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CHAPTER 8

IODINE AND IODINE COMPOUNDS

W. Gottardi

Todine, a nonmetallic, essential element discovered in
1812 by the French scientist Courteis, wis named by
Gay-Lussac in 1814 after the Greek word meaning violet,
which is the color of iodine vapor.

It is not found in elemental form in natore but occurs
sparingly in the form of iodides in seawater from which
it is assimilated by seaweeds, in Chilean saltpeter and
nitrate-bearing earth, known as caliche, i brines from
old sea deposits, and in brackish waters from oil and salt
wells,

Besides the one stable isotope %I, there exist more
than 30 artifictal isotopes with haif-life periods between
0.2 s and L.57 x 107 years. Some of them form a dan-
gerous constituent part of the uncontyolied emissions
during nuclear accidents, whereas others are used in
nuclear medicine {mainly P (8.64 d) and 1 (13.2 h}).

So far as is known, the first use of iodine in medical
practice was as a remedy for bronchocele (Halliday,
1821} The first specific reference 1o the use of indine in
wounds was made in 1839 {Davies, 1839; Boinet, 1865).
odine was officially recognized by the Pharmacopeia of
the United States in 1830, specifically as tinctura iodini
{tincture of iodine}. The Brst fundamental papers with a
scientific basis about the degerming efficiency of iodine
were published from 1874 to 1881 by Davaine (Vallin,
1882). In 1874, he found iodine to be one of the most
efficacious antiseptics, a notion that is stili valid 120 years
later. On the basis of Pavaine’s experiences, Koch ex-
perimented with the disinfecting eflfect of iodine against
anthrax spores. His results are conained in a compre-
hensive paper entitled "Desinfektion” (Koch, 1881). in
the meantime, the lHterature anbowt the use of jodine ns
a disinfectant has expanded markedly. Clinicians and mi-
crobiologists described a great number of experimental
data and clinical applications, which can be found in
numerous surveys {Reddish, 1957; Sykes, 1972; Bolek et
al., 1972, Horn et al., 1972, 1974, Knolle, 1975; Ger-
shenleld, 1977).

Despite the successes that have been achieved with
iodine, it was ascertained early that @t also possesses
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properties unsuitable for practical application. Goebel
{1906} referred to the fact that iodine has an unpleasant
odor; in addition, it stains the skin with an intense yellow-
brownish celor, canses blue stains in the laundry in the
presence of sturch, and combines with iren and other
metals, Furthermore, is solutions are not stable, it ir-
ritates animal tissue, and it is a poison. The adverse side
effects of iodine, its painfulness on open wounds, and
the possibility of allergic reactions have in the past 100
years Jed to the production of a great many iodine com-
pounds {and iodine preparations), with the aim of avoid-
ing these incompatibilities without a significant loss of
germicidal efficiency. In this conneeton, the iodophors
finally succeeded as ideal forms of application.

CIIEMISTRY

Iodine, the halogen with the highest atomic weight
{126.9) of the common halogens, forms grayish-black me-
tallic scales that melt at 113.5°C to a black mobile liquid.
Todine hoils at 184.4°C at atmospheric pressure to pro-
duce the characteristic violet-colored vapor. In spite of
the high boiling point, it already has an appreciable vapor
pressure at room temperature and sublimes before it
melts if it is not heated too fast and with too high a degree
of heat,

Elemental iodine is only slightly soluble in water
{0.334 g, e, 1.315 x 107 M/L at 25°C), forming a
brown solution. 1ts solubility in waler is increased with
the addition of alkadi fodides by which triiodides {and
higher polyiodides) are formed {see Equation 5 follow-
ing). In polar erganic solvents {alcohols, ketones, car-
honic acids), iodine dissolves with a brown color, in apo-
far solvents {CCl,, benzene, hydrocarbons) with a violet
color. Whereas in the violet solutions, iodine is present
as I, molecules {as in the gas phase), the brown color is
expliined by the formation of a compound between io-
dine and the solvent molecule (charge transfer com-
plexes),



fodine in Agqueous Solution

Compared with chlorine and hromine, the system I,
H.0 is much more complex. One of the reasons is the
disproportionation of the hypolialous acid {see Eqguation
4 following), which, in the case of HOI, occurs at room
temperature with appreciable speed, whereas in the case
of HOCH and {108, elevated temperatures are neces-
sary. Another resson is the high alBoity of moleenlar
jodide to iodide, resulting in the formation constant of
the trijodide ion {see Equation 5 following) being con-
siderably higher than those of Cly- and Bry (K. = 8,12
Ko = 19 K. = 800 at 20°C). In aqueous iodine so-
Lutions, therefore, the formation of the triiodide ion {and
to a small extent also of the pentaiodide ion, Iy + I, &
157} is an important reaction that greatly affects the chem-
ical behavior of this halogen. Finally, in iodine solutions
the cationic species H,Ol* is present, whereas the cor-
responding chloring and bromine cations are not able to
exist (Bell and Gelles, 1951}

The chemistry of agueous iodine solutions is usually
deseribed with the following equations:

L + HO &= H,0F + I thydrolyiic ionization) {1}
H,01* = HOI + Hr {dissociation of 11,01} ()
HOT == OF + H+ {dissociation of 1101} {3

JHOI= 10, + 2 F
+ 3 H-{disproportionation of HOY ()

B+ = 1, {formation of trilodide} {5}

Whereas Equations 1, 2, 3, and 5 describe well defined
and investigated elementary reactions, Equation 4 is an
empiric formula that says nothing about the reaction
mechanism and the iedous acid, HIO,, which is to be
expected as an intermediate reaction product and whose
chemical and bactericidal behaviors are not known.
Equations } and 2, as well as }, 2, and 4, are usnally
combined and written as 6 and 7, respectively:

L+ H,O0 = HOI + H+ + I nodine hydrolysis) )

3L+ 3H0 =10, + 5F + 6 H* {iodate formation} {7}

In pure aqueous iodine solutions, therelore, at least
seven different ions or molecules are présent, of which
molecular iodine {1,}, the hypoiodic acid (HOIT), and the
jodine cation (H,01*) are supposed to have strong ger-
micidal properties {Black et al., 1968; Krusé et al,, 1970).
However, the concentration of the iodine cation is so
fowat conditions relevant to disinfection more than
four powers below the HOI concentration—that it plays
virtually no role in disinfection processes (Chung, 197L;
Cottardi, 1978a}.

The same is the case with the hypoiodite jon, which
becomes important only at pti >9 and in the absence of
jodide, Bocause at these conditions the disproportiona-
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tion of odate takes place very fast and therclore is
avoided in disinfections, hypoiodite can be neglected as
a contribuent to microbieidal processes.

The tri-iodide ion {I;7), a major constituent in all io-
dide-containing preparations sach as Lugol's solution,
iodine tinctnre, and iodophor preparations is, compared
to the free molecohr jodine, only a weak oxidant and
exhibits therefore only an inferior antibacteriad activity,
wisereas the jodide fon {1} iy wHliont any eflect (Kramer
et al., 1952}, lodate (1047 is an oxidant only at p¥i values
less than 4 and therefore has no effect on conditions
where disinfections normally are carried out.

Calculations on the equilibrium concentrations show
that at pH values less than 9 and at a total jodine con-
centration =10 M/L {254 mg/L), the sum [I,] +
[HOT]* of freshly prepared pure iodine solutions comes
to over 97% of the total concentration {Table 8-1). The
amonnt of OF and 1, ions can thus be neglected, with
an oxidation capacity nearly present in the form of the
bactericidal species I, and HOI (Gottardi, 1978a).

Although a differing behavior of I, and HOI has been
observed against certain germs (Chang, 1971), in the pH
range of 3 to 9 a more or less constant bactericidal activity
of iodine in aqueous solution can generally be expected.
This is in contrast to chlorine and bromine, where already
at pH 8 the weak disinfecting hypohalite ions are present
in appreciable amounts {Table 8-2). However, the ratio
of {HO1} to [1,] at a certain temperature (25°C), as re-
corded in Tables 8-1 and 8-2, is governed not only by
the pH value and total concentration, but also by the
presence of substances that can interfere with the equi-
libria of Equations 1 through 7. In this latter connection,
the iodide ion, 1, is of primary importance: It emerges
on the one hand at the hydrolysis of iodine (See Equa-
tions 1 and 6) and on the other hand at the reaction of
iodine with organic material {except the addition to ole-
finic double bonds):

B3 + I > R—1 4+ H* + I~

This additional I is always present in disinfecting solu-
tions containing iodine and organic material and, as is
seen in Table 8-3, may influence the ratio as well as the
stn of [HOI] and {1}, the sum however being rather
constant in the selected pH-range.

