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Summary

Although they have been in ase for nearly 170 years, the mode of
action of iadine-based disinfectants is not yet clearly understood,

as is manifested, for example, in diverging judgements about the

refevance of the individuai iodine species, Although studies baged

on calculated equilibrium concentrations in pure jodine solufions

have already been done, there is 4 Iack of knowledge shout iodine

solutions. in the presence of additional iodide which would be of

intrinsic importance for disinfection practice, Therefore, 4 re-cal-

culation was underiaken considering variations of this parameter

in the pH range (~14. The presented calculations concern fresh
ipdine sofutions not affected by disproportionation {iodate forma-

tion) and provide information about the equilibrium concentrations
of the species ™, In, 1™, Is™, Te™", HOL, OF, HRO™, 1077, and

H;Or. Additional iodide and the pH value have a very pronounced

nfluence on the individual equilibrium concentrations (several
powers of ten), hence, conditions can be indicated where the

number of species of virtual importance is drastically reduced. In

the most common case with ioding in the presence of additional

iodide at pH < 6, oniy T, Iz, and 37 play a roje. ko the shsenge-of -
additional jodide, at pH 89 and at high ditution {«(Iz) < 107 M3,

on the other hand, HOT accounts for over 90% of the oxidation
capacity. At high jodide concentration’(e.g. Lugol's solution) the -
species Is~ and I make-up 8.2% of thie oxidatiofy capacity, The,
iodine cation HaOI', freéquently quotéd as an active agent in
disinfection, is without any relevance under the conditions occur-

ring in practice, as are JQ " and Hi>O™ which become hmpbriant -
' H > 10, The stability problem (i.e. rate of 10dai€ forng.
tion) arising at pH > 6 can be reduced to hypoiodous agid, as

manifested in the simple rate law &[1037Vde = D.ZS{HOI]%‘H{*} .
whick allows an estimation of stability under weakly alkaline

conditions. The resulis of this study allow us to deduce general

gualities of agueous lodine solutions, such as reactivity, stability,

and analytical aspects, and to estimate major disinfection-orien-

tated properties such as microbicidal activity, irdtation, and incos-

poration effects. Though the calculations congider primarily

preparations devoid of polymeric organic compounds capable of

complexing iodine species, the resuits can be largely transferred to

indephotic preparations.

Introduction

One of the oldest and, even nowadays, most important
applications of iodine in aqueous solution is its use for disin-
fection (M1, A reliable understanding of the interactions of a
rather complicated system like fodine in water with the ma-
teriaj to be disinfected {e.g. innate surfaces, living tssue,
blood products) is essentially based on knowledge of the
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exact equilibrium concentrations of the reacting iodine spe-
cies, An exhaustive insight in the trends caused by changing
the most important parameters of influence, viz. total iodine,
pH, and (additional} total iodide, requires a vast pumber of
analyticai data, which can easily be calculated. An experi-
mental approach would require immense labour, quite apan
from the fact that no analytical methods are available for some
species . Fortunately, the equilibria in aqueous solution
have been well studied, with important contributions focuss-
ing on the fate of radio-iodine species known to emerge in the
course of nuclear accidents having been published in the last
20 years B,

However, there are two kinds of preparations based on
aqueocus iodine, L.e. {a) without and (b} with the presence of
organic compounds capable of complexing odine species.
The second group includes the todophores (polyvinyl-pyr-
rolidone, polysaccharides) but also polymerc additives {(al-
cohols, esters) which act as skin cosmetics. Because no
quantitative data concerning their interactions with iodine
species are available such calculations are restricted to iodine
solutions without complexing polymaess.

