 - 1 , I; 

(1. l en s .' , ex ] w(.; r~ then calculllte...! 

Q. y) . 

4 . 2 . 2 Pis cussion 

( a) 

~he l,niro : [log 

to be (- !> . 2!> , 

The VGlu~s of l ou kG ., f u anu a 0 the threo tachni -

ques nrc presentccl in TobIe U. 'i'hu results in ~'Iblu 8 

u .,..u UllutlC 1.P1'l1Uut rA show the ngreeMell ':~ of the oV'llu"t'" I ' 

nt th" . .... Wl. :r.~OU(; c r,nc(·ntrntion of HnCI0
4

• 'Btu relll1billty 

o f the w11ucs detlJrmincu by ";ho DLthoJ of 1- . Li<Jric'ltl is 

thuD c(mflrCled . 'llhc snlJe justificntion is nlso tlxtoOutH.l 

tu the; technique loduced fron the loenrithnic foro l'f 

nn'Csudll ' s cquatic-n. 

Sioilar t o :t:.n(II) rnJ.uction in l'hH(,.j ' \"ithln thlJ 

r anGe of N'lCI0
4 

c ...:nccntrntl.on USf..:J , nn incrunGIJ in thlJ 

nupportinG electr:Jlytc c()nccntr'~tlon is nceor;}: nniod \1 ... th 

a decrw1se in the a:r;p<1r ent vnlue uf thl.' rP.t~ constnnt for 

relluctlon of Gr(llI ) ns shmm in ~nblt; 8 . This rosult 

(liscloses the fact thn:; tho r'ltu uf ruducticn of Gr(lII) 

diuinishc:s \-lith C!'. incrut:.,cu of the Na.C104 concllntr ... tlon . 

~ln.s is i n af:,r eeIJcnt \";i t h the ten~cncy of thL! r'\ttt ru­

sJ>onse of Gr(l ll) observed in the \'Iorks of H • . In ar 

ut nl . [20J at :1. c0nccnturntion of IhC10tl- lO\'.'t;lr thnn 3 
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P. l.I.~rh . • :J:;. ;"et:.od 

( 0 -1) lot.: k Ie:: ~ 0. 

:'Ob..! '; Ch.~:...C 1I.-,ts.lJ.a ~'tU~'" 
log(ko/c~ . -1 ~ '" 

--4. I \,.,.78 ..~ 0' ... ." .. C5 - ".70 ~ .,. . -4.r :>- .. "" \". , ,,;-. ~. 

-" - 0.b7 . l' + o~ -:> . -.,.- • .; 
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Lit;,~ ~.tL<re [l'+"j j ",.lUtHi of the l.;,~r5 : 
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r~q)~ctiv .Ly . 

[lOB (ko Ie", 
o'e (-;;.09. 

(; E ~ CL . .. . .., :;.1t 

C.c,,;-:.C; -~.: .... 

-1) B , 
0.60) 

aj at 0., and 1 . OM 
ood (-;;.10, O.'~) 

1 e.G 

I c _0 
" 

of 



t 

ami othtl rs [21 , 33J usinG d e pf. l eror;r llphie !!:.othl)u . o,Juch 

trenu. of the r fl t (; cons t n."1t HilS 1I1so ()bs~rvu by othur 

lVorkors [ 34 , 35J . 

Howe ve r , th(;; lJolJ.t! r ntu c (}ncentrAtion of linCI0
4 

in 

\~ll1ch the s t uuy ~.~::; lurforr.cll Cilnnot r r:vcnl n eluRr 

picture of' the effect of NnCI 04 concent rHtion on tho 

e 1t~ ctroje kinetic s c.. f Cr(lII) . Vontrnr y to thu rlltu c.f 

r educti on of Gr(IlI ) f'l t c oncunt:rlltlons 10\.l! r than jbJ , It. 