Table 8-3 shows that the stabilizing effect of the iodide
{as to the pli dependence of the percentual proportion
of the diflerent iodine species) increases with its con-
centration, Therefore in Lugol's solution {€,, = 0.197
M/, C = 0,602 M/L} the portion of {1, ] and §1,-]1 (0.34
resp. 99.66%) remains constant even up to pH 10, in-
dicating that this disinfectant is virtually pH-independ-
ent. The values of Table 8-3 can be surnmarized as is
done in Figure 8-1, which shows that only at iodide
concentrations greater than 10 M/L a noticeable de-
crease of the sam L1 + [HOI) is to be expected. In
spite of the wide range of iodine concentration {10 —
Hr* M/L) and pH (3 to 8) there is only a small variation

*t | means cuilibrinm concentration of the bracketed species.
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‘Table 81, Equiltbrium Concentrations® of I,, HOL, OF and Iy in M to M9 M lodine Solutions
at pH 3 1o 8 and 25°C {in % of the Total Concentration}
Fiiad - Hp Fiind
i iy RO¥ O iy i, HOF (- iy iz O} o Iy i, HOI OF iy
At .7 2.3 o s #3A 0.7 s G 7 0.3 e e 8.9 {3 — -
4.5 817 12.3 — — 5.9 4.3 — — i.6 1.4 — —_ 99.2 0.5 — 0.3
6.0 487 513 S 7491 208 o [EX] 92,2 7.3 R .5 95.8 3.6 e 1.2
1.5 3.2 4.7 2.1 e 292 T6.6 i1 34 LEL I 344 e 1.5 T9.8 4.8 e 5.4
9. 6.2 7.6 2.9 —— 1.7 96.6 2.2 e 13.2 B4.0 1.4 0.8 371 50.7 1.2 ilL.0
*Cajcndated afler Cottardi, 1980
Table 8-2. Comparison of the Equilibrium Concentrations* of Aqueous Solutions of Chlorine, Bromine, and lodine
(C = 4 X104 ML, i.e., 0.3 FPM Chlorine, 0.64 PPM Bromine, 1 PPM lodine) ot pl 3 1o 9 and 35°C (in % of the Total
Concentration}
fodine Bromine Chlorine
pH i i (3 i Bry HOBr OBr Cly HOC OCH
3.0 $8.8 L2 wure e 32.1 1.9 e e 1600 -
4.5 937 6.3 e — 2.1 9.5 e e 100.0 e
6.6 69.3 05 s 0.3 ol 99,7 0.2 e a7.1 2.8
7.5 i6.4 815 a1 j— — 91.5 6.5 o 52.0 48.0
a0 0.7 P 97.0. 22 - e 31.4 68.6 — b3t ) 96,7
*Calenlated after Gottardhi, £980.
‘Toble 83,  Equilibrium Concentrations* of 1, HOL, OF and I, in 10, 104, 104 and 102 M lodine Solutions Containing
Additional Todide (10, 107, and 10" M/L) at pH 3 t¢ 9 and 5°C (In % of the Total Concentration)}
¢ {i Ins i Fligl
oH 1, HOI OF I I, HOI oF iy & HOl OF Iy § HO! OF Iy
3 i1 2.3 e - 9.3 e e 0.9 BHO - - 42.0 14 — - 988
104 MA 4.5 871 123 e - 88,1 0.2 e 07 5H3e e - 42.0 1.4 e s 88.6
©.25 ; ) 6.0 48.7T 51.3 e o 94.2 a1 e 0.7 580 e [ 42.0 1.4 s s 98.6
o 5 B2 947 01 o~ 380 618 — 04 574 11— 4LE 14 -~ o P86
9 92 avs 22 e L9 858 2.2 e 43,1 & 06 322 1.4 -_— -— 986
3 99.3 07— e 953 — —_ 07 B8 o — 415G 1.4 - — G8.6
169 ML 4.5 959 4.1 e e G4 6.2 — 07 581 e o 41,9 1.4 - — G8.6
@5 ) 6 M1 s — Lk 94.3 4.9 — 87 BHG e o 41.9 1.4 e e 958.6
ppin 15 292 06 01 03 466 528 — 05 55 10 — 415 b4  — — 986
g 1.7 wWh 2.2 — 4.3 Sdd 2.2 o 43.5 2453 06 3.4 i.4 i e 8.6
3 Ly 2 —— — 5.1 18 — e 07 she s - 418 k.4 [ e 948.6
104 ML 4.5 4.6 1.4 e —_ [ | {2 e T 50 o s 41.4) HE e s 8.6
25.4 };m) [ 92.2 T3 s 0.5 95 4.6 e 6.8 390 e e 41.4 1.4 s e 98.6
b 75 644 341 - LB 677 304 — LY 583 L1 -~ 406 14 = - 986
g 13.1 841 FAH i.8 4.2 829 ] 1.0 435 247 06 313 1.4 e e 68.6
3 99.9 0.1 e — 896 — — 0.4 613 [ e 32,7 14 m - 986
ML 4.5 G2 a5 e 0.3 992 0.2 — 35 /7.3 e s 3.7 1.4 s e 98.6
@54 ) 1S 5.8 3.6 e iz UYao 2.5 —_ 1.5 671.2 0.1 o 2.7 14 o P 98.6
pom 75 798 348 .- B4 BOG 144 — 56 656 17 . 327 14 o o G886
a9 I7.1 507 L2 118 3T3 0 B03 1.2 1.2 4353 9586 068 M2 1.4 s e 88.6

*Calculated after Gottardi, $980.
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Fig. 8-1. InBuence of the iodide concentration on the sum [1] +
{HOI] in aqueocus iodine solutions, C{i;) = 0P — 10 M resp. G.254
-~ 254 mgfl; pll = 3.0 t0 9.0

in the calculated percentual equilibrium concentrations,
causing a slight broadening of the curve, so that Figure
8-] aliows one to estimate the percentual amount of the
sum {E] + [HOI{] at a given iodide concentration and,
because the concentration of OF can be neglected (it is
only of importance at pH >9), the amount of trifodide,
I, being the difference to 100%.

Stability of the Iodine-Water System

lodine, like other disinfectants based on halogens in
the oxidation states O or + I, as far as they are not present
as pure substances (i.e., without a solvent), can gradually
lose a part of their degerming properties {(e.g., during
storage}. This is due to (1) substitutions of covalent hy-
drogen, e.g., O-H, N-H, C-H (as a result of the reaction
with solvent moleeules ke H,0, EtOH, and others), (2}
additions to olefinie double bonds, and {3) the dispro-
portionation of the hypohalous acid o halate in aqueons
preparations (Equations 4 and 7, respectively), which has
no degerming properties (see previous section}. Al
though substitutions, which in the case of iodine are
considered to be lewer than with chlorine and bromine,
and additions can be avoided by an appropriate com-
position, the equilibria 1 through 7 are establishod in
any case if water is present; as a consequence the imactive
iodate also can be formed.

On the basis of calculated equilibrium concentrations
and reaction times, the following conclusions have been
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drawn concerning the stability (with regard to iodate
formation} of iodine-containing disinfecting agents (Got-
tardi, 1981):

1. Below pHl 6, a decrease of disinfecting effectiveness
due to the formation of iodate can be excluded.

2. Above plt 7, the formation of iodate, whose extent
hargely depends on the pil value as well us on the
idide coneontration, must he regeded carefully.
Raising the pH valae lowers the stability (jodate
formation ingreases), whereas raising the jodide
concentration hmproves the stability (iodate for-
mation is reduced).