Arnong contributions hitherto made on this topic, two deal
with the sole influence of pH on the distribution of iodine
species, They concern pure jodine solutions (without addi-
tional iodide} as used in drinking water disinfection,

One shows the effect of pH on 107° M jodine (0.25 ppm?
regarding the species I, I, I3~ HOL, OF, HoOF and 10y~ ¥,
while the other concerns solutions with i--300 ppm iodine
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Figare 1. Cajculated and experimentally determined rate of iodate formation
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data of the disproportionation experiment described in ref [*! the rate of todate
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;iggmgnw i addition also the speciss HIO,, ML, and
SO

O pioater pragtical relevance are caleuistions which also
consider additional iodide which, on the voe lad. s a magor
viknponicnt of most iodince preparations becauge it has —
besides pH -~ a great influence on the disuibation of the
species sl v stability, On the other hand, 10dine-based
dismmfecting solutions (withoor sididonal hodidey which arc
praastly sudoced vun be caleulated like solutions of wodine and
1odide.

A rongl swivey of the influence of pH and 10dide on the
eguilibnium congentrationg in aqureons iinking bas alycady
Leen published [ ITowever, these calcutations Judged only
the species by, Ilu?, 217, 197, and 7 Thoreliae, o soguite a
e aviuiate insight concerning aquecus iodine, a re-calcu-
latiom of thae aguilibmoem conesrrationg 2o arpeonss sobutio
regarding additional iodide and pH was done. In addition, the

itergture cnneains inconsisieut statoments on the relevance of

the diffcrent species for the disinfecting procest, mainty

copcerning hypaindons acid amd lodine cation (HOK, H,0F),
which needs to be clantied.

For he \¥x|r:m ivdinc/water aine difforent cquilibria ore

spocificd P21 which are producing at feast 10 iodne species:
0+ O e HOU + 1T« 117 (Avdrolysis, K1) (13
HOL O O+ W (dissociation of HEH, K @)
¥2 4 F7 e 137 (trifondide formarion, Ka3) €3)
O+ B e ¥R00 (promanizatdon of O Ka) N
F47 o 13 e 1o (pentuivdide formation, K35} %)
L) S 163 (dumearization of 137, Kg) (5
O1 4 17 4 HoOr s HIZOY + OH Gladinusion of O, K1 5
HE:O7 o 1207 + W {dissociation of HIzO7, ¥a) (81
BEEO n HO37 4 21 4+ AHY {disproportionation )

In contrast to the very fast reactions described by o1, (13
{83, disproporrionaiion o iodate {og. (9 procceds rather
slowly. Including iodate in the calcuiation routine, therefors,
would need 10 consider also the parameter tirne. This has
alrcady been done only tor the eqguilibria eq. (13-(3) wrul
eq. {%). ant where # wus found that the rate of odate forma
tion changes comxderabiy with the prevailing conditions,
mainty pH and (1) 0

The priescnt calculation, therefore, does not consider iodata
formation (g, (¥)), which impliss thas e coloulaed values
ewcesn inilial cquiiibliugz concoentrations cempnumg the
spccn,s T, Iz, 127, b5, to° , B, OF, HIOW, 107, and
HaO1"

Resultg

To demonatrate the man properties of agueous lodine so.
tuttons and thetr vartadion by wiodifying of1), o0, and gl
tho cthbnum concentrations were calculated for (1) jodine
sotutions (107 — 18 WD withoul any additional iodide,
{2y 0.001 M iodine in presence of additional indida, and
{33 Lugoi™s solston (ISP XKL agucous solution of 5%
todine and 1046 KI) and uts didutions. Although in practice
strongly actlie ami serongly alkaline conditions are of hittle
relovance, the erlculations were done in the range pH O—14
which helps iy iflasimae the nods caused by plI vanation, In
order to obinin less complicated graphs equilibrium concen.
trations of iodide aee nol shown o Figuee 2 and 3.

Tndtne without Jenbiche ¢ Fivares 2a-—d)

A remarkablie feodnre of poe wdine solutions s the de-
crcasc of the number of species which contribute 10 99% of
oxidarion capacity with dilutos, At cfly) = 0.001 {Figure 2a)
there are five species, by, MO, Ix7, Hio(} | and €7, while a(
effpy < 1YY (Flgaie 2ead) only B IZOL and O™ are of
importance. Another characteristic concerns the speoies
shnwing ms b wlidoh by the case with ITOL, 147, HEZO™, By,
and Iﬁ . while I, HgUl*, and 0 are either (1f‘(‘l’r‘ﬂ‘~.§nb ar
mrr&asmg The masina lice botween pli 8 and pH 10 at o(13)
« 1077 M and are broadened at higher diution.

