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. L 3
“This ‘thesis ‘i composed ol two pnm, bozh bued on dectmhemml klneﬁe 5

., theory Illd i obscrvntmns i}

the férric iron sys!un

a1 P-rt L snrnng effects on redox pountmmemc titrations mvolwnA "~'nnd
Cétt are mvah;lted m some, detail. TJze mlxture pntentul was @ldend to
dncnhe the e(penmenul data.. Tthas been oburved that ths measured potenmls

» while the solutic ls stirred and while' it is stationary are dlﬂ'erent AE repru;nls the
dnlzerence between the two:ort: of potenn;l The AE‘: were negm e'fm.h Jmaxm-

. tudn ca, .’Wto 40 mV befou eqmv.lence, and !hey were po: wnth about ll’u same

mngmtude ufter :quwnlence The slgn changed at nqufvnlance So e olhet redox

FoeE, “

% systems nIso showed the nme b xevealud t‘ at 0, .
m the T cu,used the AE belore '.hu end—pomt, whereu AE lf the end-pofnt dld F
*" not need “the prosenee of air. The slgn nf AE e g

. the Presence p[ ur in the test rynun

3 a8y SR § [ 3%
A h ' i npplyln ! hemi 'kinm-hubeenm‘-doto',

ce of AE, the sign ol aE mﬂ the sign chmp u eqnlulenee Ths s

‘.‘: rted by periments usmg s mtlklng dise eléetrodn

)iy Part ]] tbc rotmn; dise eled'mdo 15 used lo mvu(ngnu the klnetics of, the,

(—'LL ngumt w- 2. The theory o{ thl! method is dlucjmed in detail - and'a uk \tw:- "

fary eqnnt;on for the method zvlllllled Solne ol the ninnugu nf this method







. 3.1:  The Mixed

. "3.2: The Mixe 1
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lntroducﬂon '

The purpose o{ the work at first* was to measure the best mte constant lor
Fe”—-"Fe”‘ Fe ona plsnnum ratutmg duc electrade Tn- the case of tlus work N
tha nced lor anulysu of iron salts i in solution’ was appumnt Therefore lhe investi

tion of the Fe“‘ + Cett’ mranon reactlon began and developed mto Part 1 pf the "

‘thesis whlch is about the sumng eﬂ‘ects in' ic redox tirati ns. 'Since:th

to activnte the plz iluni ; k

4 tho\lg? many prevlous workers had\

S hns hken such h et & to use clean

chemlcah A.Lm, ,a.,novel method of low. overpotenml meuuremene whlch has not

B been fmlnd in the publxshed heerature was “used  to makg determlnatmn clase to.

hlgh overpntent 15"such -a5 oxidé ﬁlm on plntmum and ti-ace metal impurity. deposl— 3

uon are largely Avolded For these reasons as will appear in Purt. lI we beheve that.

g mtroductory c}mpleﬂ l‘or Part I and Part’ [I aswill be seen »'
the rapectwe parw of \‘,I\e thms







Chapter 1. onventionsl:Views of Potentidmetri Redox'ric_mioﬁ;“

haVé been cor '_ 1} used in analyuqal chamlstry

4 Usually,—-a mratlon r:ﬁ ion is pradu.ced by the ndamon of. knowu quanmles of a

rcngent nnd the rencbmn» 15 momt‘ored by memutement of the cell em.f. OI'ten
3 pnl,entlomemc mahons are n-ected tnwards obsemng a- sharp change of e m.|
,when the' renchon between the titrant and the §oluuon bemg mmted is complete ln

mgny cases, the concentrahon ‘of an unknown solution ¢an be’ detemuned very ancu—
E4 -

A typical cel} schematnc s s followss " . -+

rel'erence electrodeﬂ tltra.nd sollmon | mdmnor electmda

_»" It ulated by means: of the Nernst eqmmon

our cnse, a hlrand solution niha]ly contnlnmg xron(’ll) and u'&tnnl solution

an oxld.'up't were, rencted in'l mol'L‘l H,S0,. The forma[ potenmls

'at any point betore the ﬂuwnlence P

e lated" by the Nernst, equnuon,




and the cell 'e.il‘x.f.'_wyoulq be:

Bl = Epe- Eul = Ey.hw“* TT" In ﬁ . (1.2)

068V, Eyyp =

where  Eglarpae 0.199V. Define x as the [rnctioh of the

slmchlomemc amiount of oxidant " ndded Bcl’ore the eqmvnlence polnt (0 <x<1),
a cons:demble quantity of Fe** and Fe* are present, so the platinum mdlcntor élge-

trode rap:dly attams a stnble(p"tennal given at 25°C by *

Ee =.0.48 - o.nsp 105,0( = V- ' (n.3)

P S ¢ oo v i .
The potcntial yersus added Jolume curve in this region tises little. "When x changes

AR

[ 1 0 0.9, the e.m.f. Ec,“ chnnges by only about 010 V.

/' Once past: the” equwulence pomt, the suluuon \,ntmns npprccmble umounts of
[Ce™ and Ce‘* but no Fe“ and the redox: potential i is determmed by.the ratio of the’
concentratwns of ccnum(XW to cenum(IlI) The ethhnum potcntml M\imy pomt.

,a[ter equwalence is given by — X
” : o . N : g5
B B el Ecta.c,..+ -—Tl L“l[g;*] e

. wo\lld be L e

. B =7 RT Ce! #
8 By = Beo- B = Ec.“ce“"' b ﬁ} o v - (ug)
mm imatel equul to the 3 ofl iron(‘ll")v‘ E




As the titration’ :‘ hes the immedi; vlcmlty of ‘the ,' iV “ >pomt the

'concentrntlons of. Fe’* and: of Cet+ become very smnll ‘At the eqmvnlence point,

oy o the’ only substances pment in_apprecisbje amouns are F‘e“’ and’ Ce“‘ The ol —

a
t this point can be deduced by adding together equations (1.3) and (1:8) to
B ) g

' \ e & o 1-x 1.
2 = 088 + 1442 (2x0.199) - 0.050 logyo (2 ) (17)

- o
- Which rearranges to

)+noss logmx T (1.8}

" At the equivalence poini x = 1 exactly, therefore the last two. terms in (1:8) will be

*’zm)‘nnd the em.f. at the end-pomt should be . SR PR

n’

; +Eg K s L]
. Eap > e LR mom 'V, ()
“The; 'én]culatéd em“ s'for the't

itration'are pmeneed in Table 1 1 and the titration

is plotted as’a curve of potent’ | vs. added volurne of mrant in Fig. 1.1. ‘This has s
S typlcnl ejgmmd shape The most pxomment feature.of | this. curye is the sharp chsnge

of pctentinl ohserved in thu vicinity of the stolch\omemc equwnlence pomt The
’ eqmvnlence M )

G ot Figure' 1.1 on next pige

be located by the'sharp pamt ol‘ potentml change




Fig. 1.1 The sh-pe or a lyyuenl titration, curve, pltul-l-d by means of ¢
i Nernst equation for v.he_mnmn of Iron(Il) with Cerium (IV).




" Table 1.1, Caleulated Cell EM.Fs for Fe? + Cet* Redox Titration
| kPoientiul‘?ﬁ vs. Ag, Agbl,"sginrﬁfed/'KCI) & 1. -
_Eg;l!/v o T BelVo LT " E:e‘“/v

at equival " Calter equiv

<043
i
. 0.45




Many methods have been, developed to locue‘the eqmva]enea point since the ”

L ﬁxs', potenhometnc ‘titrations were repotted in 1‘8933 Most of these methods bnnlrﬁ !

on the best way of d&lucmg the eq ‘vnlence vqlume fmm the mrnhon curxe. ’I‘hls

N
interest seems to have mtsnslﬁerl over.the lust 20 yeam Thyao methuds of genernl

mterut are used to' nccurately obtain th¥ equivalence volume They aret” ,,‘ %

1. G “"‘methods bioned-in most xXtbook ofa alytica Chcmlstf}:-.

2 Mgth(;ds baﬁ‘ed on lhe‘lingarizatjon of fitration data®.. . _:
N . L

8 ;Curve-ﬂmngv\rithcamputer55 d - ’ . ¥ e

However, all of the:s methods n "“' e the Fematical e tment. while the
: expenmenbnl procedures remaln |denmal " v B 0

Accordmg to our work there is some flaw i m the convenuona.l vmw Tt is ncccs-» i

sary to cpns}der kmetlc eﬂ'ects s, well 43 thormodynnm\c relatlonshlps It hu heen

NGy l'ound in_our. - work that, the potentml near aquivalenge is deturmmed by some other )

-f . h th:m that isaged in-the co intional ﬂew detalled nbave In pnmcu-




cl .;n'.r 2 | The En‘ecu al Stlmng on Pohunometﬂc . Redox Titrations

: / " In‘order to mix the titrated, scllmons well sad hnten ‘the achievement of equii- i

brium, ad uu'nn‘ is recommended.” s U:nnl]y a ugneue _mn*er nd bat. mag- -
| net are’ in pokn!lometm uzmm It _has beel found in our work that the ~

Stential i

_on whether, the +1uuo.'. is being stirred .

n; different, d

| “stationary, in’ both cases fter suficient sirring to mig the Solution, Table 2.1~

;hows some nhservnt ns from a typlcll Cet+ vs. Fe"" pelenhom:l.nc hl.ntmn

. B e . s N b
,jr.i.la 21 - Pou:nf.inl Between Pt vs. Ag, AgCl, ated KCI -

“Referece Electrade in mo, + Ce(SOy); + Aquecnu H,so. Syst.em

)

A = ..

s Poteminl me?unred .' Potential measured - Cef’» Solution’
w)ule sufrmg/mv while solutin still/mV. . " addéd/mL

Just:before end-point .. 1589
« . Justafter endepoint. L 10907 il a0eT

ST TRE s
* Some mncluamnl can In dn.wn hvm then data:

-«

1. The meuuml polenlnh wle. uu solution is-stirred. or s still are Mem; for

the same volume el ldded munt X . Y a?

" Before the. end-po\nl the muuured pntentlll of the pm.mun wlnle the' mlumn'

Th- ntnl.tnn is mened Alter the md ymt The po‘lgntul of plnmum wlnla
thu iolllt.u)i is- :ﬂned is morn polmve tlnn the pa'.entul muslued in = still




~—mol-} LiHQSOfsolnmo.

i e - 3 .
j?'l ! ’l‘ntratmns of Imn([l) \Mtﬁ Cenum[IV) and Other Oxld:ml: in Ax

The typlcnl peri ent to- show h ‘7 ¢ was ‘) ied with {n'fedgx- .

" 4 4 g L e

“titration. The reaction i

‘c;"(;q) £Fe(aq) = Cetlaq)-+Fetlag /

w1th Cett solnhon as the titrant. A primary standard Ce(N'H.)ﬂNO:), Imm G F
Smlth was used Abont 3.4 gof Ce(NH.)Z(NO:,), wae acc\nrately wclghcd and 14 ml?
concentmled sulphunc scld (AGS grade) was added to the cenum(l\’) salt and the
) solu‘nun well surned for 2'minutes. Then 25 mL dlshlled wnter wns cnutwusly added
3 . down the side’ ol the beaker over a permd of 5 mmulcs The exathermlc reachon

aids conversxon of Ce(NO;,), to Ce(SOy),. A seeqnd porhnn f 25 mL dnshlled wnter

T \was: added ‘and soluhon was “stirred for two more minutes., When all the solld hnd

“dissolved and the soluion had coled, it was  traniferred 1o 250 L voluinatrie x
ﬂask and made ip. to mark wn.h dwhllad watel ‘The soluuon was nbout um‘
‘ol I..'l o+ ‘and 0. 5 mol- L'l HgSO, The solnhon of Fn“’ ﬁo be detarmmed :
made up by dlssolvmg hbout 278 g of Baker Analyzed FeSO‘ 7H,Q in 1I'L of 05, )

‘beaker and mlxed well by usmg m:gneuc stlrnng Then a 5000 mL m)crobu retl.e "
was” used for precxse mrmon The refereuce electrode was a Ag, AgOI sutumtud' .
' KCl e]ectrode Its potentm] was rou'nd to be 207 mV: measured against 8 standard 7

hydrogen electrude The redox indicator electrode ‘was a pluunum foil electrodev'

For most experiments the: potenti f were ; ured duhng the ntmtmn wnh nn‘ .

Onon Resenreh Model 601 pH/mV meter
_The e expemnent wu carned out, in- the followmg steps
|

‘he des ed amount omem was added usually‘o 10, mL th mme‘ and sur-

-ring started. The pntentmls wn.h sﬂmng were read at. '.he,end of artio lnmute




penod Ir Lhe titral "qn is belore the end-poin

aumng Werewery stnb/la The read\ngs from’ Lhe millivoltmeter were taken in i

Jless thnn two mmutes by whxch ume the solutmn |s mmlxed Alter the end‘-

. pmnt the pe\'lod [‘time had to l%e set to a fixed length as the patenual changed ) 5
«nnnnuausly with- hme These pptenmls were Ieported as E,,,,,m‘

M The snrrer was swuched oﬂ and the solution allowed: to remain \mstmed I‘m- 2

minutes:. It is ceftain that the suhmon was. well _ixed in the preyious step of

shmng In other words, the solutlon wa_é completely homogeneous since it hmd :

l?),“!!_nnd E ,,-,,! before the end-pamt anﬁ 1mmcd1ately agi the end-pomt ’l‘he :

st I ifient-feat the datais thnt AE chang sigh at the end-pmnt,

&sttmoted rrom the, large potenm.l )ump ‘of the dnta elther Emmn‘ or Eq- &

Thls phenomenon has been repeated muny times with dlﬂerent solunons and

'co‘ndnmns “Tables 2.3 snd 2. 4 give ather tlf,rat,lon results comparmg also wnth the

second derivative; data treafment. " were again
: '

< mo] 1! Foe* and 0 011 mol b Ce“‘




FeSO’ m
it Hnso, wnh 0.0i1'mol Lt detsooo in 0. rmol L ! H»SO4

! ‘Added Cet* solution \ N E,w " Eg/aV -

\yolume/ lnL

568 BESRYIT
584 . 630,
58T ¢ L 632 :
589 . - 630
503 630
597 .]. " 633,
"602 "

© 64l
- ; 649 |
L6307 0 i 66l
857 L. 690
911 3
1000
‘121
‘1132
. 1140
1145
. 1150
1154
1157
1163
\1170
| us2

g T

* E‘;nd-poini accordin'g to 'convel_nionnl methods.




_ Table 2.3

Point Location:

Added volume " Euiniag/mY " .
C L ofCM/ml - <

o).

o411

2095 -
"L 2467
1379

'Addpdvolurié_ E,ﬁ,,’.,,,/mv ; E,,;,,[m\l-

AE[mV 3




Accord)ng to the companson. the ‘oint of slgn chnnge of> 9’E coincides® clnsoly ," g
» “with the end-point eale\ﬂat&;ﬂpy the gceond denv_n_hve met‘hod. "Also there is'a, large SR

= changein'the dlﬂ‘erence of potential from negative to-positive at the o\!;d-péint This

phenumenon was nlso folmd in redox titrs

$ other than those using Ce”‘ ‘asoxi-

dapt Expenments showed that titrations of MnO; versus Fe“ sad Cr..O-, yersus
in highly acidic soluhons beha\red slmllarly T

ol 1! KNE:O, It ys. mmedi .

Ie 2.5 gives datn for m.nhons

_ in~Which " the oxlsiant Was’ approx.lmately 0.002
. Aagamst about 0.01 mol Lt Fe“ in aqueous HgS 1 There is. also a large potentml .

<l)ump nnd_a slgn chsn(gg at’ the end &omc ‘I‘he sxgn ah&nge comclded wnth ‘the

. second denvauve Tesult,

Toblo 85 " D from & Titraho:: Using. 0002 molt KMn0, -as Oridant and

e : 2001 molLl FeSO4 eduptant,in ca. 1 mol -L! H,SO,

Added yolume . - E'a,',i,',‘/mv - EgyfmV AE/mV RN
arKMnog/mL'.', i . ’ ' (Egiring)

211386, ©o\sea e L .o .08

21418 ,'(302 | 86 o4 . . 001

21500 L ey (-5 T © 2684
LA . 34

© 934 +36. . - -1358

T R 1193

21,608

21.800

End-p int locz ofh. .

\ E 0t X ¥ e ¥ -

) . With K,Cr,O,, the results in. Tnble 2.6 sbow the same phenomenan Thc con-

céntration of chr201 was 0.001943 \mo] L' and agaiy 0.01° molL! Fel*Was uucd ~
acidified by wddmg 5 mL -of 6 mol- L it HZSO. and 10 mL."of 6 mol Lt H;PO, bn

= et

'ncrense the’ potenha] jhmp st ‘the end-pomt



e

Table 2.6 ’ Dnta !rom 3 Tatrﬁn w1th 00010 mol L‘l KzCr201 as’ Oxndant and
0.01 mol 17! PeSO1 28 Reductmt m ca. 1 mol L“ HzSO4 and 2 molL1
“ HPO, ) i LAl ™

Added volume Eiiiog/mV Bgu/mV

of KyCrOy/mlL, " 0 . -
Tioaw o sBe . 618D "
22108 - - 565.0 .
Cospio _ 505
) 22am O Ve
R AR Y}
..ég.soz,' T 765.6
20 | 1.2,

ﬁ’ ‘End-point(locx‘;tioﬁ.‘ . i , g

A bxg jump of AE nnd a slgn cha.nge can be observed m tlze expemnentul

. mnlts und the region’ of slgn ange also comcxded with the end-pomc +from_the

hase observntmns suggest a novel methad of ahmatmg .

2 ,gecond derivative method.

thv ‘end-point_i involving iron with oxndunt.s such as’ cerium, qermnn- %

gnm\te and dlehmmn e. “This method may not be’ readn]y appjmable to routine

) nnalysjs but is still o( mterest € : o

'Thigr he in enti i redox _‘ i has nov been prevnously

reported in the htent e Many dlﬂ‘erent expenments were done fo try to ﬂnd the * N

cn\lse of the h } The most ignifi i aﬁ)eand\to be keepmg

3 tnuon rea?ﬁon system away l‘rom

Olher expenments wxll be menuoned



2.2 Tltmuons of Iron(ll) wnth A.rgon Protechon ..

e "y
) Tlxe consnderatmn was | that ‘oxygen in- th‘e air mxtht an‘ecl the- mruhon through
B oxndahon of I‘ermns ions Lhereby chnngmg their. concentramn In order to hinimi c
air mterference. a specml ceILsh\own in Fig. 2.1 was used for the rbst of the experf:

. B
<'mcnts ¥y i .

Figure 2.1 on next page. » *

7 . . v
A is a plu!finu}n foil elechode with k2 water-seal nrgon ontlet B iga sxlver. s|1ver

chlonde snt\lrated KCl rel‘arence electrode,‘c is & m|cmburene, D is the nrgon mlut 3
‘D can be ad)ustéd for bubblmg gas through the solntlon to degas heforo t“nc sun aa
of the expenmént cr,pzssmg lt over the solutlon while the mluhon lus* to be kept
still by opening valve E. 25 007l Fe’* solut@and 20.00 mL Ce“‘ soluhon were

. added before observmg the eell em.f. Thls s still about 2 mL 0[ Co“‘ befo\‘eA

. ;. T e rest o( the Ce“‘ solutmn was ndded from the mlcrobureue The

um ta remove dw ¥

. the still’ per;od the vnlva was. adjusted opeq The’ vendm ‘ for the ulll perlad wero
|
agmn taken| at the end of 2 miniutes thhuut atm-ms he following tablcs shu}v.

titration results using the above cell.







Table 2.7

+ Data *Taken '!ﬁn

0.011 molL! Ce't mAH,SO‘ Carried Out Under Argon.

s

‘a” Titration

of  0.014nolLt

Added Ce* Eviiog/mV. * Eaa/mV. -
‘vol;lﬁ/mL d % T
N 556.0.- 75 RE
i 20,608 . 5900 5016 18
207908 6025 8041 Y
$200087 | 6274 6288 . -ld
20005 JREE XY 815 +58.6
21.008 - 10877 ’ +103
21.108 11183 LI

- '_I'nblé 2.8 an Taken . froin Another Titration of 0.01 molL! Pe?* versus | j

&

/" 0011mol L1 Ce* inH,S0, Caiéd Out. Under Argon,

. Added Cet: Eriving/mV. EyufmV AE/mV.
< Volume/mL s o E .
; 4 2000 547.7 s - ca2
' 20900 .- 5057 - s79 - - 22
T s0eet 6167 oss T ar
arom 8544 7005, . +639
21.190 1057.1 - 10438, ;
e e L © Yoz
22202 163 <2

Compniﬁg‘ these results with the results of titrations in open air, the AE's are obvit



.- 18-

ously differént.” The tollowing table shows com‘pmm data.

.

. Table 2.9 A Comparison of AE Before. At and After the Egd Pomt in Air and in

JArgon- . for Two Titrations  of 0.01'mol-L~ Fe?* - versus~

o

— — - -
"OPEN TO AIR - : UNDER ARGON
‘Added volume AE/mV Added volume AE/mV
. roet L } Ce*/mL
T2000 -3 2000 - L5
o . 206987 -, .18
"End-Point - - 720.770° L2 | 20798 "6

“20.878 .28

.. End-Point. * .. 21974 = 20 0
ke w

Region . .. 22070 i . 440

After T 2982 - 40 : -21098 H103.

" End-Point .. .- $2.660 S ws pE +1n

: Some cox{cl‘usigns can be drawn from this cpmﬁs'xison. ) " o .
L " Belore the e{xdqioinz AR ohais i are. siih mars fisgative than ey afs
umder argon ntmosphere !
) % “There i |s a potential j Jump at the end-] pomt when the sign of AE cEanges, both in’
. air and«nnder—ngor ; . '

“After the end-point; the AEs tend to zero but a Targer, vo]ume of Ce“ solution o

' " must ba added in"the open air. sntuatmn fo brmg AE nearl’y to zero. *



e

Table’ 2.10 1llunmtes this pmnt for 'a. solution con 001 matLt Fe’*‘ o :

reacted with KMnOj wall before equivalenée.
. Table 2.10 A Comparison of Cell EME's Before EndsPoint From Several Experi-

Lot 3 N

\ g s
. ments Carried Out in Open Air and Under Argon.

‘Electrolyte; -0.01 mol-L™!. Fe** and 0.002 mol'L™! MnO{ in 2 mol-L!
e L ;

S0, |
A - - : -
. OPEN TO AIR UNDER ARGON _
~ A 5 N 3 2
. i * Baprng/mV * " Epy/mV Euiwing/mV o+ Eygy/mV
57T - 54l 47 C
S0 Ry T s
858 - . "541 © 542 .
BT ) 1.0 sar 543
$ 558 . S0 | sdr - BTy
j "N ' :

- < Flg 2.2 \Ilustmtes schemmmlly how AE varies in dxﬂ‘erent stages o! the titras
tlon
g N
Figui-e 2.2 o l'le'xt\page : -

This problem may be solved by starting with the potcnnal dlh‘eunce bctween

operatmg in open air snd nqder argon, because this dlﬂerence gives ample evidence

of the mvolvemenl of oxygen. The meusured potentml of the noble metal redox cl” oe-

trode is not that of only one cmlple as in the conventional v1bw it must be'a mued

Our tt fral lanation for.’ this ph will h:gm with a-

.-_detalled anslysls of mlxed potentials in"the following chlpter First, hwweve.. some

other expenmenul evndence will be pmented



" befors end |

Y

T.

pole

o

. after end point

‘end point e -

* " Fig 2,2 | Schematic AE versus added Ce** curve,

!
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2.3 Imn(ﬂ) Cemlm(lV) Tmmons at Other Concentrations.