3. Because of the stabilizing effect of the iodide jon,
provided that its concentration is high enough, the
opposite effect of the pH value can be overcom-
pensated for, and as a result of this, iodine-con-
taining agents can also exhibit sufficient stability
for practice in the weak alkaline range (pH less than
9).

in highly diluted iodine solutions {less than 105 M/L,
resp. 2.54 mg/L) which are present in disinfections of
potable water or swimming-pool water, only a slow iodate
formation can be expected even at pH 9 {Gottardi,
1978a}. In accordance with this, in disinfection plants on
an iodine basis, no significant iodate amounts have been
detected (Black et al., 1968),

Effect of Organic Material

todine (like chlorine and bromine} reacts not only with
living microorganisms but also with dead ones and with
dissolved proteins. In the course of these complex re-
actions, halogen compounds emerge that have either a
weakey degerming activity than the halogen originally
used or none at all. The former are mainly compounds
with N-halogen bonds, whereas the latter are those with
C-halogen honds and the halide ions.

With in-vitro experiments using peptone solutions, it
was shown that iodine reacts with proteins at least three
times slower than chlorine and nearly four times slower
than bromine {Gottardi, 1976). Hence, in disinfection
under conditions vecurring in practice, i.e., in the pres-
ence of dissolved proteins (blood, serum, sputum}, io-
dine is much more efficient than chlorine and bromine
because the share of the employed halogen concentration
that is available for the actual degerming reaction is con-
siderably greater. The comparatively low reactivity with
proteins, which is sufficient, however, to kill a lving
germ, and the virtnal independence of the disinfecting
activity of the pH value are the main reasens for the
excellent degerming properties of iodine,

Mode of Action of Iodine as a8 Microbicide

Iodine, mainly in #ts molecular form, is able to pen-
etrate the cell wall of microorganisms rapidly (Chang,
1971}, Although exact details about the killing of a living
cell by the 1, molecule {or one of the reaction products
occurring in aqueous solution) are not known, it can be
assumed that iodine reacts

I. With basic N-H linctions that are parts of some
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aming acids {e.g., lysine, histidine, arginine} and
the bases of nucleotides {adenine, cytosine, and
guanine} forming the corresponding N-iododeriv-
atives. By this reaction, important positions for hy-
drogen bonding are blocked, and a lethal disorder
of the protein structure may ccour

2. By oxidizing the S-H group (Krusé ot al., 1970) of
the amine acid cysteine, through which the ability
of connecting protein chains by disulfide
{~8§~m$—1 lridges, as an important factor in the
synthesis of proteins, is lost.

3. With the phenolie group of the amino acid tyrosine,
forming monoiododerivates or diiododerivates, In
this case, the bulk of the jodine atom{s} in the ortho
position may cause a form of steric hindrance in
the hydrogen bending of the phenolic OH group.

4. With the earbon-earbon double bond (C=C) of the
unsaturated fatty acids. This could lead to a change
in the physical properties of the lipids and mem-
brane immobilization {Apostelov, 1980}

Annotation: Of these four points the second might be
the most important, both because of the ubiguitons
$H-groups and becanse of the very fast and irveversible
reaction with fodine. The first point however is only of
importance under alkaline conditions, which on grounds
of stability (see previous section} are unusual at disin-
fections.

FREPARATIONS CONTAINING
OR RELEASING FREE HODINE

Solutions of lodine and Iodide

To this group belongs a great variety of preparations
containing elemental iodine and potassium (or sodium}
indide in water, ethyl alcohol, and glycerol, or in
mixtures of these solvents. They rank with the oldest
distnfectants and have survived nearly 150 vears on the
basis of efficacy, economy, and stability. The following
are official preparations according to USP XXI: {1) lodine
Topical Solution, an agueous solution containing 2.0%
iodine and 2.4% sodium iodide; (2} Strong lodine So-
lution (Lugel's Solution), an aqueocus solution containing
5% iodine and 10% potassium iodide; {3) ledine Tincture
containing 2.0% iodine and 2.4% sodium lodide in aque-
ous ethanol (1:1) and {4} Strong lodine Tincture copn-
taining 7% iodine and 5% potassium iodide in 95% eth-
anol. Because all of these preparations contain large
amounts of iodide (0. 16 to 0.6 moles/L} the equilibria |,
4, B, and 7, wiich afl contain fodide, are displaced B
to the lelt side so that only the triiodide equilibrium 5
becomes important. As a result of this, these solutions
virtually contain only todine, iodide, and trilodide and
are therefore very stable beeanse there is no HO or OF
present that can underge disproportionation lo iodate
{(Equation 4). Because of their high content of free mo-
jecular iodine {e.g., Lugol's solution: [1,] = 170 ppn}
they are powerful disinfectants with the disadvantage of
staining—and in some cases irritation——of living tissues.

N &t ¢H
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Fig, 8-2.  Structere of solid povidone-jodine. Alter Schenck, HL.U.,
Simak, 1, and Haedicke, E. 1979, Structure of polyvinylpyrrolidone-
indine (povidone-iodine}. }. Pharm. Sci., 68, 1505-1509.

Preparations Containing Todine, Iodide,
and Organic Complexing Agents

Besides preparations with complexing agents of Jow
molecular weight, such as tetraglycine hydroperiodide
{Gershenfeld, 1977} or the inclusion compound iodine-
maltosyleyclodextrin (Kawakami et al., 1988}, this group
includes the fmportant “iodophors,” whose name indi-
cates generally the combination of jodine with a carrier
{as these complexing agents usuvally are cailed) of high
molecular weight. 1n aqueous solution, iodophors form
the same jodine species as do the pure iodine solutions;
however, the polymer carriers, because of their com-
plexing properties, partly reduce the equilibrium con-
centrations of the iodine species and give the iodophor
preparations properties that make them superior in some
respects to solutions containing only iodine and iodide.

lodophors

Anjodoplior is a complex of elemental iodine or trijod-
ide with a carrier that has at least three functions: {1} to
increase the solubility of iodine, (2} to provide a sus-
tained-release reservoir of the halogen, and {3) to reduce
the equilibrium concentration of free molecular jodine.
The carriers are nentral polymers, such as polyviny! pyr-
rolidone, polyether giyeols, polyvinyi alcohols, poly-
acrylic acid, polyamides, polyoxyalkylenes, and poly.
saccharides.

In the solid state iodophors form crystalline powders
of a deep brown to black color, which in general do not
smell of iodine, indicating a tight bonding with the carrier
molecules. Their solubility in water is good but depends
on the chain length of the polymeric molecules and varies
in the case of povidane-iodine between 5% {type 90404,
average molecular weight near ,000,006) and more than
20% (type P2, sverage molecular weight near 10,000},
The best known iodophor is povidone-iodine, a com-
pound of -vinyl-Z-pyrrofidinone polymer with iodine,
which secording to USP XX1 contains not less than 9,0%
and not more than 12.0% available jodine. On the hasis
of spectroseopic investigations (Schenck et al., 1979}, i
was found tad povidone-iodine (in the solid state) is an
adduct not with molecular iodine (1) but with hydro-
triiedic acid (H1,), where the proton is fixed via a short
hydrogen bond between two earbonyl groups of two pyr-
rolidinone rings and the trijodide anjon is bound ionically
to this cation {I'ig. 8-2},



Aqueous Solutions of lodophores. The chemistry of
the acqueous sohitions of iodophores is stil more complex
than that of pure jodine solutions, because the polymeric
organic carrier molecules interact with the iodine species
created by the reactions of Equations | through 3, which
can cause a considerable change in their equilibrivm
concentrations,

As far as the chemistry of agueons disinfectant solu-
tions containing iodophors Is understood taday, both
electronic and steric effects are responsible for this in-
teraction (Gottardi, 1985). Thus, taking the known in-
teractions with low molecular oxygen compounds such
as amide, ester, ketone, and ether {Haruka Yamada and
Kunio Kozima, 1960; Schmulbach and Drago, 1960) as
an analogy, it can be assumed that, between molecular
iodine and the iodophor molecules, which without ex-
ception contain such functional exygen-containing
groups {e.g., povidone: carbonyl oxygen of the amide
function in the pyrrolidone ring), donor-aceeptor com-
plexes are formed, with iodine playing the part of the
acceplor:

s -

>C:O+Igm>CmO"'Iwi {8

Furthermore, the iodophors, especially when in high
concentrations, because of the spatiad arrangement of the
dissolved polymer molecules {near regions with helix-
like structure} (Horn and Ditter, 1984}, are obviously
sble to surround the free iodine forms in the manner of
clathrates and withdraw it from the equilibrivm (Equa-
tions 9 through 11). This interaction must be of impor-
tance for the iodide ion and above all for the large-mass
triiodide ion, because in this case the formation of a
donor-acceptor complex is not possible on grounds of the
negative charge.