Influence of fodide { Figures Sid)

The addition of todide to LWVI M iodine brings abou o

drasiic ehangs of the sty of the curves. The most important

features are: {1) o}, HOL, and HaOY are diminished amd T
g7 oamd I are ngissed, which applics also to the maximurn
of HizO7. n the pH range -7 the amount of haciertoidally
active free hulise (2 [I2] « (HOD decrcases from 254 24>
pem {no iodide} to 170 ppm (G001 M I}, 333 ppm (001 M
Ty, vl 3.4 pons (0.1 MY, I the same order also the portion
of HOL (at pH 7) decreases from 9.7 1o O.R7, O 06 aad
Q00T %, (23 The vH vange where Ey, I3 187 end le?~ are
constant ia extended from pH 7 to pH 10 when o( ) inereases
from G001 10 01 W

Taeged's Solution and Tts Dilutions (Figures 4a ¢}

‘The influence of diluion manifess in two ways. twe celative
distribution of the species and the pi range where the con-
centration of the oxidizing species Iy, 37, I~ 1" docs not
chaugc In undihited Lugol the order of these species is [137]
= [i6" 1 {T57] > [Ea] andd resmasin constand up o pli 20 ina
1:100 dilution the order is tEy 7] > [Ia] = g ¥ > (¥} wnd
ramaing the sarme up sy pH 8 while at a 1: 10000 dilution the
order s fIxi= i3] »=> 1157 == [Ig] which remains unchanged
anly up i pH 6. These pli Himits apply also, in reverse
msanncy, to HOY and sty denvatives 91 and HIaO which
become important only sider conditions cxeecding these pH
valucs. Their relation aiso changes, with Hia  dorminating
in padiinred Lagol, wlile at 170000 dilution it s HOL

in the pH ronge U—7 the amount of bacrericidaily acive froo
iodine (= {17} + {HOTH Jdeorcases from 155.6 pom {undiluted),
to 1164 ppm {1100) and 4.7 ppm £ 1: 10000}, respectively.

Arch, Pharm, Pharm, Med. Chem. 333, 131157 (1999}
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Eztimated Stabilitics

It can be deduced from Figure Sa that the stability of iodine
solutions cxpressed by the rate of decrcase of oxidation
capacity decreases with pH and increages with dilution. Up
to pli & the system iodinc/watcer can be considered as com-
pietety stabia‘ Figure 30 shows e effect of additional iodide
on a 1977 M jodinc solution which manifcats itscif in a shift
of the stability curves o higher pH values. Since the onrves
have the samc shape, onc can discern that in the cosc of a
0.021 M inding golution the pH which is charsoreristic for s
defined atability (ratc of iodatc formation or. loss of oxidation
capacity) is increasedd by 0.1, 0.7, 2.0, and 3.6 unirg in the
prosonce of 0.0001, 8.001, 0.01, and 0.1 M iodide. With other
wowds, a high iodide leve! ensures szability also inoan alkaline
mcdmm {pIl <« 10%,

PHseussion

Comparison with Previous Calewlations

The alrcady published algorithm 71 which considers only
.55, HOI_, and 1 delivers sufficiently precise equilih.
i concenirations at moderate iodide concentsations and at
pH « B, where the other lodine specias ocour oniy al negligibie
concentrations. For other conditions the new comprehensive
algonthm should be used which, however, needs a3 more
suphisticatedd caloaiationas] el B, as Bigh jodide aad
1edine concemtmtzon, ag 15 the cage in Lugol'e soluiion, ol

and LT bocome hnportant. Up to pH 16 thety melar fraction ™

arnounts 1o 3.0% and 0.3% which equais 8.2% of total iodine,

Compared with the previous catoniarion UE rhis resndin in g
deercase of [§:] and [147L The correet value for the equilib
rigimn concentration of moleoniar tndine and ifodide st pH g
8, thercfore, is 155.6 ppm ami 0.1803 mol L-! instead ot
168G T ppm angd L1663 ot 1 ~F s pslenlaed previossly
Consideration of the specics HI, O™ becomes important in the
alkaline region whers ir can amonmt sy =42 9% of wial judine
(Figurc 4a, pH 123 The iodine cation HzOi*, on the other
hand, is of stight imponanoe onty in very acil solutioss (seo
below). For both species the new algonithm is the first ap-
proach o estirnaie theie cgoilily e Gisenstration.