.an(lreu et o'l1 . [ 20] f OW1d thut tho rate cunstnnt Wl\O in-

c re liSuu noticeably fo r c onc untrat ion of I uCI0
4 

grE:tI'tl: r 

t hHll 31.1 . Thus:-tn llI-prol'; r iat c i nBiGht into tho lnflut;nca 

of the s upporting ~ltctrolytu c(..nct.nt r a t ion un the r ntu 

r e Gponse of Gr( I II) cnn onl y be achiov~d if thlj stuulus 

\,;,e r e done i n If wi r-.ur concc ut r nt ion run6e (20J . 

4 · 3 !li( II J-KN03 ~;ys t"U 

'r he appJ i c abili ty of t he thrut;: tcehniquoG 

nlready empl uyed in t hu Vr (III) - NaCl 04 systl::i.lS wero 

J t ' of I'i'IIJ in td s t ed on t he e l e ctrode r u uc lOD • \. 

v a r ious concontr ations of KU0
3 

<1S supporting 010c-

tro1yte . 

the k'nctie parnuctcrs ~~ra rc -The vnlues of .L 

f err ed. t o ~' 6i ~+ /lh = - 0 . 2~O V vs IfHh [~J . r..:'hu 

diffusion coefficient of Ni(IIJ USU \1:18 thu vn1utt 

<1 t i nf inite Ulut ion at 2~oC , '11i 2+ - 0 . 69 x 10- 5 

2 - 1 [37 .(,inee the (loalgnu : iflusioD eoc-e ll s J . -
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f fi cient of s i mpl e metnl s nrc n~Rrly equa l t o thu .11ff u-

Gi on c o e f f icient vi the 

d ilut e a(lu~ c)uS s ol ut l on 

corrospolloing nquo- cocrlcx in 

[38J it Wrts 'lsswjcd t h '1 t 

Dili - J!g = DNi 2+ = 0 . 69 x 10- 5 2 1 
Ctl S - . Thu Gnca oqu-

~ l t i()ns l isted in l'<lbl e 7 lVo r " used i"or h .... '" t l.l .1nolyo i s CJ f 

thu systen . 

':i:h e i nc linvoni"nt nntur~ of the UPI' pol ll rCJ6r.1I~8 

o"bt n i ned at h i gher c (,; :i1cuil trnti uns of KNO" licit our 

<;tu<ly of lIi(II) r educ tion t o 0 . 10 , O. l !> , O . ~O nnJ 0 . .,6 II 

of 1m O) . This p r oblc IJ I:Illy be J ue t o t ht; tuo r{JJuc tio 

s tups th<.:.t Ni(II ) s hows ot hiGh s;11t concuntrntiona 9 

r; t n '!; .:d by b "nburn Ulu ()rlennnn [39J . ~lhe cxpurillontnl 

HPF pol nr ogr ClLs f ell' the above [ll.:ntionttJ concuntr~tlon of 

hJ:0
3 

nr o shvh n i n JnBS , 1 30, l "b , 13c , nnd 13<1 · 

4 . :5 . 1 De t cro i nnt i .(,'.l}_ of Kinetic Par anutor s 

The irr e vurs ibil :..ty uf thu lh(rr) rc duc t l.on in th 

d i ffo r ent conc~ntr:1t~ons of YJlv, wns chuckt:J usinu the 

IluthoJ of Ol dht!.t'l rn,l }inrry i n Duc h t he such ~my RS thnt 

done f or the er( I II ) - NnCl0
4 

s y s t l:r.n . The lindnr i ty of 

the plot s of l og Y of c qunt i on (44) ver sus - 1:. of nt; . 11< 

ded.u c ed froI!l. tho cxrerio-.:nt nl Latn of the r t3s}uctivo IllP 

l 'o l a r ogroos ) s bm, t hnt th tJ l;i( II) - KHO; EystCL:S nro irre ­

versibl e . The v n]ue of Ey2 obt nine froll thu lnturcovt 

of ei!ch p l ot c oi nc i eh .. r.lth tllCJ uXlHJrlL..;nt." l Lv of thu 

Hl'l' pol arogr~Cls (Fi gs . 130 , l ;b , l ; c , onJ. 13<1) just i-
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fying t he r e l ation est ablished in equption C~8). 