R+ i~ —R-I" )
R“i“ Zgwﬁllg {i(})
R+ §— 8-I {1y

R = structural regions of the jodophor molecule capable
of forming complexes by steric effects

These two effects, together with the equilibria 1
through 5, result in the content of the free molecular
iodine being greatly reduced in disinfection preparations
containing iodophor molecules (10% agueous solution of
povidone-odine: C,, = C; = 0.04 M/L, [,] = 165 M/L,,
resp. 2.54 ppm), in comparison with pure agueons so-
lutions with the same total iodine and total iodide content
(aqueous jodine solution, C,, = C,_ = 0.04 M/L, pli 5
L] = 6.8 x 108 M/L, resp. 1727 ppm*). The high
content of free iodide (which varies bhetween HY® and
10t M/L, according to the preparation} also means that
101 can be disregarded {see equilibrium), and only I,

*Because the solubility of iodine Hes at 334 ppm (25°C), the cajcu-
lated value of 1727 ppm does not correspond with the sctual equilib.
rium concentration, Therefore an agqueous sohtion of this campositioe
will contain undissolved iedine,

TODINE AND [ODINE COMPOUNDS = 157

is respoasible for disinfection. For the description of the
chemical conditions existing in aqueous fodophor solu-
tions, therefore, besides the triiodide equilibrium (5}, at
jeast the equilibria 8 through 10 are necessary. Because
in the latter case no thermodynamic constants are known,
these conditions can be ascertained only in an empirical
way.

The virtual abhsence of 1101 means also that iodophor
preparations are not impaived by @ decrease of micro-
biocidal power owing to the formation of iodate {see
Lauation 4}, In spite of this, iodophor preparations are
not fully stable because iodine attacks the organic carrier
{and other components}), a reaction {(>C—H + I~
>C—3 + I + H 7} which, by consuming iodine, reduces
not only the reservoir of the available iodine, but also
the concentration of the free molecular iodine, the latter
being reduced 1o a greater extent, because iodide is pro-
duced too {see Equation 5; Gottardi, 1985). However,
these iodine-consuming reactions ocour at room tem-,
perature only very slowly, and can be compensated for
by the addition of iodate in the form of the potassium
salt, which, at an appropriate pH, oxidizes iodide to
iodine {see Equation 7} at such a rate that the available
and free molecular iodine of this preparation virtvally
remains unchanged for a long time,

The concentration of free iodine is largely independent
of the pH value (pH 3 to 6), but changes considerably
with the degree of dilution, when it passes through a
maximum of {I,} = 10 M/L in the §.1% solution.

As can be seen in Figure 8-2, the concentration of
free iodine in a 10% povidone-iodine solution comes to
approximately 2.0 mg resp. 8 X }0® M/L and rises in a
1:100 dilution nearly tenfold. On further dilution, after
passing the maximum the free iodine behaves more and
more “normally”—i.e., it decreases—and helow 0.01%
the povidone-iodine solution can be regarded as a simple
aqueous solution of jodine. This “anomalous” behavior
{which is a consequence of the different equilibria com-
bined together), mainly the fact that the more concen-
trated an iodophore selution is, the less free iodine and
therefore the less disinfecting power #t has, must always
be kept in mind when making experiments with this class
of disinfectant. The low content of free molecular iodine
in concentrated povidone preparations was obviously also
the reason for the unexpected observation that some
preparations didn’t fulfill the requirement of auto-
sterility. The isolated germs were of the species Pseu-
domonas, ovganisms that are known to be protected by
matrices of biofilms, exhibiting in this way an extraor-
cdinary resistance against degerming agents. (For more
details on this topie, see the chapter “Disinfection of
Medical and Surgical Materials™).

Anotlier important feature of aqueous povidone-iodine
selutions, shown by Figure 8-3, is that there exists a
maximuin coneentration of nearly 16+ M/L, resp. 25.4
mg/l. of "free jodine” that arises in the approximately
0.1% solution and that can never be exceeded.

Because [1,] not only depends on the concentration of




I58 = DISINFECTANTS AND ANTISEFPTICS, A, BY CHEMICAL TYPE

soncenlration (M/L)

1o e A
10_8 - ‘ :"
T S Luoolls Soltion

LI

10 L NSNS F 0 1 W ST S T L B RN T 1 ST B R EE L N M WL LY
003 0., D% | 0 Hles)

Congentralion (%)

Fig. 8-3. ‘Total available iodine {~ -} and free molecolar indine
2 {determined polentiometricalhy:
Cattardi, 1983) and in Lugol's solution {ealeulated after Gottards, 19805,
Horn, D., and Ditter, W. 984, Physikaliscli-clhemische Grundlagen
der mikrobiziden Wirkung wilssriger PVP-Jod-Losungen, In PVP.Jod
in der Operativen Medizin, Edited by C. Hierholzer and G, Gorte,
Berlin, Springer.

povidone-todine, but alse on its total content of iodine
and todide which, as the specifications of the standard
commerciatly available povidone-iodine show, undergoes
considerable variations. Figure 8-3 only shows the typ-
ical course of [1,] as a function of the povidone-indine
concentration. Therefore the ordinate of the maximum
{and to a lesser degree also its abscissa) in Figure 8-3 is
not a constant for different iodophors and preparations
containing iodophores.

Also in Figure 8-3 the behavior of Lugol's solution on
dilution is shown, exhibiting the drastic reduction of free
jodine caused by the complexing properties of the
povidone molecules.

Influence of Temperature on the Concentration of

Free Todine. In a study about the concentration of free
molecular iodine and its variation with temperature, ning
commercial povidone-iodine preparations, as well as
pure povidone-jodine solations of different types and
concentrations, have been investigated, setting forth the
following results {Gottardi and Koller, 1886a): (1} The
commercial products showed a remarkably great spread
in the concentration of free iodine (0.2 to 18 ppm at
25°C), which may he attributed to their dilferent com-
positions, especially the ratio of total jodine to iodide as

well as the kind and quantity of organic-pharmacentical
constituents, (2) Al tested povidone-iodine systems
showed a significant—and unexpectediy similar—change
of the concentration of free E(}(line by the temperature.
{3) The results concerning its relative alteration fit to an
exponential function of the form

A% {IQ]M = J{¥} [i{jtﬂ\iﬂs % O DUDEMAL i],

which is valid from 10 to 40°C, Following this equation
{1;] increases about 5.4 resp. 100% if the temperature
rises about 1.0 resp. 13.1°C. {4) This increase of {{, ] must
be considered in the application of povidone-iodine prep-
arations as disinfectants or antiseptics on Hving tissues.
Because of their higher temperature {c. 30 to 36°C) the
applicated povidone-iodine preparations exhibit a sig-
nificant higher {1,] than they do at room temperature (At
= 10-16°C: A% i! 1 = 78 to 130%). Therefore, & sig-
nificant higher degerming efBciency also can be expected
compared to in-vitro experiments, which are conducted
in general at room temperature.

The Relevance of Free Molecular Iodine to the fgi—
ciency of lodophor Preparations. Although the |
phores as important pharmaceutical base materials in the
solid state represent more or less defined chemical com-
pounds {the main qualm for this statement concerns the
variation in the chain length of the polymeric carrier
molecules), they cannot be, strietly speaking, called bac-
tericidal agents. The real bactericidal agent is the free
moleenlar iodine, because it is this species alone for
which a correlation between concentration and bacteri-
eidal sctivity has been proved (and not for the total iodine
resp. iodophor concentration) (Berkelmann et al., 1982,
Pinter et al., 1983, Gottardi and Puritscher, 1985).

The differing composition of pharmaceutical additives
(such as detergents and back fatting agents), which all
usually have iodine complexing properties, as well as the
ratio of total indine to total wdluie {Pinter et al., 1983}
that the preparations of the various manufacturers ex-
hibit, result in great differences in the concentration of
free molecular jodine in spite of the fact that the actual
iodophor concentration resp. the concentration of the
total (litrable) iodine might be the same. In this con-
nection the determination of the free iodine—which can
be done in three different ways: {1) by extraction with a
nonpolar solvent, e.g., heptane {Pollack, 1985), (2} by
dialysis (Horn and Ditter, 1984}, and (3} by a potentio-
metric method {(Gottardi, 1983)—is an important meas-
ure to get an indication of the bactericidal potency of the
preparation. The total available ivdine, however, which
follows from the specification of preparation or simply
can be assayed by titration, is a measure of the disinfec-
tion capacily. It comprises all oxidizing iodine species
andd shonld, therefore, not be mixed up with the free
maolecuiar jodine, which (except in highly diluted solu-
tions) (see Table 8-3) amounts only to a small fraction of
the total available iodine.