Condisions fiy Evaluating Specific Reactivities

On stadying disinfection processes, he guestion arises as
to which specics play a role in the killing rcaction. An
unambignous answer 18 posgsibile concerning those spegics
which can be investigated in the obsence of other i1odine
species as pure and isolated suhstsnces. This s ihe case ondy
with iodide and iodate which, however, are reportad to have
00 hactericids] power Such chegr sty A oL Fos-
sible for the other species because the various equihibria mean
thas they never axist alone.

The calculations presented, however, aliow us te answer the
cpeedd fnestions al least in par. Presuming tlu s species can
be ignored which is present at o level of < 19 of the one with
the highest concentration, one can specify pH ranges wiwne
virtually only onc spocics provails and is thercfore reaponst-
bie for a special reaction {e.g. substiniion of covalant hytlio-
gen by toding). Howevaer, this concopt implics the assumption
of similar reactivities of the predominant indine species and

Arch, Pharm, Pharm. Med. Chem. 332, 154157 (1999}
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d[103 ¥t = 0.25x [HOIT/[H'] (i

The lodine Cation, HpO8

Many publications assign some relevance 1o this species as
being responsibie for disinfection, which can be traced back
0 a Compmh&nswe and very often cited study dealing with
the halogens in disinfection I The present calculations
show that the iodine cation, if at all, is of importance only
under very acidic conditions (pH < 1} and in the total absence
of additional iodide, where it amounts at most to only = 0.3%
of total iodine at high dilution (Figure 2d). Under conditions
used in practice, .2, in the presence of lodide (1o reguiate the
concentration of free molecular iodine and improving stabil-
ity), however, the iodine cation is virtually absent and there-
fore of no imporiance, For example a solution with {:(EQ} =
0.601 and (1) = 0.01 mot L™ generates fIo} = 1.31 % 1074
mol L~ or 33.3 ppm at pH 0-8 (Figure 3c). The concentration
of the jodine cation, however, comes to {HyO'] =
2.15x 1073 mol L1 {not shown in Figure 3¢) which is abowt
9 powers of ten less than [I;]. Bven if one attributes a higher
reactivity o the iodine cation, which is deemed to play an
important role in certain substitutions (1), this can ardly
explain any real contribution to the dismfectmg process.

Comparison of Reactivities in View of Killing Microorgan-
isms

A frequently quoted issue s the contribution of free mo-
tecular iodine, I3, and hypoiodous acid, HOL, to ézsznfcctzon
processes and differences in their bactericidal power B Ag
set forth above, a solution containing predominantly I needs
a pH « 5 while in the case of HOLit is pH = 8.4, A comparison
of the killing effect of I3 and HOI would presuppose that the
susceptibility of bacteria for the interaction with these iodine
species is the same in both pH ranges which can be deersed
a coarse simplification. Therefore, a definite differentiation
of both species probably will not be feasible,

Analytical Consequences

The presented calculations of equilibrium concentrations
are based on a knowledge of the parameters total iodine, ¢(l3),
totat iodide, oI, and pH. While pH and c{ly) can easily be
assessed (glass-electrode and iodometrie titration), total ic-
dide s not generally known and a calculation is therefore
impossible. As a rule, the selution has to be analysed at which
the choice of the method depends on the conditions: In the
presence of iodide and pH < 7 a method which detects only
[7, 1", and I3~ will be of sufficient precision because the other
species can be neglected (except in very high iodide and
iodine concentration as in Lugol's solution, see above). In
other words, in this case only the iriodide equilibrium
{eq. {31 1s of relevance, which is not influenced by pH. A
sufficiently precise evajuation, therefore, can be based on the
sole dezez‘mzz:ai:cn of [I7] {e.g. potentiometricaily U2} op by
diatysis I3l and [17] (odide electrode) while trijodide is
calculated from both.