UsillG the t ee i que of Ol dh"l.0 nnd Pnrryt hI..' vlllul;8 

01~ a. obtuinv<l frcu the s l opes of the plots in FiB . 14 nn 

0, - 1 ) ( ) k (. em.. s cnlcuL: t lJd using equation 45 wero fOl1:ltl to 

be (lS f ollows . 

~Hble 9 0 Values of k O Flnd a. Obtnined U!;inc; the M..,thoJ of 

Oldh aD and Pnrry f or Nj (II) H~duction in V"rlou8 

Conccntr~t ~on of RNO, 

KNO" 

If. 

ex 

kO, lcn 

0 . 10 0 , 15 0.20 

0. 41 0· 39 0·37 

6 - 1 ) 1.69,,10 -10 2. 33xlO- 10 - 10 
' · 36x10 " 

t "chniquc of P. MuricRo thu I n npplying: the .... 

,. to tho prOer t!DDU of J.ppcndix I c1Wllt;eS wer e OCluC 

t nke into a cc ount 'the follO\..ing : 

O.~ 

- --
0.}8 

3.5e oj :-. 

-- _. 

so :'IS to 

DN , 2+ 
• J 

- 5 2 - 1 >~~ 2+ ,_ - 0.447 V 
, ~ . =0 . 69 x 10 cn s , - Ni IN> 

• J, ) l tho uXlurict..:otnl sru'lpl1.nG 
VS Jog/agC I , KCI ( sA t d . , am 

tille (G = 190 os) . 
6 

80 C4 = 190E - 3 

100 D1 = SQR (0 .69B -

105 D2 = S.,R (0 .691 -

llO EO = - 0. 447 

,) 

5) 
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Using the s ,me llicrocorJput~r ccpl oyed in tho pruviou8 

cmws theoretical cal cul ati ons were perforlJod for 0 . 2 .. a 

:s 0 . 65 and 10-
6 ~ (ko/cn . - 1) ~ 10- 12 with succ ossive n<ldi­

tion of 0 . 05 t o tho f oruer CUSe Hnd - 0 . 05 to thu exponent 

of the l atte r . The c ooput er tine used \'108 1 :4!7 houro . 

The eXl)erim0nt r.: l v Hluus of BO - EV2 und E3/ 4 - Ey4 

extrac t ed f r oI'] the corr~sponding NFl- lJ ol aronr ollG of ollch 

s ysten are listed i n Tnbl e 10 . 

~abl c 10 . Expcriucnt nl EO - Ey2 and E3/4 - Ey4 ValuoB 

f or the Roduction of Hi (II) in the Vnriouo 

CcmcentrFtion of KN0
3 

!(NO 
3 

EO - '\12 E3/" - Lv" 
M V V 

0 . 10 0 . 519 - 0. 056 

0 . 15 0. 53, - 0 . 058 

0 . 20 0. 5"5 - 0. 06" 

0 . 26 0. 549 - 0 . 066 

~erica.n f or irrevursible Following the procedure of P. 

of ex. were cnl cu1otod trOD e l ectrode reaction the val ues 
bl 8 DinG cq tien 

1 ve wi,lths of Tn e the experimcnt r. \!('l. 

f und t o be 0. 41 . O . j~ . 0. 36 . 
C:s5) nn d thei r vd ues \Vo re u 

. 15 0. 20 . nnd O. 26k of KNO} 
N'( II) ~n 0 . 1 . o . • a nd 0 · 35 f or ~ t s t . 

.' f tho flothu wus thon 
1 mht.' v~lll.dl.ty 0 l~espect ive y . J. 
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by t a king into a CC0unt the thcortticnl irrevursiblo 
v alues of E3/4 - Ey4 from thu cocputcr out~ut flt Cl 