However, the importance of the concentration of the
free jodine should not be overemphasized, because the
commercially available iodophor preparations frequently
contain other degerming constituents (e.g., alcohols) be-
sides the indine species; and on the other hand the phar-
maceutical ingredients {e.g., :Ic*u,rguttj may influence
the susceptibitity of a hvmg germ for jodine, so that the



bactericidal rate does not always exactly correlate with
the concentration of free iodine. Nevertheless, for prep-
arations of similar composition the determination of free
iodine is a reliable and simple means to make predictions
of the bactericidal properties (Gottardi and Puritscher,
1986}, {See also the chapter on disinfection of medical
and surgical materials.}

Forms of Application. Accovding 1o USP XXT the fl-
lowing application forms of povidone-iodine are ap-
proved: Povidone-lodine Topical Solution, Povidone-
lodine Cleansing Solution, Povidone-fodine Ointment,
and Povidone-ladine Topical Aerosol Solution. Concern-
ing the available iodine, they have to contain not less
than 85% and not more than 120% of the labeled amount.
In general povidone-iodine preparations contain 1 to 10%
povidone-iodine, which is equivalent to 8.1 to 1.0% avail-
able iodine. They may contain a small amount of aleohol
(Fopical and Cleansing Solwtion); the cleansing solutions
contain one or more surface-active agents. The aerosol
sohution, hewever, is a povidane-jodme solution under
nitrogen in a pressurized container,

The Influence of the Halogen Consumption on the L.
ficacy of Povidone lodine Preparations. Beenuse indo-
phores are mainly used as medical antiseptics the infiu-
ence of iodine-consuming body fnids is a very important
feature concerning bactericidal capacity and rate,

Although iodine, as mentioned ahove, is less likely to
be consumed by proteinaceous substrates than hiromine
and chlorine are, its efficacy as a disinfectant & still re-
duced in certain antiseptic apphlications, whore greal
guantities of reducible constituents {e. ., blood}are pros-
ent, and which leads to the conversion of iodine into

nonbactericidal odide. Thus, not only is the reservoir of
available iodine diminished, but the equilibrium of

triiodide is influenced as well. Both of thase effects cause
a decrease in the proportion of free molecular jodine,
the actual antimicrobial agent (Gottardi and Koller,
1986k}

When povidone-iodine preparations are contaminated
with liquid substrata {e.g., blood) there is, in addition,
the dilution effect characteristic of povidone-iodine sys-
tems that causes an incvease in the equilibrium concen-
tration of free molecular iodine (Fig, 8-3). To what extent
this effect compensates for the other two effects depends
on the content of reducing substances, Thus with whole
blood, a large decrease in the concentralion of free mo-
lecular iodine ocenrs, whereas in the presence of plasma,
this concentration rewvnains practically unchanged i the
ratio is not too high {Gottardi and Koller, 1987).

The consumption phenomena that can be seen with
whole bloed, such as {1) the strong and practically spon-
taneous iodine reduction, {2) a decrease of the specific
iodine consumption along with the increase of the blood
volume, and (3) the poor reproducibility can, among
other things, be attributed to the high content of rednced
protein sulfure (-SH) of whole blood, and to the possi-
bility of different reactions ol jodine with $1l-groups {(ox-
idation to disulfides resp. sulfenic, sulfinic, and sulfonic
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acids). It is important to note that in practice no sub-
stantial decrease of the bactericidal efficacy of 10%
povidone-iodine preparations is Hkely to occur with body
ffuids having a composition similar te plasma {volume
substrate/volume povidone-iodine 10% =0.6}. However,
with whole blood this is indeed the case; therefore con-
tandination by >258% full blood should be avoided.

Solid Microbicidal Compositions on Iodine Basis

To this group belong resins containing quaternary am-
monium groups loaded with trijodide and higher poly~
iodide ions {e.g., pentatodide). In contrast to the “classic”
disinfectants, which contain antimicrobial agents that are
dispersed in 2 liguid {or gas) phase, these resins rank
among the “nonclassical chemical disinfectants”
{NCCD}, which consist of active moieties attached to,
asseciated with, or stored {or a combination thereof) in
a solid phase {Kril, Fitzpatrick, and Janauer, 1986}, Their
maode of action is explained either by direct, physical
contact with their surface or by slowly releasing a dis-
infecting agent {in this case iodine) into the bulk phase
being disinfected. Because the residuals of total iodine
{1, and 1101} washed out by the water flowing through
the resin are very law, the resins seem to be ideally suited
for application in peint-of-use and point-of-entry water
purification units,

Preparations Preducing Todine
in Connection with Water

Prepawations of this kind do not contain elemental io-
dine, but rather iodide, and produce the former in a
chemical reaction, which is started when jodide and an
oxidant come in contact with water. “Heliogen,” for ex-
ample, is a mixture of chloramine-T, potassium iodide,
anck certain inert ingredients. The releasing of iodine can
Lie generalized as

ON—Cl+ 217 + H* > >N--~I-i + Cl- + 1,

Preparations of this kind are marketed in the form of
tablets or a powder, which can be used effectively as
sunitizers, Other examples are the “Hio-Dine” process,
which is nsed in swinuning pool disinfection, with 1,3
dichloro-8,3-dimethylhivdantoin as an oxidant {White,
1972}, and a disinfection method published by Kinman
and Layton (1976} using NH,CH as an oxidant.

N-Tode Compounds

Beceanise nearly sl organie disinfectants on the basis of
elilorine andd bromine are N-chloro or N-bromo com-
pornsds, it is surprising that N-iodo compounds, which

in aqueous solution release hypoiodic acid (>N~—I +

H,0 ~> SN——H + HOI), are not used in practice. In a

stidy on tie usability of N-iodo compounds as disinfec-
tants, the following conclusions were drawn (Gottardi,
19780,

Fresh and diluted aqueous solutions of Neiodo com-
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pounds exhibit 1101 concentrations corresponding to the
sum of [HO1) + 11, Vin pure jodine solittions of the same
molarity, which let us expect similar bactericidal belav-
jor of this class of compounds. Compared with iodine
sohations, however, a higher rate of iodate formation and
therefore iess stability of this solution can be established,
which is caused by the higher HOIL concenteation
throughout. Under certain conditions {pll less than or
equal to 7, concentration less than 105 M/L, normal
interacting time), the stability should be sufficient for
disinfecting purposes, Of particular interest is the pos-
sibility of investigating, in the virtual absence of molec-
ular iodine, the bacterieidal action of the HOL Common
practical use will depend on the costs, which are high
as fwr ax the purchasable Nejodowsaceininside s con-
cerned. Henee, the Neiode componuds should not be
considered at presend as an alterative to the move in-
evpensive clemental iodine

Synopsis of Composition and Active lodine Forms in
Disinfectant Solutiens Containing lodine

Table B-4 gives a synopsis of the different preparations
containing resp. applications using jodine. Besides the
total concentration of lodine and iodide, the presumable
active species and their caleulated, mensured, or esti-
mated equilibrivm concentrations are shown. Further-
more a tentative description of the conditions in alecholic
solutions is given, In contrast to pure aleoholic solutions
{containing only iodine and an aleohol}, where iadine
practically only occurs in the solvited moleculay form,
L, - BOH, aleoholic preparations used in practice (Tinc-
ture and Strong Tincture of fodine, USP XX1) also con-
tain iodide and water, with the result that the equilibria
1 through 5 are established alse. However, because of
the iodide content, only the solvated iodine molecules
{I, - ROH and 1, - H,0, the latter being the “free mo-

Jecular odine™—apart from the aleohol itself-—might
be responsible as the active forms for disinfection. A
differentiation between the two forms according to rel-
ative reactivity should turn out in favor of the hydrate
complex because of the greater stability of the I-alcohol-
sobvate complex (inductive effect of the alkyl group in-
creases the electron-donating properties of the oxygen}.

110! as a virtual contribuent to the microbicidal groc-
ss is to be expected only in iodine/water systems of high
dilstion and low todide concentration, as is the case of
disinfection of drinking and swimming pool water (see
alse Table 8-3) on an jodine basis.