From these assertions i can be deduced that in stable ic_dizac
solutions, f.e. in the presence of additional iodide (= 1073 M)
and at pH <7, which effects virtual absence of HOI, and the
other species derived therefrom (OF, HEO™, L0, H0m,

Gottard;

measurement of pH is not needed for analysis. However, if
the prevailing conditions allow the formation of measurable
HOI then measﬁr{:mcnt cf ]pH is indispensable and redox-po-
tentiometric methods 27 can be recommended.

Conclusions for lodophoric Preparations

The already quoted interactions of organic polymeric com-
pounds (povidone, p(}lysacchand{zs) with iodine species can
be described with eq. {123~ {24}

L+Res R K G0
1 + R« RIy K. (13
IF+Re>RI ... K. (143

However, because no guantitative data (rnass law constants)
are available an exact caleulation for iodophornic preparations
i5 not feasible.

In spite of this, qualitative investigations on the interactions
with the iodophoric molecule polyvinylpyrrolidone U8 re-
veal that Ky is much less than Kr or Ky3... Considering the
normal conditions of use, i.e. presence of appreciable iodide
and pH < 7, this has the following consequences:

{1y HOI and the species derived from (O, B0, Iz()?’, and
H3017) can be neglected.

{2} Since the reactions eq. {12+{14) reduce the equilibrium
concentrations of by, 137, and to a certain degree also of |
the species I3, Is*" can be ignored too.

Therefore, for iodophoric preparations only the trilodide
equitibrivra {eq. (3)) and the interactions of the iodophoric
molecules with Ip, ™ and T {eq. {12)-(14)} are of impor-
tance.

Because HOI is virtually not present stability problems
concern only interactions with oxidable components bat not
the disproportionation to iodate.
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Experimental

Definition of mass halances: Regarding the equilibria eq. {13-{8) the
parameter cf {2} can be defined by eq. (15

o(lp) = {fa] + {15°] + 21571 + 216> ]+ THOI + [OI'] + {15
+ [HROT + (O™ + (HaOM

The total of 1odine toms then comes to
cffaomst = 117+ 2l + 35‘[3 T+ 5[+ 6 la?‘“} + {HOH + 4143}
4+ FOF T+ 2{HLO™ + 28 07 4 [HzOF i

For a solution made from clemental todine (E2) and iodide (2.g. KI) also
eq. {17) can be defined.

e Tntomey = 20fl2) # {13 H1);
Arch, Pharm. Pharm. Med, Chem. 332, 151157 ( 1909)



fodine and THsinfecron

B
I
so]  elf) = O . N
j w12y, ek,
I I —mn !;
’! )1' +thas
a0t i e E = tEns |
! x/ ‘ - u:-u;s__!
7~} I fjaf ..... A =
V/- & -
1’/ P ]
£ £.5 7 7.6 2 &5 # 4.5 AL
pid
iR} « 000 moiL 7
* H
................ i .
! ! Gilj, moin,
........ . "‘“O.m!
haudis Raat] o
_________ 1 mom |/
i i ik X | l
! [ - i
........ R —
! o -
A o

B #hb
il

LV IR TR TR & R B B

Figure 8, Initial ratca of iodate formation erigonsed a» luss {in % of tniiat
onidation capacity. ab ceLo w 1070 107 167 107 ol L7 mo adgkionat
sadide. By uilzre (0™ ol L7 amr =00 1070 107 LT i mes 177 Brom
dse v ves van be seiled tiat, e.g., 1 g 107 mol 170 indine sianon at Pt E
e arbesl rate o fovt of oxsdation capacity amounts — P08 of the initial
RACENIrAilon per .

those oocurrineg & peghizgible convonirations in the cage of a
given reaction. In other words, n a substitution reaction
such as

Iy PR
Hed - E-_H .. IS TP | 1 Hal)
01 3™

ihe kinesice of these reactions should be simastar, 1.8,

----- Glizliat ~  dfMOLYEr ~ -d[H201 /4,

in order to make reliable differentiations. Fluwever, sinee
such kinerie parameiers are not generaily available, a clear

differentiation with regard to rcactivity will be speoalastive.