; A few expenments ‘were done with lmn(Il] and ceriu IV) soluhonx of npproxl—
mately 0.001 and-0.1 mc'oll:.l The genenl hehnvumr observed with 0.01 wol-L-! )
solutions was conﬂrmed but details weredﬂerlht, e.g. with 0 00l mol-L! solutlum
the d:ﬂ'erencs of potential between stirred and’ unstirred cases were lurgu- farther °
from the point of sign change gf AE, while with*0.1 molL' solutions AE's were
,small except close to that point.. Tha point. of sign 'chan;g .appeared not to coincide . -
well 'with éhe end-pbi;t determined i:y first or second derivative methods. Tables

2. ll and 2.2 1l|\|shue these observnhons S e

£ Table 2.11 “Titration Results wnh Approxlmnlely 0000&5 mol" L'l Fo?* ll\d 0.001 :
mol 11 Ce‘* in' 0.5 mol L' sto‘ Complred with Fn’st nnd Secon;}/
Denvntlve Trentment . o . oo S

V Added G Byiipg/mV,  Eu/mV - AB/mY ~%

volume/mL - i S B Ao

200 - 81
T2040 608
20.571 - 73
‘_120.6’72_ % 'm
: -
020
* 1070
1100
1126
. 1188

0.100
" 0.408
0327




a2

0. ] Table 212 Titration Resilts ‘with -Kfpioximately 0085 molL"l Fe™*“and 0.10

molL Ce* in 0.5 mol'L™! H,50, Compmed with Second Denvshve

Py o ggestments - oo PE By g
' g & i # t
Added Ce** - Epiing/miV" . Egg/mV AB/mV.-  d%Bjav}
volume/mL o % 8 FE . 5 . © " (Batiering)
2000 sty 18 f e ¢
- 20402 _ Coe00 . . B9 @ 0.371° A

20,600 - e 634 Sl 16.708
... 20804 853 S 8652
. 20.888. CTh0e00 T 1088 e v 42 U apigse-

Coo20900 I R 11 S | -2.011

'i}l(g:__ Lo aes e e L EC\ 087 B

.. :End-point location:

K L

V b 24 Othér Experiments . .. . 1" L

‘J .\\

ment a Rnd:ometer, quenhngen PHM84 resnrch pH meter was used for some-: of the

em.f, me ts, without: Larger platinum mdlcator elec-

trodes gave lnrger potentul dlﬂerencu between E,,,,,,,,“nnd Egin whnle changmg the

.. silver, xllver ch\onde reference electrode was w:tbml!. effect. . . i

ln same exp;sunents twa ﬁt}!\lm electmdu were addéd to the cell nnd a con-

stant current of about 1.5 pA-passed through them using 'a 15 V'D. C. power and 10

Mn resistanice, ‘the pozenm difference between them being i mnmtored throughuut

the Fe?t - Ce“‘ mrauon ‘using a Kenthley 172 multlmeter. The Potential difference -

’ = tlurmg sumng was alwaysdm thnn the p.d.’ mensllred in, sun sblutmn as; mlght have®




- been expmed ie AV,= Vaicing o iy Was” always negative, unhl(e the pote‘hnl

dlﬂerencs AE = Ejirring - Eai, dlready defined, which ehnnged sign near the .

qui point. Thiess experithents wers performed because at first it wns nmugm ‘
possible that the AE observations Were taused by small currents flowing through the

This’ explanation” was- clearly ruled -out by - tho poten-

tiometric experiments with polarized mdlcnwr cleétrodes descnbed above. .
anlly, some poteutmmetnc &‘(penmenls were done with acid- bm titrations -
using a glu: e]ecuode and a sll‘(er, silver chlonde reference electrode nnd then with:
un a/B palladium hydrlde electrode as the H;O" ion mdlcuon The glass elecﬁ,mda,
as annqxpated proved totally msensmve to ébmed or unstmed condmons‘ However, .‘

the pnlladmm l;ydnde electrode showed ensitivi co

, AE's, as defined ea.rher, were positive wllen the utmuﬁm is carried out in
: becama negahve under argo‘n pmtecuon No's sigh change uccurred durmg tha mm- )
: / uon. Tlme dld not permlt l‘unher mveshgauon of: ihse lnterestmg eﬂecn of air on

id-b iometric. titrati yvltha/ﬁ?f‘“ ic lectrod Wu]xreaume

that mixed patsntla]s afs again involved.




) "(ihnpter K = 4 Theory of Stn‘nng and Alr Bﬂ‘ects in Potentmmelnc Redox Titra-
N 5

tions. - T U <

b v . i A .
"0 .Togivea thebretical explanation-for the phenomenatetailed in Chapter-2, we
[ start with"a‘ di@aion’ﬂnﬁx{m;ciale- The kinetic factors are then c‘n‘sidel:ed' o

by denvmg‘s‘ relationship between the mcuured pot,enmls and the stu-rmg rate

3 undl.'r lhe exp mental clrcumstanceg from some baslc equations of electrode kinet

~.des, The kmetic treatment should be nble to answer the following queslmns

l Why is there a dnﬂ‘erence belween E,um,,, and Ey before the end-| -point.in open "

Al r and Why does it dlsappear in ar argon ntmosphere’ -

- Why is ﬂlere a dxﬂ‘erence between E,,,m,,‘ nnd E,g,“ afcer the end-pomt and ‘ihy

st mdepen&en o! lhe presence or absehce of air?: X B . e

. 3.' Why dou !he dlﬂ‘erence ol‘ potentml chnnge sngn l'rom before the end-pomt to

[ \

\alter the, end-pomz? Pt - SN

o34 "The Mnxed Potentml in a, Redox Syslem : N

“A single rndox reachon in electrochemlstry is rgally a redax couple In general a
rencnon - A i 3 . i
¥ . 0%,k ne” T== Red, he & - (.ia)

is, \uuully nnmed as a redox couple Ox,/Red, Most physlcal chemxstry textbooks
denl only with ‘the \behsvmr of thm single redox couyle. However in practxee one

i onen encounﬂeu two‘or more cmlplw slmultlneously pmenl in'a system Such a

. syntem hu a pote ial which reﬂects the contributions of Illvcoup]es present s

If two, ‘or. more couples are.in eq\nhbrmm, the - eq‘udlbrmm potenhal can be \

: obtmned by qonsldenng lny_gne collple Leta mllln-cuuple §ystem have the. form:

"‘7_'0):, £ we _=Red, : @y



0%, e nge™ — Red, ! (alai '
e i

- . 8 F W Lo+ ..;f-_-a;n; i Ve e (a.n:_S)"

g & Consider the silunlion- where |wo couples ue'simnluneou’sly i)ldtn( at ;quilibrium

. with esch o!her More lmporhnl if a.I] or any one “of the rencuona are revnmble.

the rate of reachon is Tairly np»d the Wll(ll! system comes to ethbmlm andall of

lhe concentrations remain c8nstart. The potential is then pven by Nernst eqlnnonr 2

2% & A
" \ fox)
e s y ¢
By =B F {m R '.1 (81.4)
* ¢ _ pe 4 RT |0x~]
=l n;F F gy
; § B, = BY

where E,q is the pote:itiu_llat equilibrium; Ei’ is the formal pécentinl for an individual
—c’ouple' { i o ) A j
The poten!*l is- then calculated by usmg any one ol’ these coupl- for- v:lnch its

are veni Ty Avall;ble The mwured polznm.l in

equiliblli\lm will be indéependent of any kinetic. I"u_:tors S_l.ldl as ¥ and a." In pnrt‘icu1

. lar, the measured potem:ia‘l sl:ould not -change ‘with stirring, once equilibrium has
'beenreuhed 1 . ) ~:‘_)." g Ry o Ty 1

' However, relatively few. n-nxed systems come to\ eqnﬂlbnum wnh each otherund

. wnh the’ electrode very rnp\dly ‘I‘he meuured potenml drifts from lhe cnlculned 5

3 A ernst potenunl This is pnrlly because homogeneous redox rnctmns are rarely _fn.q!.

q,pd partly because onl) a minority of redox couplel are eleclrochemxcnlly reversible®,

> _Slnce the vreutum nte must be\nvolved, kmeue npeetp luve't? be considered in -, -




order to mlve problems ‘ansmg in: 8 system in whlch two or more couples are pot. .in
‘The potenual shm from ethbnum can he deﬁned by the overpotential:

r;—E-—E P c B

equlhbnum

-where E-is the me’asure'd potential We shall use the. following conventions: .if n.is

posnuve, the electrode rencuon is anodic and the corresponding current is deﬁned as.
\poimve or '.modlc current; a negunve cverpotenhal causes negative or cathodw

current w flow. The overpotenqal nis & klnetxcally related parameter. as in the \

Butler Volmer eq\lwon ¥ . i .
iFy - (o
) &P (T]] B

. g e
l'| = ‘f.i'fci ot [exP (—; (3.1.8) "

wher 1 the subscnpt i represer .M}.’ xeachon couple and- ;,,

28 the exchange current denslty for reaction | o is the trans(er coeflicient appropn—

One can dmw 8 curreut-p enﬁnl curve Accordmg to. equatxon (3 1 8) in an
. An electmde system'in- whlch twc or more couples are present wgether in solu~

non but not in equlhbnum with edch other is called a polyelectrode"m Tts treat

ment is greatly s:mphﬁed by an’ addltw:ty pnnclple The prmclp]e is bnsed on the
assumptmn thiat the couples ‘present act mdependently of eachi other. Thus at any -
given ponentml the net observed current is their algebraic ‘sum.. There will be one
potenlml at whlch tbe net observei current is zeru the poml at whlcl\ lhe apodic .
" current due fo one couple exactly balances the catlmdlc current f the other cuuple,
for & system restmted to just two couples I‘:lg. 3.2 shows this pryucnple dxagmm__-

‘mnncnlly o : e

'

. Figores 3.1 and 3.2 on'next page.



Fig. 31 Cirrentoverpotential curves for the systém Ox # ne’ = Red
id line represents a fust electrode reaction; dakhed-line
represents 2 slow.elebtrode reaction.
. a - ¢

F 32 Schematie- current-potential curves fortuwe redon couples, -
resent ogether.but 5oL in quibrum with exch other:




praent together at in electrode The Lwo currents balan"ed ot af | Eqix are equal in

mngnnudg but; ol' opposnc slgns These two. mixed currems imix,a A0 i represent

.. not only - the Zrates- of the two half-reactions Redy — Ox) + nge”, and -

Ox, & nge” — Redg buit alsn the rate ol the overall redox reaction that takes place

betwcen ‘the coup}u at Epjxe " More important, Eg;, is al]'eclfd by many kinetic

eﬂects whlch will be drscussed in laiér sections of tlus chapteri\The mathematical .
trcntment for- the parhcullr pairs of couplcs Fcz*/l:‘e“ o,/ﬂ,o and cw/é‘e“ will

be glven Lhere

3.2 Thv.- Mlxed Potenhal in Potenuome' ic Tltmnons

Cf;urlot et al. menhoned mlxed\potentrals caused by oxygen in potenuomemc b

’ mrmons ‘of mm|z but only when the coneentratron ol' Felt ig very small Then ) L

! dissolved oxygen becoma electroactive in place of Fe“’, and a 1?.#+/o2 mixed poten-

tml ls produced However, accordmg to, Lhe prese)rt work, the OZ/HZO couple

mﬂucnceﬁ the potentml throughout the mrnhon. Chx.rlot et all?

also refer to expen—: .
menml evldence that poteutlometm utramdns of I‘etrous iron with permangannte ion -

" and with dlchromate ion. do ot show the expected potential at‘pqmva[ence becnuse Eah

of irreversibility , nssoclated wrth the MnO;/Mn*+ r@g]ox couple \vhmh lu\hke the :

Ce“’/Ce"‘ coup]e, is a many-nlecl.ron trnnsrer and prounlny ocwrs thre ugh a’

number ol‘ ste])s ‘The potentlal after equlva]ehnce in the case of pe:mangana(e, lt ‘was

¥ nrzued ls a mxxed potenhnl mvolvmg Oz,generahon from wnter, s \Ne laten main-

. cmn must also be the " case for. the cen\m\ system as well. Reference is mad‘elz to

- :‘. ‘work: 'ul‘ \Vrllard and Fenwnck” in 1982 m wh,\ch pans of dlsslmrlar metals, e.g. Pt

nnd Pd Were used 'o detect tentiometric end-p Solint s, instead oﬁ the edh

~ f
- ‘plntin\un mdx‘cMm combmed wrth 8 rel‘erence electrnde ~ ErEk



“Lewartowicz!! has more };cent!y combined a platinum and a Qold eiecciode. 2

» immersed in 005 mol-L™ sto. containing various concéntrations of Fe?*- ‘ind Pe*
jons as an electromemc sensing devnce for tr&ces of oxygen. 'Such & cell with™ [Fe’“‘] )
=31 x10% mol! Lt ‘and [Fe$*] = 0.9 x 10" mol: L had' an em.f. of 49 mV-in 1000, ‘
ppm Oy, electrolytically genernted in Ar or Nz,‘the pla!,mum hecommg more posmve.

i , the higher t-he O, content wlule the gold electrode remains constant. M consmm. '

) i IFe“] + [Fe“] the sensmvny to oxygen increased with mcrense of [Fo’*] nnd was

l&rg&(t of sl at the lowest total [Fe?*] .+ [Fe®*). Thé phen

we beheve, dentified ‘as: i g mixed potentials of Fe’*
- 3

enn wcru cgnocl,ly|

 and. 02 reduc: |

tion Nevmheléss nenher- Lewarlowwzs por. Wllhrd nnd Fenwnck‘ 13- observn-

nons mcluda sny ot the cype presently under consldemuom ;

Reca]lmg Table 2 in Chnpter 2, the dlﬂerence of putenml between sumnz and-

shll (AE) was'32 mV when the sol\mon was open-'to the air while it was only 2 mV .

d from air. The concentration

on average When- the lution was
-of Fe“‘ in our work was large, noc small as in Charlot s case.1? Fnrthermore, the-air

a and shmng eﬂ'eets were (eund( by observmg the mngmtude of . AE whlch has been

2 specially defined. m our work. The l'ugher the AE observed the more stlrrlng~ ® 8

, ) influenced the value of E. We have tﬁ reasons to make the sssumptlon tﬂt— o

/ ) & * smixed potentml is utubhsbed 5 . i # )

m fon” were found in -
: P

¢ '\ - o Different potential shifts between \mshrred and stirre
. 1

" .the presencg and-absence of air. = g

are

R botﬁ’sﬁré‘mg und n‘ﬁxed

0, + 4}1* + 4e —-m,o

[E I

i



The main rhcuon in the titration is

. - b8
570 ey / Cett FJ*——*cé' + Fet . (322)
g e Since Chis reaction s very, I‘Yt botl: callples Ce"/Ce" and Fe“’/Fe"‘ come to

« . equilibrium npldly From b¢ discussion to be g\ven n the fast. section, the poten--
) n tial before equivalence in the absence of oxygen can be obtained from the Nernst

equnuon ln most i the are carried “out in'the

“open air. n is therefore impo}g.nt to_study how oxygen affects the titration.

To asalyse the poun'ﬁ.h involving oxygen, kinetic factors have to be considered” . .

since the }nchon (371) is very lrnvelslhle and so has a- very low exch;pge
current deus{fy of about ‘10°10 Acn'r’ "'Using" equation (3.1.8)-for the 0u/H,0 sys-
tem, Lhe curnnt-notentml curve can b! drawn as th; dot- duhed hne in Fig. 3.1,

oguple.
Some nnodm data-for the Oy/H,0 couple in 005 M 1,50, provided by Bockris and
p x_lo"“ Acm" and

The v-D curve is yery ﬂlt I could be i for o' hlghly

l{uq h:lp to decn‘]e the slupe of the curve

e, Jo. =
a, = OB -Than overpohnusll of 0.2, 0. 5 and 1.0 V would give curfent densities.j of

imately 10“ w-‘ and 1,0 A‘em?, respectively. 17 "The current density in our

5 'PPI'
" experirhental conditions (less purity of reagents and’ slmple cleaning of the electrodes)

would probably be les.

Compmn; the ©E curves in Fig. 3.1 for a fast redox eouple unch ‘as Fe’

"the curve can have a slaep ‘slope around the equilibrium point since this eo!.\plc is

(nrly reversible with an exchange current denmy of about 5 x m'-" Arem? The

" curve .v;nmny riges to the limiting cirrents i, and jic on ‘ithe; side o" the equlh—
brium point: The- limiting cumnu -.,. and iy, sre defined I)y the (ollowmg equn- :

llons“ . G g ) 5 : ;
(3.2.3)

" X S nFA.mRCR

f ‘ »!..‘(3.5.4)"




where Alis l.he geornclrlc eleclrode area; mg anqy "‘R are mass l’tnnsl'er toemdenu.

In approxi of ti syslem. mg and g correspond to Do

o

and 3;, respectively, where S0 and b are the ilutlnul!'a f the thzlheucnl stage

r

nant layer at the e!ectrode surface under cathodic and lnodic conditions, respec-

tively. They will be discussed in_a Tater section. Cg and Cg are the bulk concentra-

tions of oxldlmd and redueed species, rspecuvely 1) |s nccunry to mention |hm.

e s 5 Be:vey kel ' smaller than . when the titration i befors bt close’to”

eq‘ulvalence The #E curve thea has the shape of Fig. 33. _

o Fxgnra 3., 3 next page. oL .

« It has | been ;hown thst a smgle coup’lc hn.s am equihbrmm point, Eeq, n which thu
measured potentml is mdependent of stmmg or other kinetic effects. A aolutmn con-.
taining 0,001 molL" Fe?* and 0.000 mol'L™! Fe* in

5'mol'L™! HzS0, was tested, -

_The ‘solution. was degassed with argon ‘and. then covered -with argon to avoid Oy .

establishing a mixed polentlnl. ‘Table 3.2.1 shows the fesults obtmned~ 5

= e Table 321 Measured qullhrmm Potentuls for the Cauple Fe’*/l-‘c'*‘ m Ar

Atmospheres = 5 % o 3

Foeg - o ' 1

p ** Ewiring/mV vs: AgAECl, sat'd KCI . Eyun/mV, v, AgARCl, sat'd KCI

.‘t Solution was ltiﬂe}\min, unstirred 2 rﬁin,:tﬁrad 2 min, etc. . 5 | .
Similar results ;'eportad in Table'3.2.2 were obtained with the couple Mn**/MnO; in
. Ar atmosphere. o @ g



58l
Schematie eyrrent- pohﬂh-l eryeker r.”/r. couple when
the lltnmn h near but herm equiv-knc: .




- STy e ;
“Table 322 Measured Equlllbnum Potenmh for the Couple an"/MnO. in Ar
. N

A';'ospheret N . B
Egirring/mV vs. Ag,AgCl, sat'd KCI " Eqn/mV vs. AgAEC), sat'd KCI -
1220 - ) ) T
1228 - N - 1228
' 1228 o ol - 1229
* Solution was'stirred 2 mif, unstirred 2 min, 'stin;ed 2 mip,_etc. N
: .

Both tah},es\show Jthat the equilibriam potentials dé not change with stirring. The

reason is that no current flows at the equilibrium potential. However the Story;will

“be different if we put the Fez*/Fe“ ang 02/H20 couplm tcgether The mixed

" potential can be easlly found in Fxg 34.. g .

. Figure 3.4 next b page. ! I

z @ .
There is only one point, E;,, at Whmh no net current is flowirig. The cuﬁmdle'
current is exactly balanced. with the anodic current at the potenlml 'Emh This..

dlagram |llustranes two expenmenm! observahons,

.

2 The mixed potenual E,,“x is always larger than the smgle couple equlhbnum 4

! potential measlmd under argon. Table 3. 2 3 supports thls ldeu in which the.

poleutmls are measured nnder othérwise ldenhcal condmans, ie. cnncentmuon, <

o & tempenulre. snrnng ra.te, etc




[ R

g 5 ) _.OZV
PR {Enmn .
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Fig. 34 Current-potential curve for two-couple system of Fel*/Fe3*
o and 0,/H,0 under conditions before equivalence. . . '

(o R Lo




: -35-

+ < Table-3, 2.3 Companson of Potenmls for the Couple P‘e’*ll“e’+ Memmd m Open
. -

, Air and Under Argon Atmosphere ¥

. In Open Air p i . InArgon ‘
. . E/mV vs. Ag,AgCl sntqul R B .E/mV vs. Ag,AgCl, sat'd KCl
& _ ?
,"' 557, 850, 658, 557 . 541, 541, 541, 541 o
_-Aveliage 558 : «f . . Avern:ge 54i

) 'The equi brmm point, for’ l“e’*/l“e“+ will nlways he to the left of the mnxed
. potenhal point nccordmg to Table 3 2.3'and Fig. 3. 4

2. When the saluhon is stm'ed lhe point, Em will move (\mher to the left. Thls .
can be lllustruted usmg eq\mucn (325] ® g, . : . . C 0

3 ; , . '1..

"15.g;§)' '

= FAmF,u Cy,

i L
The relationship mg =

D, 3 . B
=& exists under all diti It is easy to d

Lo
qunhtnhvely that the greater the scxrnng of the solution the smaller ‘the lhwkness 63 .

© s that“as mR increases the i, will increase also. “"This is the Situation for the
Fe?+ Felt bouple Considering:the O3/H,0. couple, the iy, in Fxg 33 would.
chmge lnt}e thﬁ shmng because it is a very slow reaction, the determining step is ": .

. not the dnﬂ‘usmn but the charge trnnsl‘er corrupondmg to its Iow exchangn current

densxty, about Jo
" trated quahtatwely in Fig. 3,5.

20x 10‘"’Acm" The shlft caused by snrrmg can be xllus-’

Figurea_.s on next page. -
[ ¢ e
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Dbefore ‘the end-point as expected from fig. 35. A quantitative trestment for this

" shift will beprésented-in & latef section. .

33 Thé?/' iatior diately after Equivs
In this region-of the tizr-ntion two features are different from the region bt;l'ore )
equivalence, -The first is th¥ AE is slways positive, whether or not the solution is
opep to tl;e air.or under an- ar:gon‘nt‘mospiiere, con;ps.red'to the' m.‘g?lliv;y values_
observed bel’ure eq\\wnlence The semnd is that the AE.s)eventunlly tend to zero far
,bexond- equivalence, - ' A N\ .
“The ﬁrst feature?nay be explamed by the generation ol’ oxygen, Since tho titra-
twn has pnswd equivalence, there is spare oxldnnt in; the soluhon, for exnmplo, Cett,
. MnOy, or Cr,Q-, ahwy have such blgh.oxydmng potenhals that they could pnsslbly’ :‘

react wnth watér, &g, in the case of Cet*.