TOXICITY OF PREPARATIONS CONTAINING
FREL IODINE

Al preparations that contain elemental ivdine have
similar wmedes of action. net with qualitative but rather
with quantitative differences. Preparations such as
Surong lodbse Solution (Lugol's Solution, USP XXi), in
whicl free molecular iodine is present in high quantities
(170 ppm}, of course have better degerming properties
than an iodophor preparation that is designed to reduce,
by complexing, the concentration of free molecular io-
dine, which normally comes to 2 to 10 ppm.

On the other hand, the toxicity of the free iodine for
living tissue has to be considered. Impregnating healthy
skin with Lugol's selution has no unpleasant effect,
whereas the samne agent applied to a large area of burned
skin causes paindol irritation. In this case, the application
ol 1 weaker disinfecting agent, e.g., an iodophor prep-
aration, is prelerred. With an increasing concentration
of free jodine and an increasing capability of resorption
of the treated body surface, the amount of iodine ab-

*The real free jodine (in the form of bare I,-molecules) ocours only
in e gasphase, or in apolar solvents like CClL,, and is violet in colour,
in eontrast to | + H,O {and |, + ROH), which cautes a brown colour

Table 8-4. Composition and Active lodine Form in Disinfeclant Solutions Containing Todine
fodine Form Mainly Responsible
for the Microbicidal Effect
Total todine Content {concentration proportion of the
Components Solvent Examples (tatal iodide content) total lodine concentration)
I Ethanal Sojution of jodine in 1% B RO (30,000 ppm*; HO%)
ateshol
H,0 Prinking water, swim- 03— HF2 ML Ieaq, HOL L] + (HOH:
ming pool jedination 025 2-5 ppmt; 98- 100%)
| I £ 0 Lagol's solution 5% {10% KI} beragg {170 ppmty 0-34%)
Etlanol/ 1,0 tndine tinclure % {2-49% Nak} L ROI, pag
L. I, pelyn:. org. H Mucosal disifectant and 1-0-78% {iodide content varies  Fpay (0210 ppmi, (-000-0-1%}
complexing agentsd, washing conventrates greatly depending on the
additivesd based on PYP-§ preparation}
Bropasolf/FHLO Skin disinfectants {sprayst  9-1% (0-05%) -ROH, Tyag
*fstimated.

tCalcufated (see Cottardi, 1981).

Measured potentiometrically (see Gottardi, 1983} in commaerciafly available products.,

§Povidone, polyoxysikylenes, polvetherglycols ete.
i Buffers, detergents, foam stabilizess, artificial colourings ete.



sorbed by the body also increases and manifests itself in
the serum level of iodide. In general, therefore, the
serum leve! rises less from the application of an iodophor
than with iodine tincture or Lugol’s solution {Knoile,
1978} On treating burns, Hunt et al (1980 found that
the amount of absorbed iodine was directly related to
the size of the burn, and although clinicad evidence of
colf or organ texicity s as yel undotermsined, it seoms
that high serum levely of jodide imply toxicity, Kubm el
al. (1987} also state that on treating hurng with & povi-
done-iodine preparation, plasma iodine {i.e., iodide)
sharply increased; from 6.4 % 0.4 10 20.7 % 4.7 pg/100
mL, however, the authors hold that the thyroid hunction
does not seem to be modified by plasma iodine overload.

In a large-scale study at an obstetric ward it was found

that the iodine overload of the mothers, caused by skin
disinfection prior to delivery using an iodophor prepa-
ration, induces a transient impairment of thyroid fune-
tlon of the infants, especially if breast fed. Because this
situation is detrimental to screening for congenital hy.
pothyroidism iodephor preparations are not recom-
mended in obstetrics (Chanoine ¢t al., 1989). High doses
of free iodine, e.g., in form of iodine tinctare, are highly
toxic if brought into body cavities and cause swelling and
bleeding of mucous membranes. Consumption of 30 g
of iodine tincture can be fatal (Wirth et al., 1967). As an
antidote for such accidents 10 to 20 g sodium thiosulfate
(reduction of iodine to iodide} or starch (formation of
inclusion compounds} per os are recommended (Kos-
chinsky and Lillmann, 1984). Concerning the incorpo-
ration of iodine the following generslizations can be
made:

1. Because the horny layer of the mntact skin is an
effective barrier against electrolytes (Goldsmith,
1983} it is penetrated by isdine in the form of mo-
jecular jodine and not of jodide.

2. in body cavities {(at the treatment of macous mem-
hranes, perineal wash, ete.}) which are not pro-
tected by a stratum gornenm, however, also the
ncorporation of iodide becomes important all the
more that indine preparations always contain fo-
dide.

3. Depending on the chemical nature of the tissue
iodine penetrates (dry skin with low, resp. surlaces
of body cavities with high eontent of reducing sub-
stances), the absorhed iodine will be reduced more
or less fast to jodide.

4. The amount of total iodine {1, and 17} absorbed hy
the body mainly depends on
a. The concentration of free molecular iodine (and

of jodide} of the preparation
h. The time of application
c. The trested area
¢l The nature of the treated area.

5. Asjong as pot reduced, i.e., free, iodine is present
in the skin it will diffuse not only into deeper
regions but also back {out of the skin), performing
for a certain time a residnal bactericidal activity on
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the skin surface. The reduced portion, however,
remains for some time in the body and gives rise
to an increase of the level of serum-iodide.

6. The incorporated jodine in the form of iodide and
arganic hound iodine (which comes to ~75% of the
total resorbed iodine) leaves the body by urinary
excretion with w hiologic haifdife of approximately
2 duys {Gloche! ot al., 1984

The maby restyaings against jodine preparations are

Based npon the suspicion of a possible disorder of thyroid
functions cansed by the iodine uptake. Gloebel et al.
{1984} investigated iodine uptake after use of povidone-
iodine preparations (Betaisodona) as mouth antiseptic,
vaginal gel, and liguid soap in subjects with nermal thy-
roid function. By measuring serum I, Ty, T, TSH, and
urinary jodide excretion (as an index of thyroid function),
the authors observed an inerease in iodine supply of up
te 2 mg daily, but in no case the developing of hyper-
thyroidism or hypothyroidisim. Because the test condi-
tions were drastic {e.g., hands and forearms were washed
10 times for 2% minutes with povidone jodine liquid soap
within 5 hours) one wonld tend to think that povidone
fodine preparations are nontoxice. However, taking into
account that, as mentioned above, the iodine uptake
depends—-among other factors—on the concentration of
free iodine of the used prepuration, which in this case
was not ascertained, the notion of nontoxieity strictly
speaking applies only to the preparations used by the
authors and the given application. Because the content
of free molecular jodine at present needs not be specified
and, what is more, varies considerably in commereiaily
avatlable preparations {Gottardi and Koller, 1986a), one
should be careful in making generalizations.

RESIDUAL EFFECTS OF TI0DINE
PREPARATIONS

The above-mentioned backdiffusion of the not-re-
dueed portion of the absorbed iodine, which takes place
much slower than the uptake, interestingly, has not been
recognized until now. By means of a new photometric
metheod this iodine fux ([dim] = mass/area - time) has
been ascertained on the skin after application of Lugol's
soiution and povidone iodine preparations with various
concentrations of free iodine. The most important find-
ings are the following: The intensity of the iodine fux
depends on the amount of iodine absorbed by the skin,
which as far as it is concerned depends on the concen-
tration of free indine of the applied solution and the time
of application. Applying Lugoel's solation {176 ppin free
indine} for only 1 minute, the Hux could be detected for
approximately 24 hours {range: 50 to 0.005 pg Ljem? -
min), whereas after application of a povidone iodine
preparation {10 ppm} for 3 to 5 minutes the flux was
deteetable ¥ to } hour {range: 0.2 to 0.005 pg Lfem? -
min} {Gottardi, 1989%.

The latter result suggests that even the application of
iocdlophor preparations coukl give rise to a persistent (re-
sidual) microbicidal action. This has been proved by com-
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paring the surviving CFUs of Micrococens lutens (ap-
plied to the skin by artificial contamination) on novmal
skin as welil as on skin that has been treated for 5 min
with a povidone-iodine preparation (10 ppin free jodine)
immediately before contamination. A logarithmic redue-
tion rate of 0.4 was found, a result that confirmed the
bactericidal action of the iodine diffusing out of the skin
{Gottardi, in preparation),

As long as iodine diffuses out of the skin, so to speak,
an active disinfection from the inner regions of the skin
takes place; therefore an effective action on the residen-
tial germs can be expected, a feature that scews to be
unique in the field of skin disinfection.