Conditions with wedy Fror HOT

For melecular iodine this is the case unde acklic conditions
in rhe absence of additional iodide, In a G001 M solution it

(Figuras Ja-d}.

Arch Pharm. Pharm. Med. Chem, 332, 131-157 {1999;
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readily De deduoed trom o, { ). As Figure b d shows, thore
cxists anly a vory sl pH sunge whese HOE domsinaies, s,
2T pH = G.3, = 9.0, and - 8.4 for IV, 1075, and 1079 mol L1,
respectively, Since unavoideble stabiliny probioms arise at
these pH values {see Figure 3a} one is forced, when investi-
gating the properticys of FOT in deladl, w1 condoc) thess ex.
perimaents at low concentrations {¢{iz) < tU ¥ mot L7, At pH
§.2-8.5 HOL amowmsts = 999 of thie o] oxkihsion capaeity
in a 1% M 1odine solution. Only under thas highly diluted
vondithon is a cougpromise belween Bgh porion of HOT ang
sufficient stability {see bipure 3a) fmifilled.

pfH Runyes with Conswane Reacriviry

Yo cimnrast g chlorine-hased disinfectanis, which are very
sensitive to pH changes °1 there arc pll ranges in the lo-
s/ waier system where the pH doeg not influence the edqui-
librium concentrations of the predominant specics, This 1s the
case By b presence of adiidonst iegdide, ag can be dedoced
from Higure 3a-d. In 0,001 M iodine solution, adding 0.001],

00 e 003 M dodide exsernds the region with 3 consiant

concentration of molecular odine {and therefore also con-
stant reactivigy ) oy pH 56 pH 708, or 9, respeciively This
iodide-effect (& st} more pronounced in undiluted Lugol’'s
sudution where il reaches npao pH 10

Reguloiing Microbicidal Activity

There is general agreament that free molecutar todine 15 the
rcal active ioding specics which is based v the fiequenily
mhgerved pogitive correlation between fl2] and the rute ot
micrabiol kil 11 Furthermore. it is an mnpea tanl palancic
for raxie iy related fentures like skin ieritation and sncorpora-
tion effects 1 while atoining of biclegical material is attzib-
et s (1371 V¥ Kaowledge of fI3] and [i3 ], theretore,
afows us to make prodictions concerning these donms. Qo the
srher hand, asing oalowisted eguilibrivum concentrations, it is
posaible to toilor an agucous todinc-bascd disinfoctant by
athdition of iondide for a special task, e.g. a low or high level
of i,

Todate Formation and Stalrilicy

The dispropostionation of agueouss ixline o form indame
causes a decrgace of oXidation capacity effective at biological
pLI (pII 5-8% and which consgrises all species with the axidn-
Lion number O to 4+ i, B g usualiy descnbed by eq. (103 which
is & combination of oq. (1) and (8},

3+ IHIO e O+ 5+ SHT (1Y

Since the oxidizing propetios ol fodate hecome apmtens
oniy at acidie pH (in form of HIOs, p&y « 0.77) 1t is of no
pracrical relevance. A Knowledge of the conditions under
which aueong ixding is srable (e negligibie todate forma.
tion), thorefore, is obligatory. This can vasily be settded using
aq. (Li) which is denved from eq. {31} and the mass law
capression foreg. 1) 1f revenls the relevance of HOE and pl—i
for the kinetics of lodaete fusoution and seahiliny.