values of 0035 and 0 . 45 ohown in Jl.ppenuix II b. 'thu 

v a lue5 of E3/4 - Ey4 in the irr~v~rsiblc recr10n whuro 

tht3 wnv e width i s i ndepenctent of 1>0 3rt:: Around - 0 . 3 V 

at Cl = 0 . 35 anu - 0 . 05'- V ot • • 0 40 / .... . shor.'ing n rUII80U-

nble H~reement \lithin the error of ex , ex. :!: . 05 , wi th the 

GxperiI1cnt al volue s of Table 10 . It is thuB iJosslblo t o 

extend our stud.y t o tho cvnluntion of kO using the 

theoretical plots of EO - Ey2 versus l og kO of Fig . 15 

Hhich contnins a set of s trnight lin06 nB in tho enoe tJ t 

erC III) . Froe t he exporiIJcnt nl EO - Ey2 vnl 8 of Tnblo 

10 onJ the plots nt " of 0 . 3, and 0 . 40 of "ig. 15 tho 

vJ\lues of l og ( ko/cID 5 - 1) "ere f ound to be - 9· b1 ! .05 , 

- 9 . 82 ± . 05 . - 9 . 03 ± . U) , Ilnd -~ . 08 ± . u5 for tho Ni(lI) 

r educti on in the successivuly incrcp.sing concl;ntrDticoe 

The lognrithuiC Mntsutill equations , cquations (~n ) 

Hnll. (37<.1 ) f or t ot lllly irrcvt.!rs iblu rf..'llctions \'ioro applied 

\'.'th tho e X1 ,uri Dcnt nl results pruBcntod in 'I'oblo 
together '. ... l' 

11. 

Table 11 . 

KN03 
M 

0 . 10 

0 . 15 

0 . 20 

0 . 26 

• _ BO 
Exper i mental Val ues of EV2 '"U E~/,. - 1

0 

he V'll'i OUb Con-
f e r tho heduction of !1i(II) in 

c entrations of KN03 " 

EO EO 
Ey2 - E3/ 4 -

V V 

-0. ,19 - 0 . 5'+) 
-0 . 565 -u. ,35 

- 0 . 54) -0.577 

_u.'49 - 0. ;,B3 
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eous 

Fur Ni(U) - O. l1, 1(1/03 "ysteu the f ollolVing uioult.cn­

cquntions were f ornul nt cd : 

lug k
O = - 2 . 58 - 17 . 53 a 

l og k O = - 2 . 22 - 18. 41 a 

yie l (ling the v al ues of log (I,o j er.! a- I ) nnJ Cl. t o bo 

-~ . 75 und 0 . 4 1 r~sp~ctivcly. 

(4 e) 

(49b) 

In the c nso of Ni(II) - 0 . 15M KNO j tho Biou1 nnooue 

cquntions : 

l og 1,0 = - 2 . 58 - 18 . 07 a (50n) 

log k O = - 2 . 22 - 19 . 09 a (50b) 

were obtAined fr ol'!1 which th\~ vvlucs of log kO leu a- I) 

ilnd ex. were c omputed to bL; -8 . ~O Md 0 · 3> rc spoctivuly . 

In the snDe WJ.Y the pair : [lOB ( ko/C£:i ,, - 1) , ClJ 

obtained frOD equ.o tions (710 ) . nJ (71b) , 

wo ro f ound t o be ( - 8 . 72 , 0 . 33) for l/i( n)- II Kl;O, 

,mel f r om equotionG ( 52n) onu (52b) ' 

(51n) 

(51b) 
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(52n) 

l og k O = - 2 . 22 - l Y. 70 ~ (52b) 

the pl1ir W"l S e v 1 t I , n u " "(;:{ t o be (- 8. 33 . 0· 31) f or the 

re!3aining Ni (n)- 0 . 26J' KNU, II .... sys t oc . 

4 . 5 . 2 Discussion 

r ates 

In suppor ting ol octrolytes such as nlkall- purchlo­

or nitra t e s thnt do not fo r e cooplex~B uith nickul 

the reuuction of hcxnquonickol ion i s s pposed [40J to 

fo llow :!n irrcvursibl e pnth lluo t o the f •. ct thnt thu 

half wave potenti"l is 0 . 5 V cor e negntivu than the ro­

versi blu standar J lJt t cnti nl for tho lllCkol COUllo . This 

iH in llBr ecI!lent .,.,itb (jur r esult dtJ~_1jcod uRiIl{; tho 1-ro­

JlOBal o f Ol dhBD :\nll }.' rry [ l ~:d . 