AT A0S 0y + 4+ 408 T, ban. )
“Somie oxygen is produced hy the xeactxon, even though M. a very low concentmnon,
;an equlhbnum could be wlblwhed in the nbsence of air and oxygen could be* the~
compbnent ‘which together with another rednx couplb produces .a mixed potuntml
Therefore, it-may not matter lf the solutwn isin air orin an. inert ntmosphere as

long as there is water in the system 3 o & o U
The currenb-potenual curve for the- Ce“ Cett cmlple would be as in F|g 38
'The different magnitudes of i and i, ‘are caused b{ the- differing concentmhons of
Ce*t and.-Ce’*, recalling equntms (3 2.3) ‘and (3.2.4), the eounentrauon ol 3
. cerium(ITT) bemg grenter than thnt of cenum(IV ) near equivalence. The mlxed
potenhal estabhshed by the co\lplm Ce’*’/Ce‘* and 0,/H30 may beseen by pnmng'

then cun-enb-potenml curves t’oget.her as in Flg 3.7,




Srhrmlllc current-potetitial curve for c;’*/cd+ couple mu h
: hul near equivalence. . B




Em -
Eq,wl&“

(140Vv)

iagram showing lhe mnud potenml pmdutd hy

e um o,/ﬂ,o




-S40~

* The mlxed potentml is located betweeu the equllxbmlm potenusls ol the 0;/H,0
couple and the Ce"'/Ce“’ couple, lwhe range 1.00 Vio L. 38 Vs, Ag,AgCl sat'd

KCl relerence eleclrode

In contnst to e cu.se of Fe“[ﬁ‘e’+ an® H,0/0, couples before equwnlence,

. when the aolution is well nhrred, the mixed.potential will shift to the right mstead of
to. Llw left. Becnuse stxmng decreases the thickness of ‘the dlﬂ'lmon layer N and
mcrgum the sur{ace concentrmoLCc,.. (x-—O), it slnns ‘to more posmve values .

vu obaerved Tho E,,.;, sluft is shown qua.lnatwely in Fig. 3.8.

5 Fxgure 3‘8 on next puge. ’ " ' 2

: Consldenng the mixed potennals in Fig. 3. 7 E,{/ is more poslhve than E m1 this AE
= E,,x,,h,.— E,,m > 0. They are posmvely slgned "“The dpta in Table 33.1 are
taken from diffefent’ meum‘ements They are about 0.2 nll added Mrant bayqnd thc

ond-pom‘ in eich case.

Tabld 33.1 Datu;Showing the Eyix Shift to More Positive vaﬁw;jAn?r the End-

Point for the Couple Ce3*/Ce** (from several sets of observations).

/

Eyiring/mV- ; 7 "[' s Eqn/mV’ : ‘. CAE/mV. ¢

072, - el 1080 T e
1057 C 5 CL s, CH2
“1072 A T I u
Taoe . o 0% e LB . 438
o ST e ) L
T A1 R i 5.
L2087 T o
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Eni ~ Emixstin -

|




The change nf sxgn of AE can be plail

mlxed patenmls before . and alter eqvaa]ence Putting a]l th cutenb-potentml

curves.for Fe2+/Fe’¥, C:‘“/Ce“ and 0,/H,0 couples ‘together, we havb the features

shown in Fig. 39. Taken together with Fig. 3.5 and 3.8 the.diagrims show that stir--*

" ring can ean#e Em,“b to shift to less posuhve potenhals so that A Elfirring = ;;iil
" . bBycomes’ ne#ahve They also show that surru will shift B, | posi

potentials so that AE = Eytireing = Eatint becomes. E@twe, Wh,

o more positive

_the pKt_ér!tiql is :

bpt“;een the two mixed potential 5ysten‘is the conc.entmtimw of both Fe?* and_ Cett

. are too toestablish s nuxed' potenml The slhlatwn )vxll bé. that of Flg) 3

g currents for Fe?+ oxlduuon and Ce“‘ reducu n are diminished
“to iegligiblel*(nlues. B 4
: v- - CH o 5] P - X
Figures' 39 an_d'a.io on next. f;age. n

From Flg 3. 10 the p nt E,q.oaﬂp is the only zero current point. T is s the situs-
hon of a smg]e conple at equlhbnum with a. _potential mdependem of\ stm‘mg The
'OQ/HQO couple mlgM control the potentlal it its exchnnge current were arge enough.
Competmon wou]d however, exesl hetween thxs couple and the. main edox coupls 5,

Fet /Felt nnd Ce*/Cett, ccntro[]mg the potentjal in” the classxcal Nernstian ‘way -

TR,

Em Fe + Bgas, o
qui ten 2 ).

" of Fe2+ nnd Cetts possible ' l‘rom lh/eq
rate consmnts of the two redox couples (F —»Fe + Kl and Ce(m) -

Galeulition of the équivalé

and, since’ the

librium constant of (3.2

) are lnkely to belarger ﬂmn Lbat of the 0,/H,O couple, the exchnnge currents for

I‘tl\ue renehons msy exceehhhhhv latter by a large ‘Thargin. u is e ncluded m 8 .‘
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B.A'Qunnmntwe Treatment e5

(n) Before Equwllence % )

) The mixed potential discussed, qualnatwely above may also be treated quantita-
twely Let us begin with the situation before eqmvalcnce ina potenuomemc redox
titration. . ' :

" The treatment of the system having a mixed ﬁotential is based on the currents,

and . to be balanced at the mixed potential, Eqyy, and- the gorresponding Y

e ;Actlon: are the anodic reachon .
I‘e“ = Fet* s o (3.4.1)

and the cathodic reaction
h N
»

0y + 4H + 4o =2 MO S (342)

-

The rcnchon (3 4. 1) gwes the current, Tmix,at wlnch is upproxnmntel_y pmportlonnl to

h\e concerfﬁntlon dxﬂerence Cpor = Cpel x_o A where Crasis the: bulk concentratlon
Fe’ Fe?

| and Cpgei(x= 0) is the electrode surface. concentra}(on of Fe”*, Mgt i§ the Tnass 3

trnnsferoco flicient and A is the electrode surface area. .

e - mw(c;,..-c,,e.. (x='o)') Lo L (349)

\ o “
C‘ombmlng eqmmon (3.4.3) wuh (3. 23) in the last snc‘lon _we have with n=1 and

. nppraprmee substitutions -

tmixa =

e ”CF‘,. - Gpar (.
. 7 OO g i

“The pommnl E,,,,, con: "be’ obznmed from the Nemz equuhon by considering tl\e con*

centratlons oI‘ Fe" and Fe’*‘ at the surface ol‘ electmde




- 45~
s o -

where Cp \is the concentration of Fe®* near-the electrode surfacs. . There is -’

another relations! ip between Cpgi (x=0) and Cper (x==0) which is useful in’thig

case. The current iy, can also be expressed in terms of the concentration gradient
. of Fe* as:* c . T
1,

'mix.a

B — s (Ofn = Crae(6=0))

L . 4
Combining it with (3.4.3), 5 7 \
2 .

Mg (c;e;._c;,.. (x=0)) ‘=" mpgr (Cpoe (£=0) - i) .~ (A7) .

. If we assume the mass tmnsl‘er coeﬂ'mcnt.s for Fe** and Fet* are identical we then

get

Cper (x=0) + Cpee(x=0) = Cgar. + Gior = Cp ... (348)

where,Cr'is the total bulk coécgntratioﬂ of Fe?* and’ Fe'* in the ,sol\gti‘on: In the

i

‘case ofatitmtion but before eqival ce, the bulk 1trations would
- be Chw >> CF’% for a reaction Fe?* — Fe'*+e”. We hnve the compnriéons' ; 'y

'Cp,w (x—O) > Cpgoo and C,-en > Cpear (x—'O) The overall compnmon series wuuld

cn,. (x=0) "> cm >> ch,.> Opy (x=0) . (349)

Obvluusly the ﬁrst concentmtlou in (3.4.9) must be much greater than O.he last term,

“Cpn (1=b) >> Crarlx=0) ’ ‘:s_.a.w)'

As an upproxlmntmn, “

cT = Cpr (x_o) ¥ cp,,. (x=0) ~ c,,n (x=0) - (B4.11)

Subsmuze equatmn (34 uyinto (345) o

R [ree te=0) |
Enix = EF,..N. - B [——CT——

“(3,4.12)
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= The .Qnrfu.e concentrition C&u (x=0) can be found from rearrangement: l
c s [E g 3

.  Cpee (x=0) = O exp | o (Bfanpor = Eng) (34.13)

“ In order to eliminate the surface concentration term, equations (3.4.13) and (3.4.4)

~ _ are combined to give an equation _ - - 4 ’ ’
. . Sk

. ; Cr. (F
imiga” =- M |1- '_6,._,: ,ﬂp{ T (Bl peor = l‘?.,a).} (3-“4)

-+ At the mixed potenml, the two cutrents ig,y nnd imixe have the same mngm!ude

but flow in oppome dlrechons, d.e., . 4 o g
5 e bt ;- '... s+ imixe = 0. & (. 15)
The current imix,c CAI be. fonnd in'a different way. For the O,/H,0 couple, the

’, mlxed pntenml s far away from its zqulhbnnm value. The Tafel. equation can be

usedulol]owa ¥ X L o b

Yo ) e = -:.Aexp] £ AL IO

where j; ‘is the exchange’ current denslly for the - O,jH,O eouple. a is the anodic
_ transfer coeﬂ'lcm_z!. and n is the number ol“.glecn.ona tunsferrefl, here bemg 4.

" By substituting equtions (3.4.16), (3.4.14) into (3.4.15) 2 !

\

(3.4.18)



To simplify equati(?n (3.4.18); let

Ly N o F
. . to7EEg, i
: AR RS (3.4.10)
f . . a X
and : 2 ’ L a
el o R
.\ G RT
Substitute (3.4.19) into equation (3.4.18)
. a ¢'.“'!;~‘- = 1-belPm= (3.4.20) 5
Divide (3.4.20) by ¢/ to give 2
o T A T S @aen) -

'I‘hix is:a trnnscendenth]‘eqﬂution It can'be solved eiter by nuxﬁerical solution, with

a computer or under the special condmon in which the constnnt a luu L% certin
- value. The outhodm transfer coefficient l—a for the co\lpvle 0,/H0 cannot be -
g obtained from our mensuremgnts but Spiro and Ravno'? gnve the Tafel slopes for

-20°C. -

o = T . H .

~ b, = 2303 v, RT/0F(l-a) = 011 V o (34.22)

; o
) b, = 2308y, RT/oFa. = 0.0V (3.4.23)
. :

where the, stonc‘hlomemc number v, = (2 303 RT/AF)(I: '- b7 and by is the Tafel
slope for the’ cuthorhc bmnch aud b, is the Tafel slope for the anodic branch. The

anodic trsnsler coeﬂ'ment can then be obtained from (3.4. 22) using v, = 3. 68 rrom
Hoare!® * L %" w ey
. N .
. - =y 2.303 ¢ 3.68'0 8.314 © 203.2
I ® . 4 © 98500 o 0.09

= 0. 5o¢o os 73.4-24)"’

. : .
If we assume & = 0.5, equation (3.4.21) can be simplified as
o v 3



.Returning to o/ Bre = x

A el
. alBa _ JBu y b =0, (3.4.25)
ll;-@x‘=e’F‘", i v
=X b
rearmnge (3.4. 26) und muluply both sldes by x '

-b_x-a_—_-o
.

It can be easily solved sinciaﬂ

‘v. .
‘ . _ b Vbt
& 2

~
e'F‘"" \1 [F:k \/b’+45]

A

Tnko Iognnzhms ol bolh sides: -

/E,,; =wk o+ ‘ui b \/‘ Frm. a0

_To decide the sign before the square root, the valueiin the bmcke's in ( (4.30) must

" be posmve to gwe a real solutmn for E,,m, that is

‘(340 -

vk Viiida > 0- S (,3.4.31‘) .

A 1 ) whether ﬂne lity is* tenable ls'decxded by éhe value of S, recall

PP

"Subslituting:

© e = PAmga Glar .

J.intg_:(.aifi.lﬂi".,’.l wE R o 29

W




= Pt TN (Basy
! - FmpgaCpgar, by = R

) iy o
/\j}ue all the parameters in equation (3.4.32) have’ sitive sign, we have a > 0 and
Vas ) Thergfore y %E? ' 2 .
’ = \/bz+4n> b - (3433)

Hence' the b - V/b? + 4a is an impossible sohmon for ‘equation (3 4. 27) the iny Gs-
q P

slblesoluuon bemg 5wy
. ~ ' d . £ .

t . 2 a
i x = DEVb +da V:M . . (34.34)

.. Rewrite (3.4.34) ' ( :

Bnix = O (b+\/b=+4n) T ags)

" substitute (3.4. m), (432 to (3‘4 35) .

g A
RT, 1.
Epgy = =l 4 T

(3.4.30)
Tlus equmon look! very camphcated but the only paramems thn({ should chnngu
Dpear

thh smrmg are mhn =

5;

- mentmned in the prevnous section tlmt ;o lor 0,/H,0 is very nmnll, nbout 2 X l!)'"J 2

- and pmslbly o for the og/qu couple [t hu been

A cm e itisa chnrge transler reactlon,

tmns!er, 50 tlut sumng eﬂ‘ects on n can be lgnored compned w:th the change of

anodlc current, A'j = FACFQ;.A(——) Appurently, when the solunon is Qtlrred

[




3 m;,u must ingrease since the dlﬂ'uslon hyer is thinner than the diffusion layer in sull
C s AoF

: 4;
solutlon‘ There(cu the term Jo BT

_— :hould decreue when the solu-
Fmg,2Cge.

2 o
tion is. ',tlrred 50 Chat the overall' elfer:l. of sumn; is to decrease the mixed potenhal
“This has been seen in the titration experiments demled in.the earh(r chapter

A numencal solution of equation (3.4. 21) wnhout assnmmg a to be 0.5 shows a

su’r relation between Em,, a\ld mp,» as in Fig, 3.11 I‘or « ranging from 0.3 to 0.7.

002 003 D04 O

Fig. 3.1 The relation- between Emix ond ‘Me@* .




S TR

- A more i)recise experiment was carried out' with a rotating disc electrode. The mixed
potential change and thé rotation.speed were recorded .simultaneo\l'sly With a. X-Y .
recorder* gnd the rotation speed changed from zero to about 2500 rpm wnthm 10
-seconds. : A

MY

With.the mtatmg disc electrode, the Levich™ equation can be npphod ?o cqunuon .

(3.4. ;gs) Equation (3.2.5) would become )

T gkl A) -
= F'ADF“,". vS.Cpae?t T (Bdan
] \

where DF‘» is the diffusion coeflicient of Fe®™* ions, v is the kinematic viscosi
water and w is the rotation_speed in "radians per second. Equati'on (3.4.30)
. become |,
A ol >
= RT,L RT, T B |
F 2 F Crir !

Cr eIE '»,.M
Fere

The measured potehtial E;;ix decreased with increase of rotatio' peéd ln order

1
FDFE“ v v Cfes w?

to ﬂnd a sxmple relationship from equahon (34 .38) further approxnmanon has to'be
i mﬂde by compnmlg the values of the term in the square root ‘and rearrnngmg

Cy
Replace c: IE"“"” by b and ‘substitute i i back nnd rearrnnge (3.4. 38) to glve i
Cpe+
e

1., RT )
Blnls Euje+

N




:’I;our case Cp =»C,,5,s;+' Cgeor ~ 0.01 ‘mo}-‘]:.'l, and-if 'fcr/e&am_plg Cpy = T16CT'

‘Cr - . 5 /!
then =~ = 10. Rewrite (3.4.40) ° // : ) "
e s i L -
Y d O '
i (olBG - 2B s 14
"R =Blln-l’-+-~ln 1+ 1+H——Eiiza.4.u)
M EOEE st o 10% 4, v ,

e g B OBMBSA -4
! T RT . 83142032 ag.sgv !

i

4 2 = )
=.1.06 V and Elespeos == 0.88 V into (3,4.41) giving

B Emh=£1n?+_—ln 14

45,6008 17| ¢ e
22 (3.4.42)
10%4,.) |

With'j, of 2 x 107 A-em? ‘and- iy, aplimxiina.belx 250 A under our experimental

2 - Ml p aw 85 Bles Bl 1 s
: conditio’ns,' the valie in the square brackets v)ill be* [1 +(1+37x10%2 ]Z Since.
3T 108 55 1 nnd its squnre \root 610 >>1 the most significant term_ in eq\mtlon
(3 4.38) is tlmt conmmng J, and- ||, 50, thnt lt may be snmphﬁed withoup cansmg, ’

mnch error



wincreases with the use - -
X - Y recorder. The mixed
pounhn.l decrmed with increase of rotating speed. Furthermor®, plotting the curve

. Therefore E,;, should-decrease when the rotation s

ofa rotating dise electrode Fig. 3.12 is a plot from th

linear relation is found in

tmqpeq ibov’e Bqﬁnion

,of Flg 3123 logmthm of rotation speed, a fairly go
Flg 313, gnulg expenmenu.l sugport to the theoretical

Z
- @3d4ad) pmdlcu i negative slope of the B vi Ia @ plo of E which at 0'c Has

the value -00063 per nmt uurement of In’ w, The 1-xpenmentnl slope from Flg
- 3.13 is 10,008 V which is quite good agreement. - - "

Fi.gures\a.ﬂ and 3.13 oiy next page.

T (h) Alter quuvnlznce .. W ) oy !
' " In order to treat:the titration after eqmvalenee. the formal pobentul for the coue
ple: O, +4H* + de” =*2H,0 needs to be digqussed. The measurement-of the
st_ni;d.rd“p’)ientid of the 9,/!{,0 COI:lple has a long ahLy". The s_t'lngjl_lrd poﬁnl’i_ﬂ’ )
S _for this couple was calculated from thermodynamic data. Tt :houlld' be 1220°V vs.

»SHI-E but nobody b\_;uined this value in_/m.electrochegnncll system until recent years

because the Asol;nion used in the» measurement had to| be extrgmely pure: Instead,
the fominl equilibrium potential of O/H,0 couple™is hisually obseived to be about

‘ - = . . -
oxae 1oov without special preparati Uriderour imental conditions, the reagent

© and water were not spapmlly preplred s0 that t‘ha fo rmal poientill is u.ken to be
N
1.08 V: Thu equilibrium pounthl for the conple O,/H,O lt 25°Cis, .

.q.o,/ﬂ.o 1‘?S|q PD. LA (3444 .




w (rnn))

I‘lx 32 The neasured potential. changes “With rotating lpull bel‘nr! E

the end-point.
.
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_ Thus the potential B,q 0o/H;0 { close to 1.08 V since the last term on the rlght hand

side, contributes little even when the partial pressurc of oxygen, Po, is slyuﬂeantly

different from standard pressure: A g to the i 1 data p

the last chapter, the average‘.potential found when AE > 0 is‘ about 10V vs,
AgAgCl satux_ate;i KCl reference (or 1.0 V +0.21 V. = 1.21 V vs. SHE). ‘This point
is abolﬂt 0‘.2 v ;Abo;re the’ formal potential of the 0.2/H’,0 couple, i.e. the overpotén-
tials 1[ ~ 0.2V.. The reactmn ¥ ' N ’ ‘

Hzo —_— 0z + e Lt o . (3.4.45)

gwu the anodm current to bmhmce the cnthod\c current or the renchon i
o Ce“ ¥ e‘——>Ce“ i _ (34, 1)

The net anodic c\urent of oxygen evolutmn can be obtamed I'rom equngmn (3 18).

=i A(ewa/q = -(l—aw-;) . . -(3.4.4!)
.

VIf we assume & = 0.5, equat.ionA (3.4‘._41) ‘co{ld be simplified for an overpotex;t'ml of.
02V: i, ¥ “ o

J'n A(eH0x4x308x02 e""f‘ x4x 3058 x n.z) .

~ 2% 10710 A(e‘“” - 1583 1 s x w-‘ amperes -

Smce the first term in brackets is much larger\ than the second one, (3 4.47) can be )

slmphﬁed to - £ S

/ i, =g Aden Y (348
Thia has’ the form of the Tafel eq'uatiun For the casé of a 4-eléctron reaétion, avery
small overpotenual«cun make one o! the_ . terms. in the brnckeu quickly negligible..
For mstsnce !or the first term e"“"' to be 100 times greater. than the second term
'("")“"7 how much‘ overpotenual is neéeesnry?
.

]u, term sos.umu-q

first term .




In:100 = 0020V : B4y

. = Ze05 403058 ! h < L

. Equauon (3 4:49) implies that the Tafel equation can be Iued for any 4-elcctmn reac-

‘tion with an overpotentml of only 0.029 V This is also the reason the Tafel equa-
tion conld be used in the “treatment of 02 reducuon in the titration before . i

eqmvalence * 5 a ~ : 4 | e
v .

Substitute Epy = E,q,o,v,,,o = g into (34 43) and solve for Eqiy

Epix = E“,o,“,c + ‘4 \ln (+-,) - —m,,,A S (3450

) whcre |. has & posltlve.vulue nccordmg to, our convennon To find the cnthodlc . -

Ly cnrrent two l‘actou have to be consldered T : . s

Ly dintely beyond equivalerice; the_ [ of Ce* is very low so, that

the cnmodlc current i could be Very close to the limiting current fe
2, The potential 1mmedmtely beyond equivalence is about 0.15 Vi less positive than
_the eqnilibrim!l potential of the Ce™/Ce'* couple. ‘We first approximate that
i R FAmé,e»C&“ . 3451
i At the mlxed potentlal the two c\lnents are balanced so that we have
A T . L= . - (aasy)
Substilnle:(a.A.Sl] into (3.4.50) _ K
R " RT | PADGOiie

Enic = E,.,,D‘H.o_ - Wln J,A HoaF (3.4.53)

In tlns case, when ths solution is stlned, the dlﬂ'uslou layer thlckness 5 decrcues
‘and the third term on ' he nght mcreaaes, there{ore the mlxed potential Emu

. should increase * as observed in. the: experlment This is opposlte to, the

. phenomgngn in the mrntlnn before eqt 'vnlence.



A more prinse expe{iment was a.l‘sé carried o}t using & rohtm; dise- electrodo

so that the Levich equation for the limiting current can be substituted in (3 4. SD]

o RT |, .
Enix = Eeqo.mot T};'"N‘ + )

2 l
e In 0.62 FAD, r.. V8 G u?

Rearanging (3.4.54) we have’

N B
E,,.,l,: Eigo.n.0- »ﬁl"lp“ +

RT } "RT AT
“JaF In (mz FAch.. 'Hc,,,.. + mlnu :(3455)

" ’Dhe mlxed potanmmmh shoyld mcnase Linearly with In w as is. seen in the fallow-
lng dlngrnms Plotting data as a Tunmon of the Iogmlhm of rotation speed a lmm
relatlon hvtween the mixed potential nnd b w is-Tound in Fig. 3.15, gwmg expeﬂ-

: B menn.l support to .the theoreucql trmtme t. Aceordlng to equnllon (§ 4.-'!5) a posi-
v 6 o 6 B plot.-of | ﬂ s predlcl.ed which at 20°C is-
T(o NBIS/a] V. E'xpenmenully. Fig. 3.15 ¥a¢ldq a slope of +0 012 v suggmhn; ais
’ about 0. 25 a pomble value. - -
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md Fig. 2.2.