From ag. {157 (17 follows for the cooccouativn of faditional) indide
ag. (i8)

{0y s [T+ 67T 4 (I8 % 201677 o [HOHT (00§ — {H007) (18

L‘Jeveiopment af tha algorithen: Using the sysbuls
o elhsy w1 D Sl o], v = L, o= Mk p = B0l ratn ),
w5 ¢ = et ] b o (REOP T o = [HEO™L = (O] H = promon activity,
f.; u nctw;{y cocfiivic of e single charged species pos sotvity esafiicient
of In®" amd O, Ui folowing set 0F fen Aqitations fegq. (19) (18)) with wn
unkiwam (4. V. 5L R L g, 4 and R oan he ertabliched:

Cmiwtepaerhlselbgijrk {19
Dmysgiss U opmr—k £
K= ypilfals (21% K2 rHED on
Ky = eiay IRy I rady
Ky siag £7%) Ko = 2 (263
Ky = grruralr 273 Ky w jfiiqfald [pi

whare e, {19} and {20} are mess baloncey, amd o, (210287 the mass-taw
axpressions for og, (1) (B
The eguations (123—28) can be wausforied wy the polynnmiai ot eq. {I8):

Fi{y) - vl (203

wikere
A 30— r:
Foxs = rvhy E- Qv}k"x ;,r A Pe)
#1z {X“' BV"R"‘P‘: iy Y4 (K5 FmB LY N 1
{y Dx}a("f‘\u =My "}}U
& K14 - K{/H B € m KEROE] + KelMyH N w K3Kg, B = K3 B
Kz:ﬁfwxm‘ CKgmroawhiy PV g - 723119,
Kawm 222 B Ko 0 Kow 0012 qnd Ky D3k TIRE

The root of g (29} 1o y o (X7 espectvely, was foatnd by steration
between the boundarics O « v < 2000 and Also delivers v or [l |, respec
tively. Tho othet SUIBPUNLIRS WETe Tound wirt

o = KIXVEDR, £ = DR 2w Kars, 5w Ksaw, o Ko %R, ¢ - Kryrfa,
Fm KRR, & ow KapHifa

Vhe catentation of the sctiv lt}' coctficicnt ia 3[;}{:{ weid i the same iferaton
procese uning «gq. {307 which is valid fis 23 "0

tog fa = D509 M/(1 v 03284 (30}
¢ gl Of the odine specied
Fmy bt rbbs o i 3+ g

Ay an approximation,  »« 3 which s valid for [ was alau Lk en Tor the niner
univalent species, while & « 4 was taken For 167 and 407 Theretoes He E,f
m fow Ao fyom fiy o fa which agieos withy e previously mibhehed approach (2}
The activity cocfliciouty of Hie BUR-chargerd speries v and p owere sosbmed
to b unity, Jasd Fefers (0 additlonal iome strength coming from buFfers o
wlier MG COMPIRINAS pof tertenng with the squilibria of og. {0

Hardmaring Steviate Phe Kinetics of the disproportionation deaciibed with
B0, I8 vy f‘tampiex and, though invoastigated noarly o vontary, 15 sHHEnot
ey r‘iear&y . The prescuted approacias ti{‘vk s the parmeipation of
HO P ond, ot htghc}r pIt alwo TILOT wad op i

However, For weakly alkaline vosdiyons e raie baw aqg. (41 wieh wan
dorived froms the basiv research of Abel and Milterding £ , proved to be a
wactul toud fon estimalbisy seabtiiny hasedd on reaction tmes wl::ch were guincd
by a vuscly anatyitesl cakentanon 92

Ay s = DA™ (LPAT VR 31}
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Sinee thiv study considered vuly tee cyullibria CF 03 » recateitiation based
on the cquilibria {IM(8) wis perfirmed. Howsver, considering the rathee
compdiated alporittan eq. (293 In This oaze an iterative procedure wos wsed
t vahoulaly FERCHOn Faies As shown bn Figure ], there 13 & satisfaciuy
corraspontence hetwasen measured rates and those calouloted with oy, 1310
which, rowever, 1 not the case uning rate kaw o4 {32) a3 cpuied by Ber?
andd Liefer ¥

A0 Tk = 8210 [ vr ey O

The raten of lodate Formatiun caluubaed whh eg (31 are chown in Fligurees
Saondd b. To indicste the lsfluence of pH on stabHity he resulte are presented
as e rate of degivase OF c0Ex), whiri wag caloutated feoen

wilfed 2} fFdt = Ef3 > d{ O™ \de.
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