Regarding this, Hartmann {1985} found by a special
method that the reduction of the total resident flora was
significantly higher using povidone-iodine than it was
with isopropanol. This is in contrast to the usual findings,
mainly in testing preparations for surgical hand sceub,
which exhibit in general a betier degerming activity of
alechols.

ORCANIC IOBDINE COMPOUNDS

Compounds of this class contain fodine that is hound
to a carbon atom. With regard to propertics and mode
of action as disinfectants, they differ from the previously
described disinfectants in that they contain neither frec
iodine nor other oxidizing iodine species. In the case of
iodoform (CHE,), however, there exist contrary opinions,
because on the one hand iodoform is supposed to produce
elemental iodine and formaldehyde in connection with
water {Knolle, 1975}, while, on the other hand, it was
impossible to detect any free fodine in an aqueocus slurry
of CHI, at 37°C and pH 7 with a method that is sensitive
down to § X 10-® M/L (Gottardi, unpublished).

fodoform {triiodomethane), probably the oldest phar-
maceutically used iodine compound, forms veliow crys-
tals with a characteristic anesthetic odor H came into
extensive use as dusting powder, especially as a local
anti-infective agent to promote granulation and diminish
infections of open wounds (Gershenfeld, 1977). Because
of its toxicity {it can cause such effects as sleeplessness,
hallucinations, and spasms} it has been replaced by other
preparations, especially those containing iodophors. The
compound is not specified in the USP XXIL

lodine derivatives of quinoline exhibit protozoacide
and metazoacide properties and have shown excellent
results in prophylactic and therapeutic nse {Gershendeld,
1977). lodoquine] {USP XX, 5,7-diiodo-B-piinoline)
andd Clioquinod (USEP XXE, 5-chloro-7-todo-B-cuinolinol)
are the best known active substances of this type and
serve as the basis for creams, oinlments, powdaers, and
tablets. To this class of compounds belong also the iodine-
containing x-ray contrast media. Examples are locetmnic
Acid, lopanoic Acid, and Jothalamie Acid fall USI XX1).
They contain a benzene ring system with three iodine
atoms in meta-position, and are used as such but also in
form of their derivatives, The radioactive compouids
lodohiyppurate Sodium I 123 resp. I 131 {both USP XX1)

shotdd also be mentioned, which are used for nuclear
medical purposes.

lodenium Compounds

This class has the general formula [RI* |X- (where R
is an organic radical and X- an inorganic or organic anion)
and is of more theoretic than practical interest. The strue-
ture resembles the onhun compounds {e.g., quaternary
ammoniwm), and the active part of these compounds is
iodine in the oxidation state +3. Diphenyliedonium
chiloride, whose degenning properties have been inves-
tigated by Cershenfeld and Witlin {1948), appears t to be
the most generally eflective substance.

PRACTICAL APPLICATIONS

Fodine as a Disinfectant in Human Medicine

The most important application of iodine in human
medicine is the disinfection of skin, which has been in
use since the midnineteenth century (Reddish, 1854},
Besides prophylactic actions (e.g., the preoperative
prepurations of the skin, the surgical disinfection of
hands, the disinfection of the perineum prior to infec-
tions and traustusions), iodine preparations are also used
{or therapentic purposes, e.g., the treatment of infected
and bumed skin, The previously used agueous iodine
and tinclure nearly 30 years ago have been replaced, to
a great extent, by the iodophors, which cause less un-
winted side reactions, such as staining, irritation of tis-
sue, mud resorption of iodine. Among the investigated
iodophors, povidone-iodine has been deseribed as the
compound of choice (Knolle, 1975}, However, attempts
are made to replace the povidone carrier by other mac-
romolecules, which might be still more harmless than
povidone, which after all has been used as a blood sub-
stitute. In this connection polymers built up of sugar
molecules {e.g., polydextrose) are of great interest.
When rigid aseptic precautions are required and no pain-
ful irritations are to be expected, however, iodine tinc-
ture is still in use as the strongest disinfectant based on
iodine. A detailed review of the use of ivdine in human
medicine is given by Knolle (1875}, and a good historical
account and information on aqueous solutions of iodine
and tincture is given by Reddish {1957).

fodine has also been used for the disinfection of med-
ical equipment, such as catgut, catheters, knife hlades,
ampuiles, plastic items, rubber goods, brushes, multiple-
dose vials, and thernmometers (Gershenfeld, H77), It
should be mentioned, however, that disisdection with
iodine is not appropriate for every sort of material. Many
metal surfaces in parkicular are not resistant to oxidation
and can he aliered. Furthermore, some plastios absorb
clemental iodine, which causes a hrownish staining.

Disinfection of Water

Drinking Water

The first known field vse for todine in water treatment
was in World War I by Vergnoux {White, 1972), who



reported vapid sterilization of water for troops. Since that
time, several studies have been made (White, 1972)
showing that iodination is suitable for the disinfection of
drinking water, especially in case of emergency. Of con-
siderable importance is the work of Chang and Moerris
{1953}, which led to the develepment of tetraglycine hy-
droperiodide tablets {"Globaline”}, which have been sue-
cessfully used to disinfect small or individaal water sup-
plies in the U.S. Army. This method of water purification
{addition of iodine tablets or caleium hypochlorite to the
water, followed by a 25- or 30-minnte disinfectant contact
period, respectively, before drinking} is still in use in
the 1.5, Army. However one became alse aware that
this method of purification involves some health risks
since the chemicals carrying out the disinfection are not
removed at these procedures (Schaub, 1986). Black et
al. {1965} have demonstrated, in two prison water sys-
tems, that iodine in doses up to 1.0 ppm is suflicient for
disinfection, does not produce any discernible color,
taste, or odor, and has no adverse effect upon the general
health or thyroid function. Thomas et al. (1978) reported
a pilot project with a [B.year duration in which they
observed no instances of ill effect caused by the use of
iodine for water disinfection. The authors found that io-
dination is an effective and econemic means of water
purification, of particular advantage in rural and under-
developed countries.

Lately the iodine resins have been successlully used
as a basis for purifier units, which, as long as they are
not exhausted, work very well, bringing about a kill of
4 logs. For emergency and for travelers “pecket purifi-
ers’ have been developed whose performance was offi-

cially approved by being registered by the EPA (Regun-

athan and Beauman, 1986).

Swimming-Pool Water

The application of iodine to the treatment of swimming
pools is an entirely different process from that of patable
water treatment, hecause in the former, elementaliodine
is applied directly to the water in crystal or possibly in
tablet form, whereas in the latter, iodine is generally
applied in the inert jodide form and later released as
elemental jodine by coming in contact with an oxidant
sulﬂh as chlorine {White, 1972), as follows:

HOCE + 28 s 1, + Cl- 4 O

1,3-Dichloro-5,5-dimethythydantoin, whose combina-
tion with iodide is known as “ilie-Dine” process (de-
signed especially for the disinfection of swimming pools},
may also serve as an oxidant. It became apparent, how-
ever, that this N-chloro compound is not ideal because
it decomposes in aqueous solution, forming undesirable
end products (White, 1972).

Compared with chlorine, the use of iodine has the
advantage that it reacts only to a simall extent with am-
monia or other nitrogenous compounds and therefore
produces no compounds that are likely to contribute to
swimmers discomfort in the form of eye irritation oy
obnexious odors (Black, 1661, The nse of indine in swim-
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ming-pool disinfection has the following advantages (Put-
nam, 1961} (1} approximately one third saving on chem-
ical cost, (2) no disagreeable odor or taste, {3) no irritation
of the mucons membranes, (4} good disinfection of swim-
ming-pool waters, (3) no danger in storage or use, he-
cause material is in erystalline form, (6) residual is stable
and does not fluctuate quickly, (7} pH & stable after
halunce s reached, and (B) swimmery’ comfort is pro-
tected,

On the otlier hand, iodine is a aotoriously poor algi-
cide, and the control of slgae growth requires additional
measures. Probably the most serious flaw in the use of
iodine is the difficulty in controlling the color of the pool
water, mainly in the presence of a large amount of iodide,
which causes the development of vellowish-brown I
ions. The problem of color control plus the inability of
indine to control algae al! but eliminate it from use by
the swimming-pool industry {White, 1572).