(c) Far Beyond Equlvtlenee

The AE's decrease with . nddmonnl Ce'* titrant. It can be found in 'I‘nLlo 332

Table 332 Eving - Eyin After Equivalence for ca. 001 molLl Fe?* 4 Cot*

Titration, in HySO, e z
; . . Added Ce** /mL - Ertiring/mV E,u/mV AE
22,014 647 . 676 20

5 - 22014 014 874 +40

. 22.210 1057 1044 +13
22.302 ms 1104 . +0

: 22.410 18 a4 1123 +5
E 22,510 L uss 132 . +3
. Y R na 1130 +2
[ 22,700 . 1146 — 140 +6
: T a0 . 1150 5 1149 Ky
3 o202 . 1158 ; \53 0

= . -23.303 “w 1157 " use i +1
23212, . 1162 1161 +1

25.000 1188 1186 |

The reason for thi;!

is tlut the

of Ce*t in

ths& the i ic'is enhanced. However the currenL iy for Oy/H,0 -remains small.

s0
‘The
' / 3 mixed potentinl Epix has to move to n(orc poamve v.lus ‘closer mj closer to the"
A ethbrmm potential of the Ca’*/Ce‘* conple vamusly the cathodic overpotenhnl
“caused by the mixed potential is becoming smaller and smaller. ‘Eventually the over-
H . potential will not be ‘able to bring the utiuodig‘ reaction into th.e.diﬂ'usion‘fcont\::j[e'd




o : N ‘ 160 -
¥ . 0 - * . .

mnge 50 thnt its current i << 1|c ‘and equllwn (3. 451] qannut be used. But the

reacnon can'be trented by usmg the linear current-potéential eqllntmn if the overpo-

tential for the Ce‘”‘/Ce“1L couple is sufficiently small. Under thls situation of smnl]

overpotentml the B\ltler(Volmer cquanon can be slmpllﬁed as’

o(—“/'l) (3.4.56)

For the reaction Cet* + e"— Ce™, the cathodic current is then,

e = = Ry Joce® AlBmix £ Eeg cevtce] (3:4.57)

S " .. " -Since at the mixed potential the currents are baldnced i, = i, equation (3.4.57) can

. be substituted into (3.4.50) i : e
-~ e
F. . .
In [ﬁ Jaoen A(Enix ~ Ee_q.t:z“.ce“)]

Lo RT
Enix = Eqomo + oF

A

. S BT MF woF ,mo,,HpA . - (34.38)

Altho\lgh potential Em,, has a complicated - relation wnk 'other elect;'oche

Em(x no long: d pends on stirring smce d< mass transport control term

: 'uz ‘prdsun't in umon 13458) Ths measured potenhal does not change with stir-

nng, as observed suﬁic\ently beyond eqmynlence

£33 + 3 - " i L d
. Y 5 ) 5
(d) AtEquivilenss .~ § Sl T
‘.,,' It was suggested in Section 3.3 that the absence of a*mechanism for a miked

potential b!cmlse of the very small - concentrntlons of Fe?t nnd Ce'* at equivalence
could result in x classlcal Nernst potehtial bemg set up. “Thie cntpnon is that poten- -

o tu] control 'm a:umed /by 8 reachon (or reactlom) wnth the Iargest exchange

'ent(s) Fu-st we consxder the ethbn\lm eoncentratlons of| fonic’ specm at

eqmvulence. -




From the formal potentials for the ‘iwo rlcdox couples gfven in 'Clmpter 1, the

i eqnil{b}ium constant K is 1.2.x 109, Taking sccount of diluiion, the eoncéntrnllons
of Fe* and'Ce®* at equivalence,are about 5 x 10°® mol: e each. Hence thosé of

Fe** and C3** aré about 15 x 1072 mol-em™, These conccl\lmhm\s mny be used to

estimate the exchange current density for Fe3t == '—‘ F?‘* + e s

A
= F(CFa? (Cfod? o k=

1
96,485 o (1.5x 1072 0 5 x 10792 @ 5x 107

= 1.3x10°%Acm™>

- An exchange current density of 1.3 pArcmi'? is significantly greater than that for
 the Oy/H;0 couple iff air-saturatéd solution, which may be estimated at.'1 x-10'10
= : = Aot
5775 - Acemr®, ‘taking the solubility as one ffth of that of oxygen” which is 1.33 x 10°3

“molLh: . : .

= 4F(Cg )2 (Cio)* o k° . "

i s . Sl "
. b = .40 96,485 o (2.7 x 107)04(5.5 x 10-3)"¥e'6 x 10?

=1x 10”")&-cn—r2 L : »
The exchange current density for the Ce**/Ce®*. couple is more dlﬂ'lc\llt to ascertain”
because -#° for it is nat well established; but ls hkely to be greater thnn thst for..
G,/HZO We conclude lhat the potentml is most likely to be established by the Lwo\
*main redox ‘couples and wej reject as improbable Charlot’s! suggestlon of a mlxed &
potenhal mvolvn&g Fe“‘ reduction and Ceu oxidation since these would not dstab-

lish a single potennal
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Chapter 1 Overview of Previous Work:s
The heterogeneous kinetics of the ferrous-ferric electrede re‘ncl’\on

. {e’f’f(nq) = FeMag) + ¢ N TEY)
is relatively simple and it has beerr shown to he a first order re;\czio)rl in both direc-
tions by Gerischer’s determination! of the' concentration dependence of the exchange
cubréit density. (from 2 €6 15 mAem?) in 102 molL! Fe(l) and in 8.6 5 10°3
mol'L7! Fe(Ill), both in 1 mol-L'! H,S0,.- Further study of this systcr;l,can help the
mveshgahon of heterogeneous electrode pyocesses and identify the cnln]yhc proper-
ties, the eﬂ‘ects of the solution €n the rate constant,.the dependencies on dln‘urem'
electrode materials and the effects of sllrface condition on the reaction rate. Previ- ©
ous work on {{he ferrous-fer\lc elagtvode reaction in aqueous sulphunc acid or alkali ‘

d sulphates wil-be reviewed:

The I‘ermus-feyri& system has been sl.udie:i by mnny'ﬁelhods and numurou‘s'
workers but the agrgemei;Q among‘ the rate constants- is not satisfactory; thev‘

‘_ d}screpancies be’fng only accepted as an ‘i’navilnb’le fesult. ‘of the use of* solid clec-
trodes. A comparison table is pmvidz:i ina mer chapter. The clectrode i(Inetié
study of the Fe(II)-Fe(III) ;o\lple gn ‘solid electmdes “cannot_be-considered to be com:
plete . c e ’

Anson measured the exchange current densny, Ju for the Fe(ll)«Fe(I[]) couple ]
at plmnum in aquéous H,SO4 by using'a galvanostatic method. A constant current
in the.form of a étgp furiction was passed between the platinum working and counter
electrodes in & Fe?*- and Fe‘“—c‘ontnining solution. The potential npplieti to the
working electrode was monitored by observing its time de’pendencve with Qctthode
ray,_ oscilloscopé. The exchange current density corresponding- to each- prevulh

current - density was evalnated This methnd does not /zqulre knowledga o t}u

- “diffusion coefﬁclents for reactant and-product for the‘measurement of j, 1A series of



exclratige current densities Wer; determined w' diﬁeren( ‘common cénéantrz;tions\ of
Fe(n) and Fe(lll) A plot of the averaged valnex of ., in each solution’ agnmst the
common concentrauon C iis /a straight line wnh a slol;e of KT, the )me passmg
4Lhrough the origin. The electrode was pretreated to achleve a good repraducnblhly
before Lhe expetiments. The electrode was znodlcally oxidized in the lest S luuon
containing Fe?* and Fe* lOI‘l! then it was immersed in 2 soluuon contamm‘ only
Fe?* to produce‘a layer of “finely divided” platinum’ by chiemical reduction” of the
pre-formed o);ide film. Anson proposed that ﬁnély'divided platinum is formed when

the ‘eleclmde i5 immersed in ‘the ferrous sulpHate sotution zftgr a layer of oxide film

: has been IormeH so, that the Yelectrode reactivity is thereby increased. This idea has

been tested; it ‘'was - also found that the electrode reactivity was increased alter

- immersion in aqueous [errous snlphate -

Agnrwnl? ‘measured the gale’ constant & of the _Fe*, Fe’”‘ system and the:
chnrgé‘tr;.ﬁu.far. coefficient with equal c;incentfgtipns of 0002 mol'L™! of Fe?*. 4nd"
Fe** in 05 mobL H;80; by the miethod of faradaic restifcation. The slirnatiag
'ioltagés used in his e:v(periment were 4V and 8 my at h!‘&q\lenci:ﬁ‘om 50 to 5000,
Hz. Three polished bright platmum foil electrodes of area L LX em? each compesed

* the cell. The.redoxokinetj c pollnhal has been calculated at suﬂ‘ clently hxgh fre-
quenéy o find @ which equalled 0.42. The rate constant is obtained from the slope’

- of the shift in"inwn potenti;l with' angﬁ]nr l’rel;uexicy overa range of low frequencies
’0 te 200 Hz The rate cnustams, determined at four different tempemtures ranging
‘lrom 25°C to 40°C,” mnged from 0.033 ¢m- s‘l to 0.050 .cms™. - Comparing this

Tesult’ with Anson’s work (k° = 0.0053 s in 0.5 molL! H;504 at 25°C) the
-agreement. s poor. Agarwal’s determination can be carried out very close to eq\nh-‘ :
brium and the reactant concenhmons can be very low. -Another ndvantnge of thu
techm 1\|e is the compnnuve freedom from doub]e—lnyer charging current eﬂecls

'Howevef “!IS work treals the oxxdant und reductant as- having eqlml d\ﬂ'usmn
’




- coeflicients but fof the Fe** and Fe"‘ \ons, thelr diffusion coeﬂ'\clenh 'nre"n;)l ué’t‘n-"
\{Xﬁy equal Neither was preueatment used w mcrease the electrode reactivity nor to ",
. clean the electrome surface. The. solution was covered with liquid paraffin to pratcct !

it from the atmosphere which may result in adsorption ot organlc substances-on thc

electrodes decreasing the nncuvuy 0! the platinum. (In fact therate constant |s

larger than that of Anson.?)

* The ferrous-ferric Teaction was studfed potentiostatically by-Barnartt.! His

method is based on the theoretical relation for a quasi—'reversihle reaction at 4 planar -

eTectrodes to obtain the charge-transfer current fqr a given i-t,cllrvn.._ A" Uratio
method” of “analysis was utilized to ;vnlnate the charge transfer vurrent. ! In this
wnrk the measured ratio of current at time t to that at'dt glves the value of )q/’
wh]ch corresponds to the selected time; Xis a co!étnnt dlrectly propornonnl to. thu
exchange current; denslty Jjo and inversely propomonnl to the redox lon‘concenzrw-.

tion. The rate constant -h-om this work is 0.003 ems™t on bright platinum with the

_concentrations Cpr = oo = 0.007Tmol L a€ 25°C. - The kinetic parameters for " .

this system were also measured on a bright gold electrode, the exchange current den-

sity unéépectegly being an order of mni;nitude larger on gold. Barnartt assumed

\, ;3 i
that some specific anion adsorbed on the platinum electrode surface. In ll\ese experi-

ments, the procedures may not lmve been satisfactory because the workmg platmum \

~ or gold electrode acts asa cnthode and may have trace amounts of metal or hydro— ‘ K

gen deposited on its surface,\Nenher is cleaning with CrO; - H,SO, mixture _usunlly Lo

idered.to be satisf: y in ical kinetics -

A platinum ro'tnting electrode (RbE )'at one’rotation speed (2300 rpm) was used -
by Samec and Weber® to study the kinetics ol‘ the lerrous-le(r\c reactlon in sulphate,

media. Their - allow d ination of the. potentishdepend

— constants, krand Iq,, from the current-potenunl curve and the limiting current

and . ‘At any pomt of the curve, the equatxon




-log FKAGs = log |(L

‘ (1,2)"

can be used.. A similar expr‘mion can be witten to evaliate ky. Experimentally k; *

.and k, are eval d at various po ials, 7, and plotr of kr and ky, vs n give

- two straight lines interséeting at =0 where 4 is evaluated. The’RDE was

activated in the same solution b'y periodic triangular letagel in a potential range
OOSMVWSHE The formation -of iron-sulphate complexes i di

deml and a conclusron was drawn that the mmn conmhuton to the reaction rate

are FeSO;F and FeSO, complexes in the sulphuric acid solumn The shndard rate
consmﬂ.a, ¥, were 0.0032 em's” 1in 0,5 mol- L' HzSO, and 0,008 cms™ in 0. 5
“molL?! NMSO‘, belore ‘double layer correctwns, but takmg into account the rough-

ness factor of 27 evaluated from H adsorptmn This. method of treatment of the\

(expenmental data, to ﬁnd the rate conseants for: charge transfer can be evnlunted :
R only if the recorded current-potenhal curve slmws suﬂ'rclent devmtrm\ from reverslble

behnvior o < _’ . S . B

"Using & similar method Galus and- Adams’ dekerminéd the rate constant in 1

mol- L'l HgSO‘ ‘with equal Fe(l]) sand Fe(IIl) concentations at 10"’ mol'L™}; ¥ was

found s 0. 004& ¢ms’l, The rctntmg dlsc electrode technique was claimed to yleld

ncmmte ‘Fate’ constanl,s in thls range. The’ transfer. coefficient was also gwen asa = ‘;
048 “Like Weber and Samec® only one (h:gher) rotating speed ‘of ﬂDOO rpm 'was - ‘

used, 'I'he plntmum aleczrode was pretrented Mcordmg to Anqan s hethod? using

alectmchemwd oxidation at 1.5 V 'vs SCE followed by chemlca.l reduction in 10"

* mol:L! ferrous uulphate

€. The rotating disc electrode technique  was also preferred by Angell and Dickin-

son.8’ The Tate constant for. the f rous-ferric reaction was ol d from current-

ial curves. ding to.

S PRI |

) mcm using equations




(‘ ’ . w” anFp

‘ - v

- L . 5. RT- = Ini, +InY R (1.3) .
. . - .

where 5 / 7 5

(14)

From the slope of the linear ln Y vs r, plot an may' be- 6nlc\|’lnted, yielding & = 0.5, ~ \

and the intercept at zero overpotentxal gives the exchnge current i The RDE was
st up at various fixed rotation speeds The authors concluded, in contrast to' other
“WorKers, that the rate constant for the ferrous-rernc reaction'was almost mdepon—

dent of electrode mMerml and only-shghtly dependent on the nature of the back=

ground electrolyte In ‘their. work the rute constant in 0.5 mol" Lt sto‘ is npprcxn-
mately the same on platinum nnd gold electrodea. *

‘ -Earlier work from this labwrntory is'to be found in the pubhcntmn“’mﬁ @
of Su" and’ the thws of Waddenm, revxewed brleﬂyls Su- used a-crude’ rohhng
rhsc elactrode of platinum, pnlladmm or gold ined wide range of concentrations of

sulphuric or hydrochlonc aclds Both ferrous and l'emc ions were present at uqunl

but wnie rangmg concentranons AS'in the preseht work, measurements were close

~to eq\nhbnum and were extrnpolated to infinite rotation xpeed“

Wadden s smcly12 mvolved the same RDE set*up as the pnaent one, [wnh the
three noble metals used by Sull ‘Temperature was varied in order to determine . -
actwacmn pammetexs l'or the ferrous-ferric redox reaction, which was confined. to
perchlorn.le medium, steps being taken to minimise chloride lmpunty wh&ch is known

. !o .catalyse the proceu Wadden' zreated hl.s dats nmxlnrly to the prsem work w:ch .

'the excepnon that nnalog pléT of - versus' w were dnwn rather than printing’ out !

digitally. Results of prevlo\us workers are summnnzed in nbulnr form in Chapter 5.




‘Ch-_pm 2‘: Theory of Electrode Kinetics

\

2.1 - Char;e Transfer -
We bneny review ceﬂ.un aspects of homogmeolu kinetics j the heterogene-

ous and homogeneous reactions have a common theoretml startifig ground, the well-

own Arrhen'gx Equation: . .

\ g v E = AR (2L1)

where F i is. the rate constant, the coeﬂ' icient "A is known genera.lly as nu llequencr ?

hctor, E,is tln nchvn’twerg, R and T arethe gns constant and absolute tem-

perature, respectively. Reaction plths can be expressed i in terms of potential energy
along nTeacmsn coordlnne As the reaction hkes p]nce, the coordmte -changes L
N

from. those the rnctmt(s) to those of the pmduct(s) Tha renctnnt has to nsa ande

- .-'pus overa mnxunum w fall mlo the prodnct reglon *The helgm of ‘the, mn.xlmum 3

lbove the two v:lley.s is identical to the uhv:uon enerxy ln motlzer notation lhe
.enthalpy nl‘ activation given by AH* = AE" - A(PV)" is emplayed In oondensed

phases, as m the present case; A(PV)" is ol‘len_ negligible. Equation (2.1.1) may then

be written as - : i o

" k= AcAFRT i (2.1.2)

Since the riormalized standard entropy of ictivntion AS"/R appears in an exponen- N
* tial “term as.:a - dimensionless constant, '.he (uquency factor_can be written as
A’ TAS) ’“ oF Al A8"/R nd sulumutmpn (2.1.2): # o T

[" ., k = Al .(An»'--my‘)/n'r A -AG"IRT (2.13)

‘_wh\nre AG" is tha Glbbs llee energy of nehvnu ;



(2.1.4)

_‘where &is the trabsmission coeffici

that couldh v value from zero to unity, kg )

and_h are the Boltzmann and Planck constants, respectively. Apparently the rite

§ consfantol‘ equation (2.1.4) is d dent on Iml" d dent of rentl“\t

concentration. i
Many Kinetic models have been developed. One of them which will be intro- ..

duced is based on 'the el h T i ‘-po'.en.linl developed by ll’u;onl". This »

pproach defines the elestrochemical ial (7).as the woék which must be done’

to bring a parucle i lrom a point where the poleuhal is 1_ero toa pomt ina pl\n:o‘_
wl;ere the potential is ¢. Thu potentml is-in prlnclph s, mauurnhle qunnuly ’l‘ha ¥ :
phage can ba divided into a8 homogeneous volume dupnved of churge and donble &
. layer and asshell with charge and double luyer The.. electrochemncnl polentm] can be

(‘ divided according to this, model mlo “work. Wy, reqmred for. ll)e lnnsler ol itoa pamt’

in the homogeneolu volume and the work w,, réquired for tmu{ex to the point

through a dollhle llyer 'I‘he lectrochemical potential is PO ol lhe chemical
part g ana the electrical parl so it 'may be written as B= m+wy Since
w, o= zFg . - ; : e

Ro= o+ i ‘ (@49)

"4 Where kS is the clnrge on the ion and 4.is_ thv.- inner. potential o the_double layer.

Generally AG = AG + (AG),, the electrochemical free energy cblnge AG G is divided -
Hnto a chemical fre¢ energy change AG and elmnchl free energy eh:nga (AG), In
the s?me wny, an electrochemlctl activation free energy A@" can zlso be dmdcd

into two cSmponents™ - © 1 . w3y =5

R ) ol AT = ac* (Acv‘;" * ’(nn)'

where AG" is the chemlul activation free energy. It does niot clunga w.\th potenml G
\ T




v aq1-

‘. : whereas '(AG"). is the activation free energy of the electrical cOmpO‘l‘lVEB'.(S] Gholly
responsible for the effects of potenzinl.\ For the particular reaction:
: Fe’* Ftte . “(21.7)

" the forward reaction is the nnodie oxidation of Fe** to Fe¥* plus ad electron. The

~————twa electrochemical free energies of activation are written as:

T AT = Acg‘ + (AGH), (2.1.9)
whcre subscnpu i ¢ and b represenz ‘the Iorward and backward reactlons, respechvely
T elecmcnl pi _or the activation rree energy for the forward reactlon is nssumed 4
‘to be»g fixed fraction & of-the overall electrical free energy ‘change. For.‘lhe forward

.reaction:

and B . - i s
; (AGE), = -(l-u)(AG°), ‘ (2111)

wl\ere (AG°), is the “overall elecmcll frge energy change, ‘and o is"defined as an

"anodic transfer The standard®el h ‘: | free energy (or Fe?, the

n;tant, is °
Gh-. = up,.. A P 2F¢5 ) (21 12),

where ¢s is the eleetrostnnc potennal ol‘ the solulmn phue The standard electro—

- ‘chemical free energy for the pmdncts Fe“ nnd e in ke metal is

TRt = Fro + B = ot 3FF 4 G MUFM(2.013),

Where M is the eleclrostnuc potential of the metul phase. The overall clectncnl free

4nd (G i"p.-.), which slmpllﬁa to

* energy is.the difference butwecn ((’Fa’h

ATHF = ‘Acg‘ + (ac, i (251./3) ‘

o aeA = @), s eao)




(869, = F(d’ ¢“]=-F(¢“ ¢’) (2.0.14)
- A mus!lrable potentul E of any scalé can be related to the- interfacial potentu!
L dnﬁ'el:ence (M-¢5) by a eonstﬁn!.» E= (M- ¢) #K. The nvesnll eleemenl free .