To sec the nbl'tHWont of the v~luos c:<trnct(.al by 

!Joann of the three techni quu5 , kO and ex. v[tluua e,f tho 

thrl:c ncthoJs nrc Jisted in TobIe 12 . For thu Nl(II) -

o obs",rvu 
o . U,~ KN0

3 
s ysteLl U r ensonn1le ngr eec!t1nt enD 

~hH slight vnri:1ti(;n of tht: r efiul t o f p . UCtriCRD cnn bv 

G:q)lain0d in t e r r.s f the theoretical errors of (1 . 

ct ! . 05 . and log kO . log kO !: . 05 ftssoci r'lt~J .... ith tho 

pr oc edur e . 1I0\lev r , nt higher concentrati ons of lWO~ 
the v ol ues of each techniquE: sho\¥' ::l significllnt v rl tien 

\lith a. pr onounce,l ,]E:lvinti on 1n the results obttlinu t using 

the logc.rit hl'liC M~tsuU;1. oqunt i on . 
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Ni (II ) at hi r,h snI t c {)ncontr(~ t ion of s pportine 

clf~ctro lyt{: vms t :".lwn t o f o l l o\i I two- stop roJuc tlon 

nH cll<!nlsf.! by bnnb ... ::n :'nu Orl<H~l\nn [3"J 11D"· 
7 ~ subuoquttntly 

d i:Jl)rOved by Girc.",t [41 ] h w 0 ccnsidt..: rod , thu Mt3chanlst:. t o 

be ch nrgb t r': lnsf(;r 1 r cccQu(;d b y n r t.! lA t iVLly Blow d<.l hyd. r n-

tion s;.ep . In Vl· .'" f th f v ~,0 ~Ge nct s , tho ~l~ctrutio runctlon 

of !Ii(rr ) is lika1y t o be J iffurunt froc sicplu u100t1'o<10 

r(~llctions 'it t h IJ hither c ()n centr a t ions of KN03 ! 

tiw anoonlies obs (.;r v eu in tht.. COllccntrlltiona of 

SO th:-

gr\~nt(;r t han 0 . 1M by no L1CUZla J isqunlify tho vnl1Ji ty of 

the lUB.' rithui c Mc.tsmk c qull ti on c,r tho t echniquo of 

r~ Mt..: ric no fo r elc.:ctr otio r O(Jc tions . 

Thn Qxi s t ence c f the llbuvo rlt:m't ioned oochnnisr.:; intlu-

tmoe H'lsil y t he Wi~ve c.f the HE' l'olnregrao in thl.: t Ol} r tl ­

Gion \Jh ere the only lJxpcr immt nl pnr nrl(J tcr E3/4 in nJ.di ­

t ion t u £'/ 2 uSed in tho l OGl1 ri t hIJic Mnt Guua cqul' cl(lns 1s 

fcunJ. . ~his shows thn t t he eff ect of thu appe arance nI 

Huch I'w c hnn i sD h evo A pr <.:ncunc od iopact on the vnlulJo , r 

this t t:: c hni que coopr r uu \lith tht.. oth~r tochniquoB "h ieh 

USt: the cxp0rimunt 1 vnluos of the whol t1 r ogion vf t;hu 

Ul-T \J<!ve . In midi tien , th~ uxnBguratl.;u chnnGtJ 1.D tho vAlue 

o f 1:::0 o f t his technique coupnrl:J \lith oth,,-,rs r}~ imJ.ien e 

the f nc t th:!t the :..hift of the 5i01)lu ullJctrOltlj rt11ction 

) t 11 in ~hu tr· nsition 
nnc hnnisn of Ni( II t o othur ypo tl 

of' the c vncuntcr -:ti( n vf KII0
3 

fr(1o O. ll to O . I~L: . 
o 

\' ith r osr rJ to tho cl1:lngo of thO vl'luc of k rB 

tr ', t i un thcru i8 '1n incrcnStl with 
func t ion of c onc,m' , 

10-
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cr easing conccntret i ons of JITl0
3 