Wastewaler

Only few contributions dea! with the use of jodine in
the disinfection of waters that, in contrast to drinking
and swimming-pool water, do not come in divect contact
with man, e.g., wastewater and industrial waters. Be-
canse these waters in general are highly charged with
dissolved nitrogenous substances (proteins and their hy-
drolysis products}, the use of iodine, with its only slight
tendenty to react with nitrogen compounds, should be
of great advantage.

In applications, however, which range in technical di-
mensions, the question of cost also has to be considered,
and because iodine is nearly three times as expensive as
chlerine in price per mole, the advaniages and disad-
vantages of iodine must be weighed carefully. In a study
about a new methad of disinfection with a mixture of I+
and NH,CH that generates elemental jodine Kihnman and
Layton {1976} find that this system offers considerable
potential for use in water disinfection for potable waters,
industrial waters, and waters that must be discharged to
sheilfish areas. Investigating alternatives to wastewater
disinfection, Budde et al. {1877}, in pilot plant studies,
compared the disinfectants chilorine, ozone, and iodine,
finding that for the same level of fecal coliform destrue-
tion, iodine was most costly under all conditions studied.
BPsinfection of Air

Since Lombardo {1926} first advocated the use of io-
dine as an aerial disinfectant, experimenis on the dis-
infection of air have been carried out, mainly during
Waorld War 11 Plesch {1941) recommended the aerial
disinfection of air-vaid shelters with iodine vapors as a
prophiviactic mensure against influenza. White et al,
(1944} reported jodine to be effective as an aserial dis-
infectant at conceatrations much below its saturation
vapor pressure, and Raymond (1946 found a “relatively
tolerabde™ concentration of 0.1 mg/t® (3.5 mg/M to be
sufficient for a rapid kill of freshly sprayed salivary or-
ganisms. Since that time, however, no more publications
have appeared concerning iodine as an air disinfectant.
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Obviously, one is aware of the danger that iodine vapors
pose to the respiratory organs, documented by the fact
that the maxiznum allowed concentration of iodine comes
to 1.6 mg/M? {threshold limit value; Lewis and Sweet,
1886}, which is less than one-third of the concentration
recommended by Raymond {1946).

RANCE OF ACTION

Iodine is an excellent prompt effective microbicide
with a broad range of action that includes alimost all of
the important health-related microorganisms, suchas en-
teric bacteriz, enteric viruses, bacterial viruses, and pro-
tozoan cysts (Hoehn, 1976). Mycobacteria and the spores
of bacilli and clostridia can also be killed by iodine (Wall-
hiusser, 1978). Furthermore, iodine also exhibits a fun-
gicidal and trichomonacidal activity (Knolle, 1975). Asis
expected, varying amounts of indine are necessary to
achieve complete disinfection of the different classes of
organisms. Within the same clasg, however, the pub-

Table 8-5. Practical Applications of lodine as a Disinfectant:

IHSINFECTANTS AND ANTISEPTICS. A, BY CHEMICAL TYPE

lished data on the disinfecting effect of iodine correspond
only to a small extent. In particular, the published killing
times of spores (Wallhiusser, 1978} and viruses (Knolle,
1975} are widely disparate. One reason for this might be
the non-uniform sensitivity of microorganisms to iodine,
which applies not only to the type of organism but also
to the growth conditions. Pyle and McFeters (1889) could
demonstrate that bacterial isolates (predominantly Pseu-
domoenas sp.} from water systems disinfected by iodine
showed differences (which had, however, not always the
same sign) of up to 4 logs decrease after contact with
jocine (F mgfL, pH 7, 1 min} if grown in brain heart.
infusion or after cultivation in phosphate hulfer.

As mentioned by Hoehn {1976}, comparison of pre-
viously published references concerning effectiveness in
disinfection processes of different microorganisms are
difficult because of the myriad of different environmental
conditions existing when experiments are conducted,
e.g., pH value, temperature, concentration and type of
iodine preparation, time of exposure to the disinfectant,

Conceniration, Exposure Time, Disinfective Result

Scope of Exposyre
Application Concendration Conditions Thne (Min) Disinfective Reswdt References
Drinking water 8 ppm . H “Kill of water-borne Committee on Medicsl
pathagens” Research, 1948
34 ppm 25°C A “Reduces 1% bacterialnk, to  Chang and Morris,
3-4 ppra R b iess than 10 bacterisiinl” 52
Drinking water i 5-8 ppin 20-25°C 131} “Excelient disinfectant for
emeTgency 5-6 ppm near §°C 2 water sappites under
emergency conditions”
5 drops I-tincture to s Clear water 30 “Water safe for drinking” United States Public
quart of water Health Service, 1940
10 drops Iptinclere to Cloudy water 36
a quart of water .
4£.0-8.0 mpL, ‘Furbid water of 30 “Water of virtua} potable Ellis and van Voce,
low quality quatity” 1989
Swinuning-pool 6.2 {01} ppim — “Provides water of satisfae- Black et al., 1959
water tory quality”
0.2 ppm o "Maintains the water at 2 U.5. Public Health
satisfactory bacteriotogical Service, 1962
quality”
General germicidal 1:20,000 Absence of organic H “Moast bacteria are killed” Goadman snd Gilman,
action faatter I8
£ 20 060 Absence of organic 5 “Wet spores are killed” Goodman and Gilman,
fatter 1950
§: 200,000 Ahsence of organic i5 “Wili destroy all vegetative Goadman and Gibman,
wmadter forms of bucteria” HIL ]
Diisinfeetion of skin 1% tincture — 90 see “Will kili 90% of the Goodman and Gitman,
bacteria” 1988
5% tincture e 6} sec "Will kili 90% of the Goodman and Gilman,
hacteria” HH
% tincture p— 5 sec Wil kitl 90% of the Goodman and Ciliman,
bacteria” 1980
1% agueous L-solution Skin of hands 20 anxin “activation of rhenovirus” Carter et al., H80
2% nguecus I-solution Skin of hands 3 nun “Inactivation of thenoviras™ Carter et al., 1980




and amount and type of dissolved organic and inorgasic
substances. Another problem is the fact that, in general,
most of these conditions are not deseribed in detadl, and
an exact comparison of the germicidal effectiveness of
iodine against different organisins, as well as a compas-
ison with the other halogens, is therefove virtually -
possible, In spite of these difficullies, somne authors have
tricd to sumanarize the disinfecting properties of iadine
and the other hualogens by reviewing the literature and
anabraing the evisting data. The most important covelu-
and 14.8 ppm, respectively (Chuag, 1971).

2. On a weight hasis, iodine can inactivate viruses
more completely over x wide rangze of water quality
than other halogens (Krusé, 1970).

3. In the presence of organic and inorganic nitroge-
nous substances, iodine is the eysticide of choice
because it does not produce side reactions that
interfere with its disinlecting propertics {Kinsé,
1970).

4. lodine would require the smallest mg/l. dosage
compared to chlorine or bromine to “break any
water’ to provide a free residual (Krasé, 1970).

5. I, is two to three times as eysticidal and six thnes
as sporocidal as HOI, whereas HOI is at least 40
times as virncidal as §,. This behavior is expliined
on the one hand by the higher diffusibility of mo-
lecular iodine through the cell walls of cysts and
spores and on the other hand by the higher oxi-
dizing power of HO! {Chang, 1971).

6. For some microorganisms an jodine resistunce also
has heen ascertained, e.g., Psendomonas alculi-
genes and Alcaligenes faecalis, which can account
for the buik of the microbial flora in jodinated swim-
ming pools {Favero and Drake, 1966).

7. Because disinfection is a ehemical reaction, the in-
Ruence of temperature on reaction speed—as a rule
of thumb lowering the temperature about 10°
halves the speed-—has to be considered at micro-
bicidal events in such a way that either the contact
time or the concentration of the disinfectant have
to be increased if cold water has to be treated. The
lack of efficiency at low temperatures was dem-
onstrated by Regunathan and Beauman {19886},
showing that some iodine preparations designated
to purify canteen water worked well against Ciardin
at 20°C but not at 3°C if used according to the
instructions,

A survey of concentration, exposure time, and disinfec-
tive result in practical applications of fodine s given in
Table 8-5.
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