: energy change can be written . w
(&), = -E@M-e9) = FK-FEL @)

Unng eqluhons (2.1 4) and’ (2 1.8) for the forward xmuon

s W = 5
S, ,,, - T ,.Au*m n *_BE ,-lmrm+ (Aurum (2.1.18)
j The forward electrical free enel_'gy is ; -~ ” i
. - - . s . s =g 4 i
: (AGf¥), = oKF - oFE S e Ak

Substitute (2.1.17) to (2.1.18)

i kol acr/RT- SKE o)
e ==

_ - (2118)
s T - A - -
" Combine the which are potential-ind dent in equation (2.1.18) as ke
o ’ oF ¥ ’
k= k° RIE % o g (zno)

The same del‘l\!l'-loﬂ for the bnckwnrd rnchon, wnh combination of consunh as

.', k.,pva" 5 % : Iy

a F
(1-0}E 3 . .
b=kl R 0 v o

e A_c'éording to the‘dcﬂnip.ion of the elntmdi forward reaction rate,

= 9 g -

ST TR = */Cr.»{o!\ -—ﬁ s . (anan
' o ) - g
and lor the bukwnd réaction ) & > <

m= k.c,,,.(oc) A’ = (2.1.22)



* the net reaction rate is

- i 23 5.1 - kG o"vz/—-““-‘ 5
= g ¥ T = - 0, = KCpa{0,1) - ky )'e:‘( N = SFx (:1-23)

2 # _The net current i-would be .~ " ¢

i v Lo = nFA[k,c,,,.(oz) k,C,-,»(Ot)] N e

subsululing equnuons (2.1.19) and (2.1. 20] into (2.1.24)

<‘,\~.—--r’

. : . NP ey
o S 0 i = FA [kf Cpa(0)t) PLO K Cpal0) € | (2.1.25). .
o\ H
fi - Tlle equation (2 1. 26) hu mother férm by adding and subtracting EY and ru:range— g
lmsnt - =
o (e FEl o v
S ro Ry - F (£ £ (1=

3 . ofp oF - & -
nFA [Cro(0) ke €¥T o SR Cpad0t) ke FT o

R . :
% €. FBT (F'm] "% Yok (2.1.26)

5, ok standard rate constant I:T is defined®

5 A ; - Lo, ofF o . 3
. » B = ; “ = ke . . (2.1.97)

subs('luung (2 1.27) into {2.1. 25) oo / &

i= nFAP[c,,.. ). eﬁﬁ' - Cpa0t) e E"1 (e n,a)

I lhe :yuem is at equilibrium, the net current ‘s zero and the surface concentra- )
tion is Idenliul o the bulk onncentmmn Cpes+ or CF,» ‘Then equation (2.1.28)

PR 2 T o e ‘_ : _(1-a)F
w L -nmvc;..[ffm‘“m,:nr,wc; L e

wnnld. ‘give for

(2.1 29)

where E,, is the v.-thbnum polenuul of the deetrodq symm Thé nclnn;e cnmnt
s dKnﬂl usm; cither side of eqnnhon (2.1:20)e.0.




m. et

= nFA I‘Chn e

N . - o

It cag be slmphﬁed usmg ‘the Ncmst relation to

= FA K [cﬁn,]"»") [Cren™

_ The test.solution is usually mnde up \mlh equal . concentrati

this case (2.1:31) becomes

=n‘F‘»A.L"CF'. T ),

wher(7/C = Cfsr 5 Creor is-the common concentration of both ‘ions. Combi;\ing

(2.1.28) and (2.1.31), one'gets- e ¢ o M
T . ) e i
: . °F (E-E%) o _l(s.:-)
'cy,ao,ne?& , cP sog)e KT
o W e i g
" ~The ratio terms of Cgg+ to Cpae can be replaced by using the Nernst relation
P :
‘ F
L ) b
: RTE) hen (2.1.33) Ras the form
. 3 F.
. _ Cre-{0:t) ,;T-‘F’E'J _
. " Chor
; " .
or using the definition of overpotential § = E—E,,r ) i
@ & S L Cpalot) e%q GCra(0t) 'Z;UT;;JEL e .‘(“3_')
F i = RTT . .1.35)
. 5 [o} Cpei - By

oy i .
Thu equahon can be slmphﬁed further to give the well-Known Butler—Volmer eFun- ‘

tion!® if the current is very low and the mlunon is well mrred s0.that 4he bulk con-

centration is very close to the sur{nce concentrnwn.

e in BY(E e s
. - () RT" ). (2088
5 I the overpotential q is limited toxl v xf‘y small vals, j!:r instaiicsy £0.005 V; the-
Vs

N



(za)f % Py i . i -\
terms ¢RT lnd e RT ! can-be approximated as 1 +;;—_';‘_q) and (1- “lVILT)F")

respectively, thus ll\e equation (@lﬁﬁ) will have the form

LB
o RT 'l.
The nez current is hnenrly,relni.ed to overputenml in this Harrow pozentnl range. lt
is  necessary to menuon that the.i, 5 is the true charge traiisfer exchange current only

under the conthuon that the net current i is independent o! mass transfer’

lf the applied overpotential i is sufficiently . ﬁlgh either ueganve or posmve, one'
cl t}la bruketed terms in (2 1.36) becomes neghglble, the equation can have the Iol- B

i
lowing forms (for n = 1as in the present cnse], .
. o ot E 5 SO

aF

_ for large positive n: i = i, RT" oL (213)

) 10 . )

for large neglhve y, Ld=-ie RIS (2.1 30)

They can be used 1o evaluate the kinetic parameters o |.nd ig by- ploum; \og“,s with -
7, 8s i T_Afel plots. - ~

* Allen md'Hiekiing sugesud 80 alternative method for plnttmg i-
which allow: the use of both low and. hlgh overpounuals of either sign, based 6n th:
eqlmhon (2.1.38) tq giver o2 L8

uAAm

_m*&u
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22 Mass Transport to a Rotating Disc

" The mtatmg dise electrode (RDE) allows d

of the chemical ‘compo-
sition and kmetlc parametels of an electrochexﬂxcal system. . Levich!® solved the -

Y f dy ombined wnh Fick's laws of-diffusion. The reaction of ..
interest is

: | y .
. | Fet ===Fett e R (Ml)
“ Both the mass traggport nnd electron transfer rates affect the overall renctlun rate,

For a slow electrode reaction, the d

st8p is usually charge transfer. A
sufficient, quantity of reactants is brought to the surfafe by mass transport, the eﬂeci

of which-is negl)gjble in the electrode kiﬁetics» for thi§ type of reaction. If a fast elec-
trode reaction or:vculls on. the ;nrface, the reaction rate is held back from the max-
lmum‘ by the slowness of disposing of the’products and of bringing the ‘renctgnts up
" to the surface. 'l(h(e rate may be fimited \l_;y the sluw;esn olvmass' transport. ‘In this

case, the intrinsic charge transfer rate can only be discovered by eliminating t|

"
~L 3 : "
\mms transfer hindrance. - . S Z

. /- )
| The mass tmng&kls descnbe‘d by the Nernsr,-Plauck muatmnm for one dimen-
sional mass transfer nlong,the x-axis of species j

T “(2.22)

where Jj(x) is the flux of species)] at‘di_stpnce x fromthe surface. Dy s lherdm‘nslon
coefficient; Cj is the concenu;tlon of species j; 7 ig th; charge of the “pecies j and
0¢(x)/0x is the potential gradient in the,x~directi¢’:n, v{x) is the velocity with which a
‘volun';e element in solution moves ;;long the x:axis.v The _cquntion shows th;t mass
transport is composed: of three parts; the first.term represents the diffusion com-
ponent and directs that the species j ‘moves down the chemical potential gradient; v

the gpcond term is the contribution of migration which is the movement of charged




177-
N

.speciu through a medium:under the inflaence of an applied electric field. Thi; effect

in our expmm!nt was suppressed by usm; an excess of unreactive snpporhng elec-

trolyta, i.e.. HySO,. - The third terp is ‘the contribution of conveltion to the Bux In-
’ tbecmof&heRDE 2 forced 2ction is ge d by el de rotation.

b Flck‘s second law for the on&dlmenswnal case in the l.bsence of nugrmon has

the form )

o . . . b @
4G 8%C; aC o -
bt MRSl B s g
S T Dy - v, ., (223)

*" where x refers to the valjlicnl distu‘nég below and qe{pepdiéulnr to the RDE surface.
With the RDE, mass ernslbr ‘is composed of .two s;;pu:' The first is _mov;:nt;nz by
forced QOK-I.WCCCIO;I _bringing the bulk solution ¥ the outer bo‘unésry ol‘a diffusion
layer whlch is a very thin lamina of sollmcn nd;mnt to the electrod vrfn:ce. Th‘a'
llmuur ﬂnw lnyer can be held if the flow rate is below that chnncteﬁ by a cer-

tain cnhcll Reynolds number. 2 Seeondly, fRere is transport of reutnt across this ',
- quxucenz layer, detemmed by diffusion. 'l'he diffusion rate’ mcrwa as the dlﬂ‘uslon
layer & décreases with increasing disc rotation speed. For m:mee, 5is 0.14 em |n
‘water at 25° Cata rotation speed-of 1 ud.sl decreasing to 0.043 cm at mptl.s‘l
More llnponantly, the dlluslon layer thickness xsﬁsenmlly &mtmt -t a ﬂxed
‘rotating speed, a steady-state flow veloelly % bun; established. Equhon (2.2.3) is

. aC;
solved for. — =0 lnd simplifies to

8C| )
ox

SRR~ a’c, -
34 gt o (224

=V, —

The Podndlr; con‘.ditloqs for the differential e_qwion dre
_wnﬁ x = o ¢ =q

and at x'='0;." éj = C‘ (x=0)

e




The equaL‘jolirecf21 to give the stntiuna;y. congantra}.iun distri_bution as a func-

tion of

% |dx + Cilx=0) 1(2.2.5)

The diﬂusfon efficient of. reactnnt‘j is depénd, un zhe slze, charge and hydmlmn
i number of the diffusing reactant: \It is free rrom any elect(ocatnlyuc eﬂects armng
from the condlhon ‘of the electrode’s s\nfnce v |s the kmemntlc vuqoslty of the Bolv

“vent and uns the rotntlon spéed in'rad.s”)

-The dififsion current._ density canbe fauud from eqnmon (2 2.5), nccnrdlnx lo "

Flck 's first law:

Cdn SO 0

= = -DAt . (228)
' where dn; is the change in the quantiiy of diﬂ‘usink species j across an area A in a -
. L g ; § ‘

- time period dt and d_x] is the. concentration gradient. For the reaction

i . g . .
Fe?* & Fe* + e, when a potential difference favourable to the forward reaction’ is

A . - .
applied to the electrode, the surface ion would decrease creating a concen-
eration, Seagions [ 40EE) TR
tration gradient ™ . The steady state flux Jpa+ equals the reaction rate v
Xm0 .
(2.2.7)s

As a current,

2

also fof the.back reaction




' The ccnccnthlon gradnents are obmmed l’rom equation (2 2.5) as e.. g
. o
4Gy e
' ] = 062 DE,J v ®

i .
w (Gfan= Cr.»\o)) (2.2.10)

Subquluung this mu; (2.2.7) the dlﬁ’uswn curfent is .

2 T . N
- ooz FA Dh.u g @ (CM cm(x_o)) T2y

- This is the well known Levnch equnhon in which the diffusion layer l.hwkness is

X o1
5 = 161 D° vhw ? (2:2.12)
Levich nppm)gl:tedm by trunc\ﬁnv the series of v, :in (2.2.5). More exact e;(pres-

*_ sions lmve bcen developed by laler \\orkers For the range ol - < 4x fo*“ Gre

gory and Rlddlfbl‘dn pproxi d the series-expansion by " ical evaluation to
- obtain the limiting curjent
5 : 2 .1 1 :
. -2 .11 -
Q= -—-—&5,5‘—])—— (FADS v ® W7 Gia) (2213
0.8934 + 0.316('7)"»“ o .
For the prcsent work D,,-c» 8 % 100 em®s™! 3 4nd v =001 cm®s™, and |
L e - o B
oA = 58 X 10" < 4x103, The approximation of Gregpry and Riddiford?? is L=
more suitable l‘ér this work. Fé.r.a-‘lhjr’ger range of %, Newman?! expanded the series
Linvy oven further @oobtain xi:moi'e exact expression.

) =

V) (2.214)




~Th|s equauon apphs when the reactant is an ion in a soluuon with excess unrenc—

tive electrolyte. The expresslon of current is

0.62048 (5

——{2.210)

5 1 p—
FA(Cyr - Cranlx=0)) Voo v o
FA(GFar - Cpiulx=0)) vow +02080(%)F + n.usu(l) 3

‘In the reg)on of R < 0.01, the maximum. devmuon is about 0.1% reremng lo n'

. numencn‘ evaluation of equauon (2.2.15); md thus s shll snb)ecl to error. For two
caﬁg(s, when —B— is 0.01- and when % =5.7x10" as in this work, the percentnge

deviations are compared for three approaches.

. . Z 5 ) .
Table 2.1 ~ Comparison of Series Expansions with a Numerical Solution of -

‘Equation (2.2.15): Percentage Errors

'% . Levich® ‘Gregory 'snd Rigdiford?2  * ** Newmin2
0.01 STt 0 T 03 S 0080
sTx10¢ 270 2o Noad - 0,006

2.3 Combined Mass ’I:rnnsppnv and Charge Transfer
Py v s

- . |
(a) Meast Close to bri

An important applicati«‘:n of the I.‘evlc‘h equation or the modified equ‘sti;ms of
Gregory _A‘ndvRiddifo'rd_, or of Newman ‘is’ to exlerin;v.elecuon transfer rate con-
“stants. Many methods have been developed whi’ch are discussed in l;art 11, Chapter
1. ﬁowever, high overpotentials are applied ‘to tle RDE system in most of these
*. . methods s0 that the surface condition is affected b&« the _high‘nverpoten'ﬁnls.‘ FR._ N




“Sriith dovel ped an approach involving m ; ol of curvents very-close to equili-
" e brium. “This method had been tried by Su in 1972" and by Wadden in“1978%.
Fairly good agreement was achieved comparing their rsulls “with other wofken even
lhough the h ical ent was i pl An attempt mll be msde to

- _givea more aut tnnmenl. for this :pprou:h Jhbepns with the prenous eqnutwn ’

-r Z(1-o)F ~ E [
c o) 2ol y i
arn_ CeelOl) S (2.135)
G, R

At the RDE, the nnddw cumnl and cnhodlc current can be ngen mpeeuvely, by

., rAZL(cr. Crob=0) _u.s.n
. =
" v =-FA5P—(C|*. ZCroli=t) -

el D;, D;.
LetAn=-FA——-mdA° FA

> for écnveﬁience, then substitute Ag and

Opee 5r._
A@o into (2.5.1) nnd l2.342] Qnd renrrax_xge them to
N —o . . . - L B
Srode=tl, 4 (23.3)

chll may ba uubsmuted mtu (2.1. 35), with j= —, ’\4

]z""’ Ju+
Ao

5) e-u-am} :
;{. i



ol g ol
i < el
[ R G Ao G o)

Accordmg to the RDE theSry. the’ muo of Ao Cr,» to Ag Cpgav must be a constant,
independent of potential and current. Let this constant be K.
'Ao Crov
Tt cab be written as: .
% [
’ i SN
Aq e AgOiw
Substitute (2.3.8) into\the denominator of equation (2.3.8).
oft _ o 1ol ’
i= (ene ) ) (24.9)

1 1
=+ ———— (K ol 4 ¢ (-l
ot Ag G { : !

. So far, no approximation has been made, but [239) can be simplified when'n is
sufficiently small or suﬂiclently Iurge When 5 is sul‘ﬁcuently small, e/ is expanded.
as 1+ afy + Lél"l— e ¢ ~A“|e first two terms dre Luken as in most m_(tbbcks's'z"'.

. ! 8 .. . N "
Equation (2.3.9) becémes
/-
[(14+K) + (I—n l\a]/q]

(2.3.10)
Ao C Fost )
When.v} = + 0005V, fn has"u value of 0.19. Ip. this case, a value of K n;ny be
obtained from the Levich'equati‘or’x‘ s '
. ’ ’ ‘.‘ 2 ) LI
062 FADpJ. v

- l2a.11)
0.62 FA DF. v S

w? 'C,,!,:. A o

!

I. From results




of hmltlng curmuz menumnenu to be given in Chapter 8 Section (f),-K = 0 894. It 3
a~ 05 the term (l u—Ka)/n may be Ignored by compmson “with (1+K) -in the .,

denommalor, allowing eguation (2.3. 10) w be rewnnen as-

SE w07 s o RE Ao Car
A‘pplyi‘ng thé‘ Levich equation w'(2.3.12)_pne has

0. Fr . ) -

T ﬁ . (2.3.13)

. L
062 FA D,I.u S Cpov

thn_ the rotation upeed w is utnpolated to inﬁnity by plotting -"L v w # and

-

1 : g
dclermmmg the mtercept at v 2= 0, the corresponding exchange cyrrent is
3 eSO wlm:h is free’l (rom mass hmsfer limitations. Then the linear charactenshc
o\muﬂ 1 can be applied as g - -

1 =
[

* . The charge transier exchange current i, is-found directly from the p\ot H the solu-

RT 1 . i B
I or (e = " RT" (2.3.14)

* tion is ‘prepared. with equal bulk concentrations of ferric and ferrous ions, - the

. excbnnge current gives the rate mnsumt

= FAKC' ) " (24.15)
whete C* is the common wnceutratlon for &)lh Fe’* And FT
4

(b)“‘ ne M.nghc tentials .~ ' . ' \:

The Tafel plot may be used to ohtnl thu rate eonut t and transl‘er cdeﬂ‘iclen
However, the meuurod curnnt at the' expenmenul rotation speed is partially col
tmlled by mass transport.. ln order to eliminate mass tnualer eﬂects to find-the pure‘
clnm tnnsler nu, the RDE is » yseful tool. The theomml trev.men is similar




i - ',’
to that cff Jnhn and Vlelshch23 The m.(t current ¢ |s tl}yﬁ ference bet\h};en anodic

* and” cnthodlc currents :
FAk CF;,._(xLo) i~ FA ky Cpen(x=0) (2.3.16)’
'The measured cufrent i in the equahon aboye is controlled by mass trunsfor if the
‘surfnce concentratwixs szu(x_o) and C,\la.(x-—o) differ from the bulk concenlm—
. tlons When the rotation speed is so hlgh that the surfMe concentrations are ldenn-
cal to the bulk ccncentrntlons, the net curtent obtained by utrnpolntmn represcnts

pure charge transl‘er wnho\lt mass t.r:msport eﬂects Defmmg thecurrent )
(')u_,w — FA [k, Giie - by cp,,.] . Ceaany

solvmg equations (2.2.19) and (2 2 20] for CF,-«(x-..o) and Cpea.(x 0) and substitui- *
ing them into (2.3.16) gives ’ L

. RN T ol
, FA ["r(cn*' )—k.,(cp. +—)] P paag

: ’
. Rearranging (2518], so]vmg for ¢ snd}mvertmg gives -

. . 6 4
AP N S— FA[L —-] (2,3.19) \
: i FA:(k, c;g' - ):., ch,.) Ap A

7

Again, nccordmg to RDE thecry, the muo of Ao to Agls the const:mt K if common

concentrahons of Fo?* and Fe”*’ are used. so that -




which shows the observed dependency’or (’)" onw 2. Usmg the defmhon of puru 3

he N  charge transfer current of eqnntmn (23. 17) chent’zs -:1) ,.clds N =
L RN T )
- ) Yy = m l+.——'ﬁ : i} (2.3.22) .
_ . - " 062D b v B - ey
LN ‘ N R . i . \/\

- ' o
Thxs 13 evident ur one yluts = vs. w

L,
7

e . PR
. cafried, ot -at eunstnnt tial After extrapol .‘ i of: reci | currcnls io,

w — 00, plotting. them i in lhe form of . a Tafel ‘plot _ ol lognnthm of. curren!

charge transfer nnd lhe lransl'er coeﬂ'lclent to_be detcrmumd As is well known, the "

e« Tafel equa(on is applicable for large ov]erpolentnls where the Butfer-Volmer eque-

, tion beco_mes N . U

!

W

and taking logarithms
: T ~

~ e RT

. stant as before, and the slope glvcs thie transfer coeﬂ'dent [ o P

j s
either Iughly positive or negauve, one'.of the terms in the numerator..of (230)

and- v.:xtra;)olates the line to Dﬁ =0, or‘ Vd
SRR
W — 00, then (1)“,_m is obt’nned from the mtcrcupt . A Serics of meagurements is.

) 'nt’

b eﬂ‘echvely mﬁmte mtauon speed versus potentml ennhlcs the cxch'\nge current.. {or E

=< el . (2:3.23)

R it ".»\,ln(x')“_m.':“lni:-»-i S 12324)
e

I (:),_,_m is the charge transfer current, the exchange currcnt i ylclds ‘the rate ccn- :

14
The equmon (2. 323) may be deriyed. from equntmn (230) When' the n is




" becomes négligible, e.g; ify-has 3 higw?’ive’value, then & (101 —; 0; the equa-

_-tion.(2.3.0) is rewritten as - U e ® o e N

S e el i . (2325)__,‘_ i
- O 5 Mo Keh)y - o
o AoCf. . - >
= Remmngilig (2.3.25) and taking the reciprocal of i gives
= 2 1. - o 2
e - " T2, K (2326)
g = o . ;
N

* 1If the Levich eunigu is applied -

- ofn -
b

It Also\,sfno\ws when the, rotation “speed has mﬁn/wlﬁ, w'— oo, the equation

o Yo [2.3.13)"

’[‘his‘is of the same form as (2.3.23),. then - the exchange current and-.transfer

cocmclcnt -can be ohlumcd by p]ou.mg the log:mthm n‘NJ VS, 7. .

(e) Mo'murements at’ Modernte Overpotentials

When the applled ov.erpotenwds are not very high, the Butler-Volmer equanon
wnet—be—mpllﬁed as 12 3.23) but it could have the Iorm

- T TSe = el I1~’¢'] - 5 (2:3.29)

. chrnngmg (2.3. 201 \md tal\mg logarithms of both snds -gives

[y ’ ;
l—e'/"] In 'o/'“/'l M ‘(2,3‘30)_«




mg tn =0, the {gteteept nd “slope giving lhc exchnnge enrront and lnni!er
coefficient, respecuvzly The eqnaﬁon (2. Sﬁ) is mmlully l.ha'. of Allen and Hick-

lmg . E




-+ Chapter 3.© ' Experimental

* Maicrials

‘l‘he materials used in the kinetic measuremenls had been carefully chosen to~

avoid- nnwanted catalytic effects ud/or mhlbmve effects.

“The plnmum rotating disc elecnode was mnnululnred ﬁ:gm 0.2 cm dumgtef
md Johnson, Matthey and Ma.llory (IM. & M.) Grade 1 phtmunL The pnnty of -

theé platinum is ubled\below i & E

-lppmu,-e'ncth..Mg,l;d ‘_' A . .. i

Yo LIppm .. eachAg,Au : ‘

2 Y ppm L each Fe, N|, si
ﬂppmu‘.C." '

The sume grsde o! plmnum I'oll ‘was used for '.he reference md counter electrod

The 98.5% Ultrex concentrated xulphum :acid was’diluted to 0 5 mol Lt H,SO‘ as R
~ ‘the l.ested sohmon. The unpunty tonéenintlcns in the mncenlﬂted H,SO. are: As

<0001 ppnr. CI' 0.04 ppm; NOj, PO, each 0.05 ppm; Si, oodppm Se, Olypm. :
2 NH. ,Osppm,Be< 0.02 ppb Ag< 0.05 ppb; CnnndMn, mtll)ﬂ'lppb Bi, Co
“‘Z ppb Cr, Fb Mg and Ti, each 0.3 ppb; Sn <05 ppb, Zn,
Sr, Hg and Cd < 1 ppb; Al “and Ca each -3 ppb; K < 5 ppb; Ba < 10 ppb. Tho

w cach < Ol ppb; Ni,

hlghast metallic impurigies nre Feand Na mt.h concentnnons 30 apd 60 ppb Tespe-
* tively. Johnson Matthey Chemlcals 1d,, Purnrom:; Grade T xron([]) sulyhnte hep-
luhydrnte ,Mld lrcn(m) lulphne mhydrd‘u (10 ppm tnhl metallic lmp\mhee each)

were used n'her dlssoluucn in 0 5 mol L 23 H2$04 Some iron s\xlphate solutxonu were : K

prepnred by dlssolvmg GF Slmth Chemlcal Co 100 00'76 electrolym ]mre ll’Ol].

N




oo

" close to ethbnum wnb a premmu of 10 01 mV, the maximum outpul l.u.-mg *

water was dnsnlled in a glnss still. It was’ then rcdlsulled over nlkm]me potnxsmm

permanganate and a fiial dnmlauon'm which " carbon. dioxide was pmontod lrom o

entry hy asoda lime trap. ° . : : : i =22

i Argon was \lsed for the best measurements. The Canadian Liquid ‘Air argon

(Ar, 99%) was further purified by passitig through a furnace at 140°C cofllnining‘ o

prered\lced BTS tatalyst from Badische-Anilin-und-Soda: Pabnk ‘This. material is -

o!’ 30% ﬁnely persed copper ox:du, on i cnrner and" nctlvntud

by reduchon wnh hydrdgen at’ 140 .C. It dlmmlshw oxygen to less ‘than 01 ppm %

The argon was then: passed l.hrough a solid carbon dmxnde‘czhn.nol K-‘\R and ﬂnrough

a pre -saturator ﬁllcd wnh anle dlstllIEd water. and ﬂnally mto the cell.