in nIl V<1!uc s vbt ninod 

uSl.ng the three t echni que \'li t h the excopt~on of th: t 

evnlUl~ tuJ f r oLl Ol(!h['m Hnd l'nr r y t echni que fl t thu va luu 

of O. 26 M K;:W3 • The vprintion i n t hc caGe of Ol <.J.h,rJ , nJ 

Parry eiln be (Lue t o the incoIlvenient n:lturu of tho NFl 

po l Rr ogr ao fit t hi s c onccnt r ntion of KN0
3

. ~ho auJ,lVo­

r ting e l ectrolyte uepenlicncc of kO which i s uiffor (.; nt 

frou t hRt obser ved f e r the ~n( I I) rmd er ( III) aystucB 

rilly b e dU(~ t o thIJ ;"I PC aranoo: of n diffu r un t r oduction 

ncch nn i s IIl iii th i ncr (;f's l.ng s alt c onc .. .mt r 1tions (\6 1 r epos ed 

b:' the nbuve IJent:wned y;orJcc r s . :....uch t ondency of tho 

rntt! c onst .... n t hnJ :"' l so beon obse rved l 19J in c l- , Br - , 

or r - 12clui a cn .. i t h is c'm be explC!i nt..:u i n t or os of nJsCi-

rl)t ion [ 42 , 43 J of Cl -, Br -, or r- \;hi ch unkoG the ¢2 of 

e quntion ( l Ob ) fj or o neGati vu , ther (..by inc r o:'Gina tho 

Hpp:~rent v.'3.lu~ s c.. f leo \'.' ith i nc r ons lnn: c()nccntr:l t ion of 

th(~ supp ort ing el .(; t r ol ytH. 
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5 . GOIlCLUbIUII 

The v:u.id ity vf the fj r :tpbic',l l)r Ocf.; ,lure thut hilS re ­

cently been est<~bli£ht:d by P. f:cr i cfltl et 01. [lJ for tho 

(iute r o im·tion uf kinetic pnr nllc: t e r s of 5iop10 electrudo 

r enctio n by nor!.l.:'.l I~u1 6c pol ll r O{;r t1phy hos buen tostuJ. un 

t lw quas i -rev~rsible sys t em of Zn( I I ) . Thtl lluthou. b'uJ 

blH-:lfl applied to the ruduct i on of £;n( I1) in 2M KNO
j 

by the 

SIHW h·(, rke r s , but in t his presunt work the s tudy han buon 

extended t o t h(~ ruduc tion of ~n( II) in 0 . 49 , L O" antI 

2 . 4.)1.1 N"aN0
3

• Thu ut:.. thud has boon f ounl1 to yie l d rusul tfJ 

ill gom! Hgr t:eoent with thtH.w obt n1neu using oth(lr tochni­

(lues . Jl prof,osil.l hed al so been omiu by P. tA<.lr1cM a t 01. 

to usc this ;;r3pb i.c~1 r roccdure f or the lictlJroinntioD uf 

k i net ic j,-nrrU:IC t or :J cf t(Jtlll ly irre versible t..l~ctroc.le ro-

Ilction ;~nd t he prt.. :3c:nt work 111\5 cunfiroocl it a np}.-lic'lbi­

I i ty tu the po l a rogr nphic r eduction uf Cr ( III) in N .ClC4 

and lli(U) in KN0
3

" Gr(IU) has been at i1iud in 0 . 2 , 0 . ; , 

nnd 1 . UM NnC10
4 

.;'In -~ t he kinot ic per: uo t ors obt nlno<.i by thu 

g r aphical met hocl \'oro f ound t u nfsru t3 \';i th vlllues ovnlu-

"'11" studies f or tht: Ni(II) ated usinG other t echniques . ... ... 

