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~BSTEACT

The kinetics of the exchange reaction between Sb(1I1I)
and Sb(V) was studied in aqueous sulfuric acid, and in
aqueous sulfuric acid systems containing added chloride ion,
No exchange was observed in aqueous sulfuric acid, but the
addition of chlcricde initlated exchange, and the concentra-
ticn of chlcride had a significant effect on the observed
rate. In additicn to a study of the influence of chloride
concentration, experiments were performed in which the
effect of independent variation in the concentrations of
antimony(III), antimony(V), sulfate, and hydrogen ion was
determined at two levels cf chlcride concentration, 6.00 M
and 0.20 M. Supplementary spectrophctometric examinations
of antimony(III) and antimony(V) soluticns were also per-
formed.

In 6.0C ¥ chlcride, it was found that the reaction was
first ocrder with respect to antimony(III) and antimony(V),
that sulfate ion has no effect, and that the dependence of
exchange rate exhibits a maximum at approximately 9 M
hydrogen ion. The exchange mechanism is apparently iden-
tical with that observed previously in hydrochleric acid
solutions.

In C.20 M chloride, while the rate maintains a unit
dependence with respect to antimony(III), the reaction
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exhibits a fracticnal order of 0.76 with respect to anti-
mony(V). At this level of chlcride concentration the rate

of exchangé is approximately second order with respect to
chlcride, but undergoes a sharp maximum at approximately

9 M hydrogen icn, and a similar, although much less pro-
nounced maximum at 0.6C M sulfate. The two antimony
oxidation states are apparently involved in complex equilib-
ria with chloride, sulfate, and hydrogen ions. Both chlcride
and sulfate are involved in the activated complex, although
the relative importance of chloro or sulfato bridging is
difficult to assess. While some qualitative observaticns

as to mechanism can be made, a quantitative evaluaticn must
await a more accurate knowledge of the nature of the solution

specles and their equilibrium relationships,
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I. INTRCDUCTICN

The study of the mechanisms of inorganic reactions
is one of the newest general fields of research in inorganic
chemistry. Wwith the availability of radicactive tracers,
reactions of oxidation - reduction are receiving considerable
attention because it has become possible to study the
electron transfer equilibria between different oxidation
states of the same element., Of particular interest are the
exchange reacticns where the net effect is the transfer of
two electrons, since these may proceed either by the simul-
taneous transfer of two electrons, or alternatively by the
stepwise exchange of one electron at a time through the
intermediate oxidation state. The exchange reaction:

Sb(III) + Sb*(V) = Sb*(III) + Sb(V)
is such a two electron transfer system. While hydrochloeric
acid solutions and the chlcro-complexes of antimony have
been extensively studied, antimony species in sulfate media,
particularly those of the (V) oxidation state, have received
little or no attention, Oxidation - reduction rates are of
particular interest here because of the possibility of
sulfate bridges in the electron transfer, such as have been
postulated in the analagous reactions of T1(I)-T1(III) and
€n(II)-Sn(IV). The kinetics of the Sb(III)-Sb(V) reaction

has been observed in aquecus hydrochloric acid, but the



results were difficult to interpret because of competing
hydrolysis reactions. It was decided to investigate this
reacticn in aqueous sulfuric acid, and also to cbserve the
catalysis by chlcride ion in this medium, where competing

hydrolysis reacticns should not be a problem.



II. HISTCKICAL

A, Electron Exchange

Although most of the reactions in inorganic chemistry
inveclve oxidation - reduction, the actual mechanism by
which electrons are transferred is unknown. Such processes
are difficult to study because they proceed virtually
instantaneously so that it is impossible to measure a rate,
and the systems are generally very labile with respect to
changes 1n the coordination sphere, so that intermediate
stages which would supply evidence about the nature of the
activated complex,change to final products tco rapidly for
convenient observation. With the availability of radic-
active isotopes it has become possible to observe electron
transfer equilibria between the ions of a metal in two
oxidaticn states., These are oxidation - reducticn reacticns
in which the reactants and products are identical. The
enthalpy change is about zero, but the free energy decreases
by the amount calculated from the entropy of mixing. The
entropy at equilibtrium when all the isotopes are uniformly
distributed is greater than that of the original system.