Appamtus e o LR T : s

The apparatus conslsted or 3 parts: the elcctro eqmpment the RDE and its

- acgessories, and figally the cell ;md gas-supply lines. " CT el

(a] i The Eiectmmc Eqmpment

The most. )mpor

it was the potentiostat. A custom bu‘il‘tw

P iostat was used ghout .to

the current-ow.rpct.éntia] relations

09.99 mV obtamed _from-a push butjon, dlgltnl potenlmmclcr w:Lh a linearity of
o 1% Forthe rate constant and_ transfer toeﬂ‘ment mesurements which havé to be

ca.rned out. at high overpo'.enhals, a m;mmum of +600 mV _was spphed to thc

* potentiostat from a saparate D.C: power snpply with an nccuracy +0. 5 mV The ccll

currents were measured- with a Kexlhley 172A mulumeter The dlg tal currcnt

readout was prmted sxmullaneously on a_Hewletb-Packnrd Hp 515()A_,Lherm

o p;inter. At the ‘same’ fime -the perigd’ of rotn_lid[l was “printed” next’ to . the /




corrcspondlng cnrrent, as will be dlunssed later

A anewl( Model 182 2 MH:z Funcllon Genenlor \0:5 used to. provnde lhe s

linear sweep sxgnal to the pnltnnoslat |t was added w the dﬁll’td qlu r|\|m

ials by the potenti The applied ials were m d w:th a Keith-

" ley 618 digital electrometer which had an ac'éuracy of 001 mV. - ° N

A Hewlett-Packard 7046 ;A, Y. Recorder was uséd to récord _curren;,-potential
3 o f e

" scans during activation. The RDE rotation speed ‘was. measured using a Tekl.mnii
-bC 505A Umversal Oounur nhhzed to give the hme period in mncrosacond: between

two. pnlsu I'rom the “ 0 i This ,‘ i received 30 light pulses

per revolnuon wof the ‘RDE from ther‘» tatlom\ry hghl source thmngh “the holes

punchgd in Lhe nng \rmgltg wn.h ﬁ{e RDE mutor Dlapliyed “time: penods nnged

he time

'speed digns p second(rads I

The mhtmg dlsc electrode mnsuled’ of a platinum active dlsc area (nt the bot-

i (om end of a platinum rod) ‘yuid sn in ing-mantle_of Kel-F ring all-oth

parts of the electrode. The precision of : ith-a-dise-electrode-depend:

I )mly ouihe qunhty of st ruction and on the yg ity and ducibili
of ‘its routmn It has been found that the’ reqlmepux% plltEd—on the shape ‘of the

electrode are hut met. by the’ hell shnped eleclmde (BEL) favoured. by Riddiford and -
' Blurton®.. The. BEL shaped electrode’ was therefore chosen. for. the expenmenu

\Vnh _thig elecl,'rcde the lnl.encuon between the flow. under- and above the electmde
ﬁcuve surfnce is mmlmul and the electrolyte is slm‘ed only mmlmally .by the msulat- .‘
) mg mantle. The devmuon from _the theoretical current is less than 1% 4t romlon )
e rntes of 50 to ‘Z{D rev. mm" u, ;Acgordmg Ao Riddiford's sugxesﬁon , the Tadius of
e

the plmnum ~dise rm uhonld be at leut 100 times ter tlnn the hansport bonn-

4 dlry llyer_, Y. =361 ( ) (—-)’ Bnt llus |! an ex'.remely conservuwe ﬁgure. F.




mzanoé speeds from 360 tG 3600 pmif vis assumed s 0.01 em®s”

: shaft ‘The platmum - slamless steel plece was then msert

+ ~onto the maul‘mtuhng shxﬂ. and

Opek.ar and P Beran? showed that. with, .T10 >> QY‘ the’ electrode works wcll ln L
the pment case, Tjg ~ QOY,, the 0.1.cim rachus of the pl:mnum is therefore nduqunte '

to the demands. The msulatmg mnntle has a thmkness of 1.5 tm,. thls shenth

e exceedmg the lmmlnnr bonnda’ry lnyer thickness Yl =1, S(—)' by 30- to 100~fo\d at

o1

The RDE was manufactured l‘rom an 8" length x L 25" dmmeter Kel-F cylindri-

cal.rod obtamed from Commercml Plastics Limited,. Montreal... The 0.2 em dmmetcr e

&= platmum rod was 5&4 thrended into* a #49 drill, dmmeter ole in the swmless steel

-into a’kery tight press ;

- fit msxde the Kel- F The RDE is .machmed to obtain the B 'sixnpe ;ﬁd the sn}[ace'

“of Ehe dlsc

the sa.me ume, the top end of the‘stamless steel
rod was contacted with a: smmless steel spnng posmoned in a cnvny nt lhb end of
the mam rotatmg shatt 'The resistance betweem the pln;mum 'dlsc,and the ad to

thp i was If d.to_be-about 0.1-0 All the screw thrends were i a.

clockwise dn‘ectxon bu! the RDE operated m a cnunterclockw:se fasluon to," mold

: shppage durmg rotation.  The muln connectmg shaﬂ !rom the motor wa;fmachmcd

down from 1.27 ¢m to 095 em dmmeler s0 that the Kel-F tube could have thicker

and stronger walls The consl,mcnon of :he electrode was’ “done by Randy Thumc nt 3

MembrialUniversil ,‘lhe.' nstruction demls bemg shown \in Fxgs 3.1 and 32
- r i 3

Flgur .1 and 3.2 on next pages.

?
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ln order to minimize vrbrmon caused by the. motcr, the main vertical support

o, 1, thlck steel baL plate f“ollowmg se!ure mountlng to the workmg bench, .the .

. Ty
N nssembly was l‘urther stabilized by the allati of hori: matnl struts, rigidly

ered by a 7

-0 connectmg it to the congrete wall of. the laboratory. The RDE w& po!
nmpern 1 horsepower -motor, Model, STE-232-1F, manufactured by Servo-Tek Pro-,

f ducts Co., New Jersey. Speed wntml of tlus unit ‘was auamable‘ to within 0, 25%
. Tlus wm achieved through tHe couplmg of itg’ precision adjnstable-speed drive to’ £|.

solid stata tnchometer l‘eedbnck clrcunt Constant accurately Known speeds up to”

3600 pm were poss’lble l‘olextended penods o[ time. - Speeds “weré- set, on the

potentlometE‘Ftype cnntm‘l head Jmth Fesolution to within 0!%. The Servo—'[‘ek 1

horsepower motor wns carefully muunzed atop the chnnnel iron assembly and con-

necuon to the RDE shnn ‘was made mdlrectly through a piece ol Tufnol, a-non-

" conducting ‘plastic, to ensure thnt \the electrode ‘was elecmcnlly insulated I’rom (Y
¢ \ motor, "Fo keep eccentncmes nenr zero, possxble motor RDE shaﬂ, alignment proh-
\'lems were rnmrrmzed by uslng-srvtuble ﬂexlbnllty of the conplmg material and th%
. ‘couﬂng.lmlts weremomﬂed in. Teflon for l‘urther electncal insulation protection.
.‘ The main RDE slmlt wns mounted in 4 stainless steel beanng housmg using
A ‘ Tvﬂon encnsed SKF “Red Seal" “high spee{hearmgs ‘This ﬁnallzed the isolation ef
lhe shaft l‘rom the mam support ussembly A Teﬂzp seal-cup ‘was monnted beueath

“the lmanng support whrch also served as an edaptor fo'the main joint of thé expen- 5

ental xlnss cell A Uil “s licone seal” O-ring was. 1 used as g gasket between' ¢ cell ‘and "

.

housmg lnslde thecnp was posmnned two Teﬂon Mdirectional angle eals tapered

to zero.| '.lnckness with oﬂf angled up ‘and the other down. ~These sea{ helped

’prevent ;II‘ leakmg into’ me cell ‘and mrmmrzed possible contact of corrosive acld
lmpours wlth the metal’ mtenor companentz of- the RDE drive train... This seal sys-

2 |
fem is ‘beuer thu 8 modern commiercial RDE in whlch sealmg the test system from *
it » 0 ol !
f
|

was.a 9" thick: plece or/channel iron, wluch was electric awwelded toa 97 x12” x - :




. the almosphere is still a problem = 4 / Ay

A phosphor bronze cylinder key-fitted to the shaft between the Tutaol coublis

- and the main bearing housing provided elactrical contact to lhe‘rolntmg Shaft and

= s . A
_the p‘h\(inum disc. This bronze cylinder was dynamically contacted to a brass brush

* “which. had to, be changed after .extensive usage otherwise the output current

deuensed below that of a normally working brush, espcqmlly at high mmuon spoeds

Using a worn out brush could greatly spoil the linearity for a linear currenbpotunlml

. ' e

L measurement.

 The rotation speed signals were taken from"a phototransistor in the RDE assem- +
2 h]y.“This included a thin slotted circu_].a/r/ disc located between the motor and Tufnol

coupler: . A C-type jaw; piece was mo! hted over this contnil;iqg the pholor‘mn;istor

. on one side and a stationary light éonrce‘ﬁn the omer' Thirty holes allowgd the light -

< ghrough ml.ermntently to glve 30, /pulses for each revolutlon of the disc. - The pulse Ty

periods in ps were prmted on 7ermnl paper with’ high prec ’l‘he time period 7 ’

o] =

4 'avas convened to square roof or to rotiprocal square root of riﬂ.ntion speed, w

or

u]._

, with tbe [ollowmg e/quauons

= 2185 x 107 V7 (rads

or

3

!
©
L]

The main glassware was a test cell and electrodes. The test tell was a sing]é '

waéd Pyrex multi-jointed vessel with a large ‘button type' support ring pressed ont

/lear the top The glass ,!upport was fused together ml.u one piece. Wn.h lhls sup- '



p«:rt lhc cell wns able to ﬁt nently mlo a thermostaucally controlled jackel ﬁued
swith a grcund glass rim. A metal-clamp kept the yacknt and cell securely fastened
together with two rubber gaskets for a water-tight seal. The jacket was provided

with water pumped from a Tamson TE-Z9 water bath controlled to +0.05°C: The

thermostatted cell allowed the RDE to enter through an O—[ingjgint in the centre p’f -

the cell. This'joint was not off-centered because vortexing 'Was not a problem at the
expcrimcn’ml rotaiing .speeds and beénuse lit;as more convenient to assemble from
ume to time. ‘On either side of the opemng were Lwo B10/19 cup cones for, reference
nnd counter electrode entry purts A third B10/19 cup cone was positioned between
“these twa' for the pusslble mchlsmn of other. auxiliary electl'od&s i’A final’ B10/19 )

cone opposite permitted eplry of an argon dega.ssmg tube. ‘This tube was fitted with

o two-way, tap for bubbling through™ "the solution or flowing over the sur[ace during. - s

. the m\wsuu/ents ABU soskerwiths thrmorsterwall alowd me entry of &
o Lhcrmometer which mea.sured the temperature of the test sol‘uuon An Erteo [F
series (-1°C to +Sl C) mereury in glass thermometer was used for thlspurpose. It

had been previously i agamst a

using a
Tinsley Wheatstone bridge. The Pyrex cell and its thermojacket' were raised and

lowered by mounting it on a small scissors-jack support. -

All ll,e electrodes and degassmg tube were. constructed lﬁ Pyrex The platinum

counlcr and reference electrodes were prepared fmm l cm? J. M & M Grade 2 plati-

num {ml@\ rolled m a cylindrical fuhlon, and pinch. sealed’ throngh the Pyrex

, Appurntus grade plahnum (i.e. Grade 4, IM. & M.) was employed as connecting
o

leads to the counter and rel’erence electrodes thugh Pyrcx glass tubes with an onter

dmmeter of 4 mm.




3.3 . Procedires
(a) Clennmg
All the glnssvsare and RDE were cleaned wnlh ACS grade sodlum Il)dm\ldc con-

c'enlmteq solution and ACS grnde concentrated nitric acid. The RDE was soaked in
- concentrated NaOH at 80" C for 30 to 60 minutes with low, speed rotation followed
by washing With"triple distilled \vn!rrvnt*lcast 5 tiles to remove organic impurities. *

This procedure was concluded by spinning-the electrode at high .s[iml for several

minutes to dry i0: -The cell was filled with hot (about 80" C) concentrated NaOH.
* with the referencé electrode and counter electrode, gas entry tuhc -and the wall of the
,thermomelcr tube mserted in Lhe cell lor about 4 hours. Then the cel-Hmd glnsswnre . ¢

and electrodes were “washed wnh mple distilled walcr‘/\fl,er rinsing Lhomughly, thc :
qell was filled with ‘boiling conccmrate_d‘ HNO; with all e]cc\trgt{us\_(cx"ccpt the RDE)

and glassware in it, the aéid was Usually left in the cell throughout the night. The’ -

1 1

and gl ’ were then. th ghly rinsed with tnple distilled water. The

ﬁnal cleanmg procédnre was by steaming as follows:’ cich piece of glassware nnd
. each electrode was lmmeysed in” steam by p]ncement above a sprayer under whlch

triple dlsnlled water was bmled All the volumemc flasks and Wweighing bozlhs and

benkJrs were treated in the same way as the cel]

(b) Prepamhon of Fe2* and Fe*+ Solution g

The Fe”* and Pel* solution_in 05 mol-l:'thZSO, was prepared either 'b'y dis-

" . solving _ullra:pnre Purattohig FeSO37H,0 and Fey(SO}); in 0.5 moll™! H,80, b_r by”
.i)otentiosta_tically oxidizing>FeSQy to in’ing th‘e {err’r‘a\‘:s a_nd ferric ians to <eqyal cSr %
cengrations In the latter case, ‘the current was measured as a‘fnnction of timer dur-
ing the e]ectrulysls so that an mnmase of the totak-charge passed could bc ‘made,
The oncantrativis of Fe*: and Fe3* wege measured by using the Levich, m:ms tran-

sport hmmng current and concentrauon relatmns The cqncentmuous “could be -

ad]usted to. be e({unl by addmg the, desire nmount of Fc i soluucn from the
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L volumetnc ﬂ:lxk to the test cell in the case of some overoxldnzauon
Thc concenmllon measurements had been calibrated by potentiometric titra- .

\
tions against a standard Ce“‘ titrant solnnon which has been discussed in Part I of

& the thesis, The apphed overpotentml for the purpose of - concentration measurements
“

was iSSD mV to bmng the currents to the limiting current region and usually nine

f" : evenly distributéd rotaggg spccds were ?hosen “from the lowest w to-the Inghest wto
dchieve a good linearity with .. . ) N
7 ~*(c) Activation of the Test Electrode ~ H
i “The RDE was actwated either by cyclic: linear ;weep xecommended by some |
i e prcvnous workcrs”mw or by oxidation” and chemical xeduutlon recommehded by :

Gnlus end Adnms 3 nnd by Rao and Rnnguajan For the first method thé sweep
nlwnys set at 40 mVs Cathodlc “and. anodic. llmlts of M vatmn were*

tried I'rom 01 V to 041 V vs. SHE' l‘or the cathodw limit and 1.05 V to 1. 5 v v

SHE as the anud)c Ixmlt The nahvatwn was usnally camed out fol'\a period of-one

aid a lmlr hours “at 250 C The X-Y! recorder was, use * to” obtain the sweep

4

o dmgrnm fof the sufface informli The act fon procedu wmlways halted on -’

Lhe cathodic hmlt pole\:tmlwl‘ the scan, so t!mt oxide ﬁlms present on the surface

" would b riinimal.

# The oxidation-chemical reduchon method was - cz\med out. m two steps.: The

plutmum was first oxidized n} a hlgh posmve potentml (about +1 3 V vs. SHE) for

nbo\n 4 mmutes, then it was spaked . in 0.1 mot S FeSO‘ solutmn in 0.5 mol:L!

% H,SO4 lor 1to 12 hours to reduce the !ormed oxlde filps. O
‘ (@) Messu as oumer' ~'; ith' Low Over jal Y o
The Kinetie puameter rate constant was, obtained by applying overpotenmls ¥ e v

from 5.0 mV to +50 rnV to the RDE at:a conslnnt Totation speed « The chosen

¢ romtmg speed: wenz “evenly. dlghnhuted [rom 380 srpm to 3600 rpm, and usually 8 !0

lLspwds were chosen to have suﬂ'iclent points The correspondmg cunents were



measured and ‘printed after ap‘plying a particular averpotential for 10 seconds; after *

which the potential was step-chaniged with a push-buttoir” digital t

Then the currents were plotted versus fbtential to obtain a slope (-25),. The jincar-
M P . "

. ity of the curve was i

from the elati ici leul .' by the

least squares method. The obtained slopes (-},’,L ot eafvotation speds wre then

B W
2

plotted against w 2. The intercepts gav the exchnnge current ennhllng the rate
censtant £6 be calculated. The slope reﬂechl.he mass transport condmnn n,nd it has
been found to be e;sentiully constant. All the intercepls, slopés and inhorent errors
were “also_determined by a weighted least squares analysis using o VAX (model
11/780} computer. e ® =t

(€], Measurément of Rate Constant with Higher Overpotentials .
. Higher overpotentials from -250 mV to +250 mV.weré applied to the RDE with

pomts taken every 2 mV. The currenls at one of these ovexpot.ent.mls were mens-
. 1

Lired-at different rotation speeds. - The reciprocal civrets were plotted i
from 360,rpm to 3600 rpm to obtain the intercept by exg.n}palnzion (the reciprocal
* current under this potential),the.obtained current (1), would then be free of mass

transfer effects. According to’ the Allen and Hickling!? approch, the logarithm

(Duco / (1-¢/) Was plotted versus the ‘cor'reupoﬁdir;:g overpotentials to find the>
exchange current ffom: the curve extrapolated to 1j = 0 and the transfer coeflicient &
from,the slope of the.curve. Infercepts, slopes and inhorent errors were also_deter-
. minéd By the least squares method with aid of a computer. prograin, also using the
VAX computer. i IR '
—{f)’ Ferrous and Ferric Ton Concentration Mchsurements from Limiting Current
Measurements B it . o 3 : .
“Thic Lovich quation for the limitiiig current ot & 'Totating disg electrode may be




v ';log_'

used to.determine the concentrations of Fe?* and Fe3* jons by choice of suitable’

potentials and ‘a single. rotation speed measurement: . C o

" a
2

N * =
4 = 062nFAD? v

A better method i3 to measure the limiting current as a function of rotation

Wl - speed, whercupon the first derivative at coug;nt redox ion concentration is
3 . o g i
¢ —— 8 I ! .
. R [ — I = 062nFAD® » 8 C (3.3.2)
i - . o :
w? o

’ s NI
Even better, since it places the refationships firmly on an empirical basis, no
longer dependent on the adequacy or otherwise of the Levich'equation, is to experi-

e}

“
XN

de*

. .- ; 4
Use of 4 series of precisely known éonentrations of Fe?* and Fe* 'and precisely
m;'e_nsixred_ rotation speeds enabled .two constants K’ to be determined, one for ferrous

irwf/the other for ferric iron. - Then; the Levich-equation simplifies to the form

. 1
i = KCw? ; (3:3.4)
i A

: G Bgpd o L
s == = 062uFADS y ¥ = K (3.3.3)
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allow detérmination of the Fe** and Fe'* ons in the same

elecln;lyte and with the same rotating disc electrode. . "’

The calibration of the RpE for the: measurement, of K+ Was carried out .by
adding the de;ired .amount of standardized Fe** solution to the test cell already con:
tammg 0.50-mol-L™! H,SO, solutit‘)n of which the vélume had been exmly meuured’-’
so that the totnl volyme could be caleulated. *The added Fe’* mluhnn hiad been
standardized by potentiometric titration with standard Ge(NH,)o(NOy)y as’ described.

in Part I: The limiting current ‘measurements at an overpotential of £550 mV were

applied to each known con ion to obtain the cor
. -\
the data being presented in Table 3.1.

' Table 3.1 " Calibration of R.D.E. l‘or:Fez.*’ Concentration Measurement.

Volume of known . D -

© Fe*/sclution added/mL 2000  22.00 2400 2600 2800 3000 |

[Fe**]'x 103/mol-L! 8686 0527 10.38 - 1110 1202 1284

00115~ -0.0126 00137 00147 - .00[50 0.0168

P

.. versus C
)Cn'« e

expressed as mol cm 5 as shown in Flgure 3.3. The plot is- rdssonnbly lmenr and -

.
2.,

yields the value Khu B l 304 A s 2+ cnimoll,

Figu_re 3.3 on next’pagé
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2 jey. @ ~
The calibration of the RDE for t\hé measurement of Kiye+ Was carried out in the
L s(ame way, -except that the Fe3* solution was ;tjnviardizod by -a photomettic titrae

g -~ »: * ~ .
tion®2 with EDTA using a Thorn-Smith circulating system enabling the contents of

‘the titration-flask to flow through a c‘uvette in the lig}it path of a Bnuschban‘d Lomb

Spectronic 20, Sal icy1id acid was. used to.generate a highly ‘coloured compled with
Fe(IIT) before the end-point, the spectroﬁhotometer being set at 525 nm -and t{\e solu-

- tions were huffered with chloroacetic acid-and its sodiumsolt at pH 2.2, Electrolytic

iron (100.0098) from G.F, Smith and @o,, dissolved in'8 mol'L™! H,;80, ivm used as . *

+ primary standard; after oxidation with theaid of hot concentrated nitric acid, Table .

"3.2 illustrates the calibration results. T T EC
« ¥ ) . R L5

Table-32  Clibration of R.D.E. for Fe'* Concentration Measurement., *

[ -
. Volume of known .. i

TFe** solution added/mlL-20.00 ézou_- 24.00 26.00 2800 30.00

[P x 16%/mol g0z ‘882 068 1040° . 1117 1193
P IR T : - T § o
(E g, /mAs 2 .0.0008 . 0.0107 - 00116 00125 00134 0012 ,
1 . . -
0w? M . ; o -
e 3 P It L

v i s . - i
The overal) constant Kpe+ is obtained by plotting ( 'l‘

Poyre ™ g S o

L B AT I T
expresseq as Yholem™, as shown in Figuré 3.4. Again the pldt is reasonably. linear
. — T i 7 7]

s St o o .
and yields the value K= 1.168 A-s  2em3-mol. The simplified Levich equations

for the two éa_m are,

. : 1 . .
i et = 11004 Claw? - ©(331)°
° Fig’ﬁa 3.4 on next page’ :

)c'.‘” versus - Cpor, -

¥




Y2

3¢ X 100/mA-s™

T 00
CRaymol-L™!
Sl B

) v G to fnd the overall constant Ky
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1
3

e ipee = 1168 Coe @ | (p3®)

- Itisto beg expected- that the coefficients in these two eq\intions should.be related as-

D;Is.lpge/a Data for these diffusivities in aqueous HyS0, do not appesr to be wail-

able from the literature, although two sources give values for aqueous 11CIO,.

Wadden’s results!? at 208.2,K have maan valués of Dpar = 088 x 10% em?s" and
 Dpgr = 009 10" cm’ 5L giving a ratio of.L175 while the ratio Of Kpae/Kpa for =~ =+ .

. aqueaus Hﬁso. from the above reslllts is 1118, fuir agreoment conudermg the .

z}hange of medlum ) =% E S

Tab'le 33 and Flgurer.’iﬁ |Ilustmte the practical Wpllcuhop of these resulls to

.the determmntmn of concentrations of Fe2* and Fe“ in"a working. so]uuon Tl\ese
concentrauons werg the ones used in subsequent calculauons, In all cases t.hey were’

sahsl'sctonly it accord wigh e'(puctam rom the qnnnhtles of snlts welghed outfor

pr "nrzhe erimental sol

’ . Figure 3.5 on next page ' . 5
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o F-”»]- 0.997x15® mol- mL"!