r e(lUcti on were m :1) in 0 . 1 , 0 . 1" 0 . 20 , nod O. 26U !CiO} , 

l£he values Jett' r LlJ.ned f or tho !U( II) - O. Ht KJf03 SystcWl 

"th thlse obtniDcJ by nert! in renson:>b10 cgr l.onunt \:'~ I 

"
110DUlies were cbsl.lrvuu I\t the 

otlH:r techniques \.hc r cns 

hi gher c oncentrati',ns of KIl03 , 

i t IlU/IDll of extr,,\ct1ne 
,\ rel 'lt ivcly sor e c vnvcll cn 

S'nl)ll.; t; loc troul.l rwfctlon by 1 H' 
l: inotic par''lJJ.(' turtl of .... 
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has been u.Jv e l opetl . r'h t h 
J. e (:c ni que hos been dt.!(lucl!d trot' 

the l O(1'A,ri tlu:.. ic f c r lJ of I' t .• • 
u tfl 5Uun 5 equntion fo r thlJ r'lte 

The e quC!ticn has been split i nt o t wo indo-

I;cntient nn i sCln r o.tu oqun.ti ons i ncruIJorn t i ng 1:.y2 ond E3/4 

ter lJs AS t he cnly expcr i fJ tmt'11 pnrm~~tcrs t o b~ us ull f( r 

t he nnnlys i s c f t he NPl-' 1),,1!!l'Ggr nr1 . ol Dultnnoous oqull­

tionH \',;0 r O then f t rr.!ul ot ud us ing t he cxpur iountnl BV2 ~ml 

E3/4 v:-llues <'.Ill!. the t heorl:ticnl r el ntions ! froc Which th 

v;'lues of t he k i neti c pnr nnc t e r s \Je r e dctcr uino The 

te c hni que has been tes t ed. un the abuve uunt ionod qUf\si­

rt)vursib l e sys t en c.- f un( Il) y i e l ding volues in geC! 

agr~el1ent with t h use obtuined us i ne othl:r Di:!t hous . The 

l1ethnd h[lS f u r thel' been SiIlIJl i fl. ed f or t ot111y irrt.­

v!)rsiblo s ys t ens . The t echni que hHS bcen appl i ed fo r 

t he fo r ep;oin/3 rIJ lluctions of GrCI I I) and IU ( r l) . b r r t: ­

duct i on of GrC l l) i n all conc cnt rcl. tion of NaCl04 , roa-

• h " s b cce n ob "crvcd with values ~v(lluQttHl agraer.lcnIJ ~ <;;; _ 

(H1})loyinC prl. viously es t c.b li sh&d IJc thuus . jl!lOCRlil:S hf've 

f ' r th .. ' ]"(rr) r·~J.uction in nIl cunccn-s t i l l b een f{)un u "" " u. " 

tratiGns of K1I0
3 

e:;ccept O. l lj KNO, ' 
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6 . JIPPENDIX 

I . Computer l 'rogrrunme for the l'heoretical Calculation of 

(Eo - E,;2) and (E,!" - E,;,, ) for Simple 1l.ctrode 

Heaction as Functions of log kO and a 

• 
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II . Theoretical Va~ues of (Eo - "V2) and (E3/ 4 - "V4) 

for the ", .nalysis of Irrever sibl e l1ectrode Hcactions 

IIa . Cn( III ) - I<aC104 Syste~ 
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Appendix III 

In this appendix the derivation of Eq. (19.) sing 

b<)5 . ( ll) , ( 1 7) , ond (18) will be shown. 

Eq . ( ll) can be r ewritten as 

(A-I ) 

\lith x defined as in Eq . (15b) . 

Inserting Eq. 

, V3 
"'2\, Q = -s 4 

(.1- 2) 

/' 2 of Eq . (18 ) can be r ewritten as : 

kO • ( , ) ) 
= ( - I exp(-a (2 ) [ 1+exp( r, 2 J I 

VD ! ) 

wi th '\2 and D defined as in Egs . (12c) and ( 13b) . 

( .. - 2) 
dubsti tuting ·;:;his expression of (\2 in 1q . 

y i e l ds ! upon SQI1e :ce errengeIDent 
2 ,2 ;y21 

f [ 1. 75+x (l+exp( 2') I ) 
_, V D V 3 I _ (I"..J, 

exp l - a., ) = - - ) x ) 
2 k 04V Qs l l 1- x[l+s" p(I' 2 J 

(12c) 

1 
f 

wi th E" defined in Eq . (19b ) . 
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