. s .[:F'“} 1.006.340°® mok- mLs'
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Table 3.3  Limiting Curreuv. Meuurements ona Typlenl Solution nt Nipe Rotn—

tion Speeds . 1

- . ~ " (Rotation Speed) % Anodic Limiting Current Cnrthoc;ic Limiting Current
e 5
w? frads 2 iper/A X 04 5y ipo/AX 100 oo
. " 6.004 : Y oorsr. - 0704 ,
w7 . oged L Cosd
e Tt r2n | E 1002
q007 . e 1.419 \\ A 1275 | .
Sene 1ess | .. tae7 s
g . 7 Lo 1.850 \ TS e :
1603 - : c2.071 | ' 1.877
1778 o emon, 2.075 |
x wa - Y31t l\ ’ T nees

ln this particular example, Cpos = 0.997 x 10'5 mol -em snd Cre 1005 x 10°

mol- cm:T % x ¥ s s

" (g Electrode Area Meuuremenz 1 v

4

. Rotating dise 2ectrodes ‘were constmcted of.2 mm dmmeter_—platmnm rod and

geometnc measuréethent confirmed this dlameter and hence a circular. cross sectmnnl

area. of 0.0314 cl'l\ﬂ True surl‘ace areas may. be ascenamed using methods surveyed

by W'oods‘” va methods -are lvallable for plahnum. meuurement of the charge-

required to adsorb a monolayer of hydrogen atom: or to desorb- 3 manolayer of oxy-

gen atoms. Using a triangular & sweep voltam: gram, lhe area under the peaks for :

hydrogen-: adsorptwn or under the peak for'o: yeen duoxpt n mny bz measured and ~

_ converted to an equivalent charge,through knowledge of the
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‘error may be

L raﬂler than the hydrogen adsorption peaks becnuse the area of fhe oxygen peak is

." much lnrger} therel’ore, the result from the ¢ 'oxygen peak was preferred in this work.

i+ The real surface area was calculated by dividing the integrated charge by 4%

pCem*? for oxyg:eq desdlption or by 210 pC-em™ 2 for hydmgen adsorption.

In working out the areas under the curves, the peaks were cit out and weighed

“on an npnlyti_cal balance. The mass of an integ;al r‘lun;b\er of square inches was also

determined,"using 2 and 4 in’-;quares of graph paper,- the masses being in the range

/ N of lenlhs ol a gmm in every case: The experimental conditions for the area deterimi-

[ ) ahons on-&.he bm pl&nmlm RDE were as follows: - .
e ) Sweep rnte 0415 Vg " ¥ e 4 ) 5 .

o Potgntml scale. 0.10 Vin? % . . . L

. Current scalei 1. 575‘u;{‘in' : o o sy
The charges.for bydmgen and oxygen were, respectxvely, QH ="15. 89 pC Qo
= 20.08 ;AC yleldmg real Areas of 0. 0757 eni? and 0,0692 cm?, respe:twely These

“results mdlonte sur{m:e roughness factors of 2.205 (mm the oxygen determindtion, or”

24 fxom Lhe “hydrog; ' d ination. Cc ’ ‘\‘ thnt the platinum surface had

N  been mnchmed b\n was not polished with abraslve matenals, 4 surface roughness
n fnctur of 2.2 is qmte satisfactory. Earlier, less preclse measurements of the real area
S or o well-used platinum electrode (in. the less sabisfactory plastic sheath), had indi-

cated a roughness factor of 3 or more in. thut case,

d by use of the oxygen desorphon peak




Chapter 4 Results

The experiments for the Kinetic measnrm-nn.qcrc done in several s(‘{‘“\r. prel-
iminary work and then later work with various levelsof clc}ining Except where indi-
c:ﬂ.ed ol.herwlse rate constants refer to platinum electrodes in the ferrous snlphnl(-
I’emc sulphale sy!f?m at concentrations of approximately 0.01 lml Sh FeSO. and

0005 molt™! Fe..1§65f’ in 0.5 mol-L™! HaSO,. - x5

4.1 Preliminary Investigation of Activation

In earlier ‘work from this Iahmnwry." a2

"activation in the presence of absence of iron salts and- as to the most suitable poten-

the experiments jn the early stage less pure FeSO, and Fey(SO,); salts and sulphutic
acid-were used. The RDE was by error insulated by a piece of polystyrene or lucite

- plastic mstead.aof Kel-F. Solul.lons were made up with single distilled water and the

cleaning of the whole syslem was not as thorough as in the later stages. The rate
constants were measured in this stage by applying overpotentials (relative to a plati-
num reference-electrode in the redox system) every 1.0 mV over the range -10.0 to
- +10.0 mV. The correspopding currents at each rotation speed were plotted “versus
. . ) = .
overpotential to obtain a slope (g—;),,_ two examples of which are shown in Fig: 4.1.

.
- i b Figure 4.1 on next page

The relation between iand nis 2 pure‘ resutance characteristic since the curves arc

|
‘were ploued _versns the reelpwcnl sq\lare rm')l of ‘fotation speed, w 2, according to

studies of anodic activation. of pln.t'l-

P
tial range to ‘be used.. The ﬁnt step, theremre, was to mvesugnle this quesl,lon In.

imm (ns well gs_n! palladium and gold) were inconclusive o to the relative ment of :

lmear and go thraugh the orlgm To ehmmate mass transport effects, the slopes *
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PRELIMINARY WORK

Fig. 4.1 Linear plois of .current vs. oerpotential al two rotation




‘un;ler the same experi diti A series of

equation’(2.3.13). Thz true exchang! current ‘was obtnlnvd from le ml'ercept by‘lhu‘ N

" extrapolation.to mﬁm(e rotnmn spemi an oa(ample of such a curve is shown in Fig.

Fikure 4.2 on next pn-ge

The measurements of .tate constant gave information about electrode activity,

allowing ison of the rate a before ivation and after

perimeits was designed to

.find the best condmona for activation, wheth_er to use aqueous H,SO, alone or con-

tammg Fez" nnd Fe't salts and wlmt was the best potential range to einploy. - A's

mahy workers have done3*%,

lhe activation was carried out in 0.5 mol L H,80,
(or somg other acid soluhon) in Lhe abserice of i iron salls. Por thxs purpose a provs,
ously hydrogen-charged n/ﬂ lladium hydride lectrod ﬁ otential +5o

to+60 mV .vs S H.E.) was nsed It was not very ‘convenient to chhnge solutions

rrom the actwauon solutmn to the test solution; especially since O.he electrode and
the cell system could be contaminated if a spgcl;l!y designed cell system were not
used. S.;Gilman®” mentioned that 'if even for an instant the platinum ;]e:trodc is
exposed fo the air, its ncnvltv could greatly decrease and it could be assumed to be

conlamutt{ed The objncuve here was ‘to try to activate the phunum RRE in the

lest'solu:lon without chan;ing the solution. before measurements. The following

table shows that in this case the rafe 'con_stnn't increased even mere than it did after "

activation in pure 0.5-mol-L™! H,SO, solution. . 2
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Table 4.1 - A Comparison of Activation in Bifferent Soluti
. - Preliminary Work: Pt RDE
b

Activation ;l'esl Electrode “* Rate Const. Percentage
Conditions No. » Conditions k®x 10%ems! - increase of
B . i . rate constant
001,  beforeactivation  * _ 4.67
In solution A* .
. 002 after activation : 7.01 +50%
005 - before activation 507 . i
In solutionB#s . 3 ) .
- 007 after activation 6.87 +32%
[ before activation 4904 -
In solution A o F
009 gfter activation - T 1268 +155%
011~ - -before activation = 104 .
In solution B . .
012 after activation ~ ~ |- 880 - +80%
"+ Solution A contains 0.01 M 1y +-and Fet* in 0,5/mol-L! H,S0,. %
~ S ! 5 X
#% _ Solution B contains only 0.5 mol-L™! HySO,. 1o

v
3 s R | -
The presence of Fe** and Fe®* does not hinder the activation but does scem to

enhance it. Similar results were fountt in later experiments. Fig. 1.3 and Fig. 4.4

_show the cydlic voltammograms for the activation,in 0.5 mol- -1 H,so, above nnd in

Fe** and Fe“*-cunmmng solution, respectively.
Pigures 4.8 and 4.4 on next page
4.2 Preliminary Work with Improved Platirum Dise Electrode
After l.he prehmmary expenments, two series of more.precise work were done

For the first series, the platinum disc electrode had been replaced with a newly made,

one with the correct Kel-F mantle and all electrodes and glassware were ¢leaned by




. i ©  Scan rate 40mV/s : I

5 Fig 43 The triangular sweep voltammogram for, activation in pure ;
: 05 mol-L"! H,S0 under stationary conditions. -
¢ : : -
g .

Fig. 44 . The tmn;uln sweep volummnm for activation in 0.5
- molL! H,S0, solution containing Fe** and Fe®* under sta-
tionary conditions.



s
procedures signilar to those that have been described in Chapter 3 except that steam-
ing treatment was not used and cold HNOj was used to wash the ccll; furthermare,
the cell was dried in a possibly unclean ovén before use, Many measprements show
that the platinum activity increased slightly affer nctivation but the rate constants

are all small as Table 4.2 shows:

. y =
Table 4.2 The Activation Effects on the Rate Constant for _

. Fe?* == Fe®* 4 e Using a New Pt RDE *
g . ~ -
Test Pt RDE and Activation * RatexConst. Percentage
No.  Conditions* k° x 10%/em's™! increase of

3 rate constant.

100 .- before activation 28

101 after activation in solution A 30 ) 6%

104 before activation . 17 o= TR,
105 after activation in solutiof®A 2.7 3%

108 . beforeactivation® - - 14 ;

107 - after activation in solution B 2.3 s 30%

uz - " before activation - Tl o

113 " after activation in solution A 2.5 T 3%

+ Solutions A and B are as in Tabls L

Those results b 0 similaf to the prehmlnnry results, but the uchvnuun scems

‘less efficient than in the_prehmlnnry measurements.

“The Effect, of Improved Cleaning Techniques P T

4.3°

A second seriés of experiments was performed with great attention to the cléan-

B3

ing steps. However, the steaming treatment was not yet applied. The procedures :

tollowed those duscnbed in Chapter:.3-with Llns one’ exception , and the cleaning

preparation took about one wéek each time. Unl’_ortungl.ely the results obtained were .

disappointing as Table 4.3 shows. E .




('I’a,hle 4.3~ Results Figm Clean System

Test Pt RDE and Acétjvation* Rate Const Percentage
B : ~ increast
No. __ Conditions» k° x 10%/em-s™! rate constant -
060 - before activation ) o 9.5 )
7t 061 after activation in solution A. 6.8 -28%
potential range 0:41 - 146 V vs SHE
064+ before activation : 75
065 after activation in A - *» 5.3 -20%

potential range 0.41 - 1.48 V'vs SHE .

067 before activation |, 78

068 after acuvahon in’A - 5.4 -30%
E range 0.31 - '1.07 V vs SHE

.- 009a . - beforc activation S 6.7
060b  ..after activation in A . 54 . 19% | Bl
: -E range 0.32 - llGVvsSHE = 5 I e e
0705 . berore activation - b 7o g ’ :
071 \ after activation in A : ® . 54. . 0 4% - |
VE:range 0.32 - 1. 26 Vs SHE; . m +
072 before’ nchvnhon L ¥ CoTe. ) R \‘
- 0737 aftér activation in A’ : b 6.0 u% |
L E range 0.32 - 1.36 V vs SHE s . . 3 |
. 080 before activation ~ . 8.4 ; \
.

" 081 after activation in A 5.4 -36%
. ErangeO«ﬂ HBVvsSHE. -

‘g ‘Solution A is gs.in ’I‘nbx 4.1, nnd conmns both Fe?* and Fe®* ions.

P .
i sur,l'ace occurred instead of-activation. A

Apparentlys deactivation of. the

fairly good reproducibility ma)" be found in which the initigl rate constant is nb‘o’ut

75 x 102 cmes), the rate constants aftef Activation ‘are " 5.4 x 103 cmes’ Great

Zefforts have been mnde to find the reason for the decreaée of activity after activsa‘tion D

Observmg Table 4.3, even though the anodic potentml hmlts were changed from 1.07'

V vs SHE to 1. 45 Vs SHE the situation stlll remmne\i the same: *




) shown in Tnble 4. 4

150 Before actwnuon the RDE and . ; ~88 ¥ 7 . )

.161a ' Before activation, the RDE and d 9.0 B

“ 161b  After activation in solution A at

-117-

i.l Further Improvements in Technique

In order to explain the unekpectnd Fesults, e}ltre’me care was taken in the clean-
ing procedures, thus the stean;in; treatment was applied to every’ piece of experi-
sG] materlil, IPamRtoHs 90.999% pure FeSO,TH,0 1d 99.000% pure atihy-" -
drous Fe,(S0,); were used mstead to uvoxd possible contamination before and durmg
the leetrolync okidatfon of Fe“ to Fe“‘ About-2 to 3 days had to be spent on dis-
solving the metallic iron and oxidizing Fe** to-Fe®* in that case. Tlms the sintered
glass separator and a tube of 3 molL™! H,’SO1 solution and a large area pjntin‘um"

anode were not uged in prepari_ng the solution for thi£ work. The rate constant could

now be sured immediately after the L ion of the test solyti

By chinging the procedures and reagents s mentwned above, lnrge dlﬁetence:

of rate constant were found between the messurements befote.and after ncuvnt\on ns .

Table 4.4 R:es;llts of Activation in Very Pure Solution

= i

Test . . Pt RDE and Activation Conditions . Rate Const.. * Percentage -
" g . + increase in
No. . * k°x 10°/em-s _  rate constant
124 Before activation, the RDE and - © 90 '
* cell were. extremely cleaned. . N . o
125 After activation, in solution'A at 20 ) 8%

~ potential range 0.01- 1,35V vs SHE -

‘cell were extremely cleaned.

151, After activation in sdNgtion A at R Y I -e8% 2
potential range 0.07 - 141 Vvs SHE - i a

cell were exlremely cleaned. ,
.20

Eolenm\l rangeyOD‘I 1.41 V_vs SHE




Thc rate constant of the platmum RDE was mcrcased to a'&oub-oo X 10‘3 em: 5T hy

the thorough cleaning proced but the rate were d d to abont 20

o e Ux10® cm: s'l by the “acuvmaq, and. this phenomonon had falrLy gmd reproducnbxl»

ity in dnﬂ'_erenl experiments. The results‘.’lhovq give the 1mprbss|on that the cyclic

éwccp may build up some oxide film on the.very cléan platinum surface and the elec-

trode actiyity.was therby dosressed. B,

s T o In order to avoid the error whlch may be caused by using only low overpo!enhal

methods, high overpotential methods were employed which. ehahled comparison of
NG . mte constnnts ﬁ'om several methods and also determlrmhon of a. Flg 4.5 shqws the ., . »
extmpolmon plots for severnl lngh negatwe overpotentlals The mtercepts gwe lhe

- reciprocal curr wluch are-free of mass transport -effects. -Fxg “4.6(a) .shows. the~

‘Tafel plot of these e pol d currents for over il from -50 to -200 mV; the'

; L . - i
intercept . polated . to, zeto overp ial gives the -exch c\ment freed'from .

*.mass transport hifdrance and. the slope- gives e transfer coeﬂ’lcxeut. 'Fxg 4G(h) .

shows the sn.me data treated hy che prelerable Al?n nnd H.lcklmg plot the linearity .. '

s somowhnt improved. g E

. Figures 45, 4.6ta) and 4.6(b) on next pages
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Vlnny‘ measurements were carried out using high ncgnuve overpolenmls as in Figs.

4.5, 4. B(a) and 4 B{hl and in Table 4.5..

High Negative Qverpotentials

Table 4.5  Rate Constants and Transfer Coefficients Measured from Tafel Plots at

Test High Negative a (anodic) - - Correlation *  Correspondipg
- Overpotential Ce i w %al
. No. Result of Tafel Plot Measurement Result
& 3 ‘%0 x 10%/ems™! ' k°x 10%/cm's™!
L 21 059 0.0099 22
P T R ¥ S Y 4 00007 77,
.. 183 — 085 0.9005 .70
R - Y 0.60 .Q.9909 - R V]
R R Y I 0.5 T0.0004 . . 65 .. in
0.9970 9.3

184, - .82 054

rate constants measireqd in the Iugh negauve

- corresponding currents (i), Were extrapolated for each of the overpotentials and
all the results were calculated with the least squares method by computer. The vari-
ation of rate constanis was presumably caused by diﬁering RDE surfue‘conditions

The measmed transfer coeffi clgnu have an average value of 057 Comparmg the

| The overpotential range was usually from -50 mV zE‘-'zso mV: wil! points taken at .
-50 mV, -78 mV, 100 mV, -125 gV, -150 mV, -175 mV, -200 mV and -250 mV% The

jal wnh Tow T ial

The rate constants were also mieasured by applyiny

ities reﬂected by the correlahon coeﬂ'lclents are fan-ly gaodr i

* taken_every 25 mV. Similarly, the current (;)u_,, was extrapolated versus the .

i‘l:gh posmve nverpatenmls
The applied Jvexpoteun.al range was from +50 mV to

.+ methods, they are mostly iﬁller than the corresponding low n methods.” 'l"ha lmear-

250 mV. and points were




. 3
- . ~ ¢
reciprocal square root of rotation speed to infinite value at each constant overpotens
tial. Pig 4.7 shows some of these extrapolations (so-called inverse Levich plots).
The exchange current and transfer coefficient were found by Tafel plots or l'))' using
o e
Allen and Hickling's improved Tafel equation. Fig. 4.8 shows the somewhat seat-

N
. " (1. ; . g
 tered linear relation between In [‘ - and nverp(:nnlml n . Table 4.8 gives

d - < . e B
some of the results. The poor correlation coefficients suggest that a linear treatment

is inapl;mprhte.

| Table 46 Results of k°.and g’Messurnents at High Positive Overpotentials

- Test High Positive a (anodic) “Corfeldtion Corresponding
.. . . .~ “Overpotential. L “Coeflicient - Low Overpotential
o No. Result - of Tafel Plot ~ Meastrement Result ;

. k°x 10%/ems™  + L o - k°x10%ems!

150 T 0.68 R 88
S :

> 151 1. T om . 09033, A 1 1
152 136 0.79 0.9775 - 13
/ T4 153 5.7 -0.74 0.9288 ? ) 70

In Fig. 418 the large negative deviations from linearity of the lli’c'kli}g plot suggest a
< ) builﬂup of oxide film on the platinnm surface, Ifinduviylg the electron transfer pro-
cess, as the potential shifted to more and more positive values.
Figires 4.7, 448,A4.Vnnd 4.10.0n next pages
-
s =

The rate constant was also measured by npplﬁ'ing ‘both pdgitive and ng.;;rnive

N overpotentials to the RDE. The procedures to find the infinite rotating specd
urrént were the same as discussed above. Fig. 4.9 is one of the Hickling plots for ~

ovgtpotentials from +100 mV to -100 mV. A reasonably good linear. relation is -
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Fig. 4.7 Inverse Levich plots for positive overpotentials. *
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displayed. The exchange current is decided by the line intersecting zero overpoten-
Bal. However, if even higher ovérpotentials were applied to the platinum, the linear
relation deviated negntivqu on the side of high’ positive overpotential. This effect,
shown in Fxg 4.10, wu;lways observed with such positive potential values. The fol-
‘ lowing table shgvs some results of measurements using both negative and posmve.

overpotentials. 2

Table 47  Results of k° and o Measurements at Moderate Positive and Negative e
Overpotentials (| | < 100 mV). ?

Test  Moderate Positive d(:‘modic)‘.'_ Correlation Corresponding =

and Negative p Coefficient + Low Overpotential *
No.  Overpotential _ of ickling Plot ,~ Measurement Result
) ke )(«_l(gg‘/lcm's" ‘ i e k° x 10%/cmes™!
185 .- %2 e o086 09980 - " 40 ;
g T 18 S o0ss 09970 18 :
i ) .16:\ 19 055 0 00078 36 .

The rate constanis Teasured with this method are lower than the corresponding

results from the low -overpotential methag but the transfer coeflicients have good .
agreement. The average value is about 0.55, compared with 0.57 I‘ro;q negative over- .
potentials alene. A :
- Itis cle}\hal a h|gh positive overpotenml applied to an ex'.remely clean elec-

«trode dccrense! the platmum activity for the Fe?*, Fe* redox readtion no matter

how the hlgh «posmve potential is applied, suchi-as by trangulag sweeping or. during

the rate consmu measurement. Magy efforts were made tc recover the ‘activity of

£ the RDE “The most s| mﬂcnnt wny is soaking pl:mn\lm electrode in a 0,1 mol h

FeSO, i in 05 mol'L™! H,SO. sohm'un Funhermore, once the nctmty is mcreued

*‘the RDE can retain the h!g!l activity in Fe?*, Fe’*-conmmn;’soluhon. The l‘ollow-




o -120-

ing table shows the results of this soaking.

Table 4.8,  Experiments Including Sonkiﬂg Platinum RDE in 0.1 molL™! l“‘cSO,

Solution
Test Procedures T k°x 100 Correlation
No. Jemes't Coeflicient of
k® Determination
Im;.la,] rate cofistant k® measured 36 “0.0099
at
- k° measured at hlgh negnuve n 17 0.9048
160 o
*k° measured at moderate - n :
and + g 19 0.9978
Alter the RDEwas soaked in 0.1'mol:L™! !
FeSO, soltion for 3 hours, . * .
k° measured at low i ) L 37 ’ 1.0000¢
B * Right after clesuing and. k° . i
.was measured at low g 9.0 10000, .
161 :
Right after anodic activation i -
E = -0.61 to +0.73 V vs Pt, Fe?*/Fe®*
and k° was measured at Tow n .20 0,9995
After soaking RDE iri 0.1 mol-L! i
FeSO, for 4 hours, . g
k° measured at low § . - 6.5 1.0000
k° measured at high negative 5.2 0.9994
162 .
" k°® measured- at, mogdeérate lq .
and + 7. . e 0.9963
After ‘soaﬂni E in 0.1 mol-L'" 5 .
FeSO, for 3 hours, N
k° m'eunqed» at lo_w 7 6 " 6.0 10000
- PURDE left in cell solution 24 b oL
k° measured ‘at low n R | 1,0000
163 - L e "
=, After RDE was soaked in FeSO, for § ~
. 12 hours, k° measured- at low n 9.1 o 1.0000

The nqtivity c;l' the RDE recovered after il;;e chemical reduction of the oxide film on

‘the surface 61‘ RDE which’ must. hnve'.becn formed by the application ol‘high-pmilivg
’ . Vs ) .

14
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overpotentials. It has to be mentiofted that the soaking solution was made up using

#the same highly pure snjt (99.999% FeéOr'IH,O) as in the test solution and the con- i

tainer for preparation of the solution was also thoroughly cleaned. - g
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Chapter 5 Conclusions

F . 5.1 Low Overpatential Méasurements

Most of the “easurements of rate constant in the present work were carried out
usmg the low overpotential method." The rclmbnhty of the method may-be zshmnted
by considering |ts intercept and its slope." The tate constnnts by the method were'
compared with the literature v:tlues and an ndequate agreement was found ‘(see Sée-

_tion 5. 4) Secondly, the expenmentnl slopes are compared ‘With the theoreucnl vnlue

evaluated from -equation (2. 3 13) using K = 0.894, Ao = 1166 w* Aem®mdi™ and

Cior = 10x 10 tholcm3. Table:5.1 contains thirteen low overpoteptml measure” .-
ments under dlﬂ‘eren! RDE surface conditions. *

Table 5.1 ~The’Slopes of (L
ments. . . g . ® Lw . i

—l%) versus w™* from Low. Over[;otontinl Measure Y

Test No.- Slope x 105/ Rate Constant/ ™ Gprrelation' Coeflicient
- B Alg® . it - -

155A 181 ° T 00040

155B ‘161 - . 0,0039
.k 157 162 7 00031

159 - 157, £ 00017,

160A o160 0.0038

160B - 159 } 00087 L

P 1) 1.61 ‘ ‘00000 . -

! 162A ©oo1e9 . . 00065

162B . LB - * 00060 o b
. J163A L60* . 00071
-~ 163B 162 00001

163C |+ - 4 L60° o 400071

164 162 o foooes -

[his result sHows that no matter how ‘the

. o F
nri?rage slope is 1.60 x 105 Als*



. ! 5. T
rate cons!ant vnrivs from 17 x 10" lo 9:3 x ll')‘3 cm's'l, Athc experimental slopes of
") versus u’"’ plots remain l 80 + 002 x 103 Als®. This-result also means that

the cquanon used for the. meagurements is best -divided-into two parts; one dealm

wnh tire Kinetic pnrnmeter and the second only responding to.the mass '.r:msport

* conditions. It could be Written as:

‘[?9 ]R_FT' = H]xi.{ * lﬂmﬂ. o 6.1

B . &

From equ:\tlons (2 3, 11)‘ (2. 3. 12), (2 3. 13) (337) and (3 3.8) tl\c theoretical slope is
4

“13K UL 140894 .s'_z x‘_10“"'A‘ls >

LAY T 11667610 x 10°
onzFADh.,u s c; e =

Compnrmg this “value with’ the expenmenm data, the relatwe error is. only 1.2%.

c Thcre]ore thie Kinetic parameter could be determmed without mLss transport effects.

‘

" In the prevnous work by Sull and Waddenlz the lcn side of equation (5 l) was

’ called the' reciprocal e'(change current, using the linear characteristic relation

= wiln . B2y

to. give =nf % A]su, from Bard and Faulkners bcok” the eqnatlon 5.2)

caul@ used as long as ihe solutmn is well stmed It may be _correct for a slow
reaction. (Bul in the case of a las'. reachon, e.g. the hetemgenous réaction of Fed*

and Fe2+, thm,cnnclnslon is not true. Since the. exchange c\lrrent i; refers to ‘the

) (-d-”-) shon]d not chsnge wnth rotation speed However, the slopes o 4 — are great]y

4 dependent on the rotation speeds, Table 52 shows the change I’rom expenment

»#104

3 z @ s
‘where (L)Kin ié the kinelic part “and [-l—)Dm is the’ diﬂ'lision or mass tmnsfe'rf)}t.x/

, charge tr:msfer process lt is mdependent of T mtnuon sfeed, and therefore the' slope .




Table 5.2 . The Changes of Slopes ( ) th Rotation Speod
r g ' .

o ! rotation speed / rad-s’! Slope ( ;w / Via o
I ‘ . ’
31,0
46.66 N
' 61.90 . o168 3
e 8432 . oo . \‘ ;
1282 . 457.9
. 2035 T s !
\) 2844 o 8 " 336.9
375 Cama -

Even though the solution was very well stirred at high rotation speeds; the.slopes do

not remain constant. Under this circumstancé, the cqlmtion i, n/n] n.-sull:ud S0

r
that i, is not the charge transfer exchange current but is controlled by mass tran-

sport for a fast reaction like the Fe?* Fet+ redox reaction.

The only apprcxxmatlon made in the thcory of | tl.\e low overpotentml melhod

differing from other methods i in electrochemistry texthooks & thal
< )
(L+K) + (l—a[l+K))fv) (1+ K)% (I-a- nK)/:, (5.3)

is approx,mated to be (l + K). The error in mnkmg this approxnmnhon may: be /

. estlmated hy Iettlng %

1= o) B R

wlth K = 0.89, 7. = 0.005 V when a chnnges from.0.2 to 0.8, then { hay lhe relnhon
shownqungSl ) 3 ‘/ e ¥, 8 .

Fi_guré 5.1 on next page e B
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At the point a = 0.53, I = 0, and even the largest values at @ = 02, I =012

which is negligible compared with 1 + K = 1.80 or at & =081= 0 10, .also, negli- N
- gible. lf 7 has a lower value than § mV, rg 1 mV, the maximum yalie of |l|
0.020 for a = 0.8. Comparing 0.020 \nth 1.89, the value of I can be ignored mlhcut
> causing significant error. In conclusion the l[\mrcti?al treatment and the nynximn-
tion are reasonable. z §2
The.advantages of using the low overpotential method for rate constant deter-

mination -are twofold Firstly, very low overpotentials are normally, rcqulred + 5.0

mV Thse may not cause any chnnges in the surface condition of the RDE twas -

found in thxs work that high positive overpotentials. build ;ip oxide ﬁlm on the plnt.\-

num RDE surface. The surface renctmty was thus affected. by=measurements in

which high overpotentials were applied and the linearity in the Tafel or Hickling plot,

was found greatly riined by the high overpotential. Sécondly, excellent lmemtms .

were achieved.in the low overpotenual measurements Ior plots of 1 against i and-of

1 ’
(g’.’]w against w 2. The correation, cosficients for these- plots often reach to

1. 0000 In comrast the bending of the Hickling- or Tafel plot at high nnd Iow over-
puynnals is rarely avoided. Moreove‘r the penurbnhon hy npplymg overpotential to

the test -systemeis very small because, the: low overpolentml keeps the system very

, closé to the equilibrium. point so that the measured exchange current should be more

reliable. o . SO s

5.2 High Overpotential Measurements

" High.oMrpotential messurements have been”s welk known method to obtain

both rate constants and- transfer coefficients. How;ver, Lhe\application of the .

method to,a RDE system is not quite sahsfactory There are two' overpotenunl hm-

7 its at low andl high ovelpotentmls For exnmplc in the Hickling plot

.\ ; .‘.@




‘not.bé a problem for the kinetic by other techniques, e.g.

»"metnlhc xmpunnes “at high negauve ov

L136-

| . i ; -' 3
[} “l—e‘/” = Ini, + afp )

if the n.is very small — 0, a dgviation from the linear relation will occur because

‘"1 1. One oftenhas to choose higher overpotentials. In the case when a RDE is

: =L .
uscd,'nbnvcrse Levich plot i against w 2.is plotted and then is extrapolated to
. i ; 3
ipfinite w to obtain a charge transfer current at a constant overpotential from the
intercept. ‘Huv‘vever, when the overpotential is tod high, the infercept of such inverse
Levich plot is too close to the origin to precisely determine it, as shown in Fig. 5.2

and 5.3.

. Fignres 5.2 and 5.3 on nex‘t pages

=

. Therefore a hlgh overpotenhal Ilmxts the rehablhwf this method in lhe presen(
. case, if the overpotential .is ]arger lhan 250mV, great error - would be cnused (/mdf .

* step methods, or fora slow rate reaction, ‘but if it is applied to a fast reachon and

RDE inverse Levlch plols are used, the two limits discussed above have to be con-

" sidered. ~ : . cH x

Another prob]em that m'|y arise in- the high overpotential measurement is the

formnnon of o'( e film:in the hlgh yoslhvc brnnch nnd the poss|ble platmg out of '

The' present experi .pro—

vided ample evxdence that once nny high posmve uverpotentml was applied to a

_ extremely c]enned plutm\lm RDE the rate constant debreased dramamally Further
_dlscnmdn of, hxgh positive ovérpotenual effects is gwen later The high negative
‘overpotenmls havu smaller effects on "the surl’ace As shown earher, better lmear
" _relations were obumed in the chklmz plot than m the Tafel plot but the results of
' Table 4.6 show” thnt the meast d mate 2 afe ntially slightly lower than

the-cprrpondmg values d with the low. der ial method. An

a
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assumption is made that trace metallic ions may be plated on !Hc surface during the
meus\lrcmen,t‘since the potential applied to the platinum RDE was suﬂ‘lcténtly‘low to
deposit some- metal iofs on it. If the overpotential were lower, l\:m 40mV (<.
. 480 mV) the reduction of hydronium ion, seen in the activation voltammogram of

Fig. 4.3, would become significant and affect the rate ton:ﬁlll measurement. In

. o c e
order to avoid all the problems caused by high overpotential, the low overpotential

v ‘method for the rate constant of a fast reaction is preferred. -

9 : . %
5.3 The Activatio’ﬁ_ of an Extremely Cleaned Platinum RDE N

“ All papers searched regarding the activation are certain that “the nclivn_ﬁéona‘

1 , with triangular sweeps always increase the surface activity. So as in the preliminary

work, ihe activation in H,SO, alone and in Fe®*, Fe?*-containing solution always : :
increased the activity by observing the rate constants before and after activation. In ‘.

the second stage of the preliminary work, the rate constants messured after aetiva-

. N tion did not increase as mugh as did ‘the rate constant in the preliminary work. The
main difference is that the test apparalus was curefully cleaned, especially the plati-
N num RDE. The results in Table 4.2 show that the increase of rate constant after -
activation only averaged 87%. Comparing the value with the value oblainéd in the
early prelim_i‘nar)y work, ca. 80%, tl;?‘activalion is not so efficient. The situation of
activition by triangular sweep,was gelting worse after the apparatus was: further

cleaned in the first stage of the late work. The rate constants decreased about 30%.

after the triangular sweep activation. In other wqrdé,Tmly 70% of the original

. activity remained after the activation. More careful work had been done to solve the

- problem by cleamng ‘the nppamus by extreme means. The pruceduzes were dis-

. cnssed earlier. As expeetcd great deactivation wuafound in the Intcst sLﬂge of the -

work. Many runs were carned out’ to obtain a good leprodnclblllty s0 that this

. phenomcnon did not. happen: by chance. The rmrly good agruement for the duﬂ'mnt




runs mn’be found in Table‘/m. These results in Lh‘e iatest stage give very high rate
constants (5.0'x 109 enied fa:avegage] bubthey wees, more sensitiverto ihe netiva
tim_{. The activity decrcascd about 75% on avci’a’{;e, in other words, only ."'.,2 ~.25% '
adtivity r;m‘nincd after the activation by triangular syeep. The following table

shows a summary46r the phenomenon.

© Table 53 ' The Effect of :}aivanon

< &
2 The work carried out " RDE surface and “+ Rate constant change :
o
. . \ apparatus condition_ et = .

- carly prelimingry work less clean * - increase 80% to 150% :
f latg preliminary work clean . " increase ~ 30%
K . . : .
o first stage of late work'_ “very clean . decrease 19% to 30%

latest work extremely clean ., . decrease ~ 75%

°

: 3 ] w8
Apparently, theé activation hfd a negative effect on a very clean platinum electrode.

& o “'l‘he"search in the literature to answer this préblem was not satisfactory but a possi- -

blé so‘luti'on is somewhat as followsA /(écording to Brnite’r“, the triangular sweep -

B X activation is mainlj./ due to the t‘)xidntion of a layer of organic impurities-sitting f.:rigi« i
: n‘nlly on the surface so that the blocking of-the surface is slowly removed. Gilman®

.- mentioned that some. investigators feel that. anodic activation operates, not Simply ¢

through the é!euning of the Pt syrface, but through an indirect “mechanism as

o absorption of oxygen, production of “activated oxides” and recrystallization of the-

- " surface. In his other' work¥,qed d with the problemzof solution i

highly ‘developed surfaces were-used.to minimisé.impurity effects. The fact that on a

platinized surface- the height, of the “hills” is small ‘compared. with thesteady-state’

- diffusion layer thickness is advantageous. Therefore, the \geometric. area remains”

; unchanged while the number of adsorption sites per square centimetre of géometrfc
" % S W E

e




area is increased. "This results in an intrease.of the reactivity of the electrode. All &

the workers above give ap imipression that the purpose of carrying out activation is

to remove the impurities sitting on the surface. Another view of the mechanism is

" the tlectrochemical roughening of the platinum surface'®2 by anodic-cathodic ‘tri-
¥

" angular sweeps. Bieg]er snggesled that the roughening occurs through v«c:\k(-umg

of platinum interactions due to_formation of the strong plati \um XYECD clmmsorp-
tion -bopd. The platinum surface atoms are therefore rearranged and the dissolution
'o[ platinum-oxygén species occurs.. A study by electron microgcopy in " his work’
showed. that activation by t:riangular sweep involves structural alteration of the sur-
-face but it is a slow pro'cess while cleaning of a contaminated surface oceurs in fewer
cycles His work suggested that the mechanism of c)cclrodc uctlvnhon seems - to
havo]ve some kind of rednstnbnhon of surface plntmum ntoms during the triangular

7 sweep. The

for electrode activation is that after rallmg or

. drawing during, manufacture, a platinum surface probably contains.a large: propof- i

+ tion of high index crystal faces agd many defects. There is a-correspondingly large

nuinber of high encrgy surface platinum atoms with low co-ordindtion to the under-

- lying lamce/S\lch a surface is essennally generated by a lnyer of adsorbcd oxygen
‘~and- when. the strong Pt-O chemisorption bond forms, the further wcnkcnmg of lhu‘
co—ordmnnon of the high energy platinum atoms allows rearrangement of the atoms

or complete separation of the Pt-O entity from the surface. Repetition of this pro

. 11

ly removes most or all of the

cess using one of the 3 g programs ¢

hlgh energy plahnum atoms nnd Ienvos a slab]e surface exposmg predommnntly Jow

mdmt high co-ordmmon ‘faces.

According to this work and the experimental facts, the formgtion’ of strong Pt-O0  «

chemisorption’ bond at high positive overpotentials is acceptable. - Many experiments.

shéwed‘that the rate constant decreased to about one third or.ong fourth of the ori-

ginal value after applying a +550 mV P ial to d ine the
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{! Fe?t by the limiting current method. Presumably, the activation by mnngul'n
sweep may have the same effect on the surface as Lh'e\high overpotential was applied
7nllfrnntc|y and of tourse, ‘the negativé overpotential was also applied periodically
but it is not able to reduce all the platinum oxide because a seri;s of experiments
mas carried out, holding the potential at high negative overpotential for hours after
triangular sweep, then the rate constant was measured. This “held method” did not
increase the rate constant nor the activity of electrode. The sébem‘atic platinum

oxygen siructures ffom Vetter and Schultze's paper*® are shown in Fig. 5.4,
Figure 5.4 on next page
" Although the coverage in our work may not be unity, some of the o}fgeu atoms may

penetrate deeply inside of the exb.rgmefy clean platinum surface, as‘shown in Fig.

5.dc. T ¢

An hypothesis is that the tion and reduction of an oxidefilm on thes
l‘n‘ce is not el setrachemiaall y \ for a t ] clean.electrode. In. fgen‘ern‘l»,
the oxygen coverage © d if the ‘applied -potential is d d ding to

the E - 8 curve provided in 'Delahay’s book“‘.
than 2.5% of a monolayer at a potential of about 0.4 V. SHE on a platinum elec-
trode. ; The oxide film should be-essentially removed. However, the failure of holding

the RDE at aconstant high negative overpotential (n = -0.27 V, -0.47 V, and'-0.67

(V w}:re iricd) for hours d that the experifiien al method . ded. by

Angell and Dickinson® could not | emove the formed uxnde ﬁlm Thelr pretreatment

Jfor a Pt RDE in their" work was mposed of three parts, the third step was-that the .
electrode was oxldlzed strongly fo l mm, and then reduced at 0.46 V (SHE) (y =.

-0.22 V) .In thls work, the original rnte constant for a set of expmmen's was 7. 2 X
- 10% emes”), but after strong oxidization by triangular sweep in the potenhal range

113 V 10 2.13 V'SHE, i iie, close to Anst_)l_!'s oxidation potenual :

b

The ox\ygen coverage should be lower .
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© (2,04 V), for 80 s, the rate constant decrens;d to 2.8 x l()'3 'crn~s“. Then the kDE -
’ was held at a potential of 040 V (SHE), nccordmg to Dickinson,-for 9 hours, but !.he
measured rate cm}stanl by the low overpotentml method was still 2 6x 10 cmes™!
Many eﬁor@s have been made to recovgr the electrode réactivity. The best
method to. finally remove the forml;d film v}na that ‘rgcommendEd by Galus and
Adams’, and Rao and Ra'ﬂgnfﬂjanm. which is soaking the eleclrod’ﬂ. solu-
tion. The rate constant w;s well rﬁvﬁvered to the initial value or X least increased

after this soaking ,‘ d A "l‘; the chemical reduction of the film i.s more

eﬂic)ent to remove the oxide film th:m the electrolyhc method The chemical reduc-
tion of oxide film Was caréfully studied usmg the chranopotenuometnc methud by °
Aumn2 He concluded- that the oxide film was chemically reduced rapldly by Fe([l).
in 1F-H3SO,, and suggested that this reductmn gave a layer of freshly formed finely

divided plunnum metal on its gurface, lt may \be the reason ¢f. the hlgh eﬂ'lcxency of
i
rednetmn by Fe(l]) solution.. Also, it may be explained by consldenng that the

.potential of platmnm soaked in only I-‘_e(ﬂ)-cnntmmng solution would be very, pEg&-

tivé according to:the Nernst equation, P )
B l

! -+
E = E° 40050 Io et
= * e
when [Fe®*] — zero so that the ox\de film is: { more s\lscephble of reduction under

these conditions. - i . . 5
! In conclusion, a flatinum.RDE could achileve‘ a very -Ejgh activity in two ways

as ‘mentioned by Gilman®®: 0‘ne is by the careful pﬂliﬂcétion of the solution and -
. related nppnmtus, 'mltho;xgh procedures used hére w;re: quite different from those o‘f

. Gllmnq,. Secondly, for .an’ extremely cleaned RDE, the electrode can be oxidized by

various means, such ast -cathodi dic tri L' sweep, polarization at f.hn anodic

.hmmng cumnt. kinetic measlf)‘ements mcludmg high positive overpotentlals Then:
the electrode should be soaked in 0.1 mol' Lt F¢504, 0.5 mol-L? H,SO. soluuon (the




is.thermodynamically [veasibl’.ve and the generated chlf)ride ions-are cnﬁnble of si)eeding_

- 5.4 -Comparison of Measured Rate Constant with Literature Values .
g '

solunon must be of the same p\mty and prepared in clean nppanmls) to devclop a

high reactivity sun‘ace by electrolytic and chemical means. However, the detailed,

true meeh of de

2 by a tri lar sweep for an X cleaned sys- e

tem has not been thoroughly studied nnd’- an hypothesis for the phenomenon might

be a strained interpretation due to the limited time available. .

. i ) :
The most significant impurity to affect the rate constant (mentioned in many

papers) may be halides, in particular.chloride, which may rxist in the tested solution - *

as trace impurities and increase the rate consmnt by cnmlysls ln{ the case where
HCIO, is used as the support solutxon the. genemtlon of chloride from the “bulk

HCIO, leads to actaal or potenhal cntulysls The overall reaction which may be

Se

written-as” ) i
| 4Fe(s] + CIO; + 8HY == 4Fe** +CI + AH,O B =181V
the reaction of Fe?* and Fe®*. . :

In the gase that ‘HQS.O4 is fsed electrolyte solutiol:'\génbemh‘on of CI" is
avoided; the onl‘y sources of chloride are the reagents or water. The concentration of .
CI- was measured in this work with the spectmphotpn;utrié method.* The concen-" ]
tration of CI” vt;as about l,Q x 108 r‘poli". It may have some‘c&talysis effect but
not, veryvsigniﬁcan! according to this work. Wadden!® mentioned that the CI°
adeotptxon on the platinum surface might be one ol' the reasons Lhat anodic nmvn— : .

tion increases the rate constant. The results of activation in present work is negw—

tive, the rﬂe constant measured after activation did not increase at all. The

adsorbed CI did not seem to be significant.* ’ . .
R ? ' .

As a Eonclusion to-Part II, the measured rate constant for the heterogenous .

reacuon Fe’*"‘ Fe¥ + e is_compared with bhe work which has been dope by




L4

“obtained. It is unfortunite that surface aréa measurements have not normally™” = i

ment to within a factor of’t‘wo to three times mnst be }egarded as sé!isfactory’ ‘bn
)

* this -basis, the present work has results- whxch are in agreement with the pubhshed <

other worlibr; and all the results found in the literature are tabulated in Table 5.4. .
e~ . .

" The fesult from this work quoted in {he table is the value divided by the rough-

ness factor; corrections for double layer effects were made by Samec and Weber®,
< & e .

who obtained kg = 0.136 for Pt in"0.5 mol-L"' HSO,. Other workers have not

attempted fhis,,so all k, values in Table 5.4 are uncorrected. It is difficult to make

very men’ningl‘ui compggisons of the .values of tha rate constant since this quantity

depends on ‘the true surface area of the electrode and of course on its cleanliness.

Differences in these two variables presumably ‘accol'ml for the range of results

accompanied méasurements of the rate constant. Under the circum;tanc:s agree-

-work' tabulated in ‘Table 54 Th T;mfer coeflicients lie between 0.39.and 0.61 and

valuee or a.from this work is also~ wnthm this. range. The compansan shows that’ the

. tate constant obtained by the present - techmque (low overpotentlal measuxement}

consistent. with the htcrnture data and it is a reliable method to determine the rater

constant.




Table 53 A Comparison of the Measured Rate Constant.and 'i‘mnsfer Coeflicient '

Y , at 25°C withhth'eLiteral,ure Values for Platinum inSulphate Media '
\ ¥ -
£ Supporting [Fe*t], [Fel*] . ¥ x10° a* Authors Reference
Electrolyte y /mol-em® Jems™ No.
_ —- 0.5 mol-L™! 1.0.x 10 39402 05 Thiswork ° -
HaSO4 o ' ; .
05molLl  [Fe*|=36x 105 32 048 Samccand 6 -
H;S0, [Fe*) = 6.5x 106 (at22°C) - . Weber
05 molLtd | i T Somecamt 40"
H,50, L ! Weber -
‘9 o 05molL? . 10xl0® © 10 05  Angellind - \(8 , -
& S0, . - . _ .. Dickinson .
3 0.5 mol'L! 20%10%- | 33" 042 . Agarwal. . 3 -
HyS04 c e .
0 mol 1! 10x10% 43 030 " Galusand , . 7 :
(Hy804 iP5 . Adams
1.0 mof L1 ~10x19° 43 .- 083 Galusand .
H,S50,4 d 5 Adams - |
- } - - -
L0 mol L1\ [Fe*] = 64x 107 532 039 Radand 31"
" H,80,4 [Fe*] =\14.0 x 0° - Rangarajan
1.0 mol-L;! oS th10t 53 - Anson 2
H,SO, 4
’ LomolL! © 10%to \\0'5 3.11 042, Gerischer 1
H,S0, S R
; 1.0 molL! 10x10% 475t 061 Wijnenand - | 48
g HySO4 e 5.26 Smit .- g
tomotd b floxi0% s, "7 Bockis . 46
H,80, 10x 10 08- - - etal
- 091 molL! -+ L0x 107 304 - 05 Bamart T 4 .
NaHSO; - - . . M) o
“ . 0.87.molL! 9.6x 10 388 05 Bamartt a7
HSO, s .

4
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