Exchange rates for simple ionic species vary tremen-
dously, and are particularly dependent on the presence of
anionic catalysts, such as chloride. Apparently a definite

energy barrier exists between products and reactants, thLe



height of which depends on the particular exchange system
under consideration.

Libby (1) has discussed these phenomena on the basis
of the Franck - Condon principle. Electron transfer in
aqueous solution should be inhibited by the relatively
longer time required for the movement of the hydraticn
atmospheres as compsred to the transit time for the electron.
The electron must be able to make the transition against a
barrier comparable in magnitude to the amount of energy
involved in the subsequent slow reorientation of the water
molecules to the new charge situation. The catalysis of
small negative ions 1s presumed to be the result of bridge
formation which causes the two positive ions to apprcech
more closely, and share their hydration atmospheres to a
considerable extent, sc that dissimilarities are reduced.
While a bridging group clearly can function to lower the
potential energy barrier, its exact role 1s difficult te
define. It may serve as a path for the transfer, the
electron moving through the molecular orbitals of a bridg-
ing group held by chemical bonds to the two exchanging
species, or the process may be atcm or group, rather than
electron, transfer.

Marcus, Zwolinski, and Eyring (2) have advanced an
"electron tunneling" hypothesis, in which the electron
leaks through the potential energy barrier in the well

known quantum-mechanical phenomenon. Several layers of
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solvent may separate the reactants, and the individual
hydration atrospheres are not disturbed. Systems such as
Fe(CN)g™*- Fe(CN)g™3, ¥n0y,~2- ¥n0y,~, and IrCle~3- IrCl,~2
are substitution inert and a bridged intermediate is dif-
ficult to envision, but nevertheless rapid exchange takes
place. These are highly symmetrical reactants, however,
and the rearrangement of the coordination spheres during
and after electron transfer is probably a minimum.

The bridge mechanism of electron transfer has been
supported by the work of Taube (3, 4, 5, 6, 7), who
demonstrated that the oxidation of chromium(II) by a variety
of monosubstituted pentamminecobalt(III) species of the type

Co(NHy)5X]*2 takes place with the transfer of X to the
reducing agent, where X has been chloride, bromide, nitrate,
thiocyanate, acetate, pyrophosphate, and sulfate. Aquo and
hydroxo bridges are also possible. The net atom transfer
in each of these reactions is not necessarily an essential
part of the electrcn transfer. In a reaction studied between
Cr(II) and IrClg=2, the bridging chloride remained with
Ir(III) rather than Cr(III)., The essential feature is that
an appropriate bridge provides a more accessible route for
the flow of electrons, and whether group transfer takes
place depends on the relative substitution lability of the
ions left sharing the bridge after electron transfer,

Systems in which the net result is a transfer of two

electrons have also been studied. Because of the charge



difference of two between the reactants, dissimilerity in
coordination atmospheres will be considerable, and the
energy barrier from the necessary subsequent rearrangement
will be higher. The "tunneling" hypothesis 1is even less
attractive because quantum mechanical calculations indicate
a very low probability for a simultaneous transfer of two
electrons. Most such two electron exchanges have been
studied in halide or pseudohalide media such as chloride
and cyanide. In T1(I)-T1(III) (&), Sn(II)-Sn(IV) (9), and
Sb(III)-Sb(V) (10, 11, 12) exchange equilibria, transition
states which contain two univalent anion bridges are proposed;
and the exchange does not necessarily proceed stepwise
through the intermediate oxidation state. These results
have promoted an interest in the possibility of a single
bridge by a divalent negative ion such as sulfafe.

Sulfate bridges have been postulated by Brubaker and
Mickel in the T1(I)-T1(III) exchange (13), It is of interest
to note that on the addition of chloride to the T1(I)-T1(III)
system in agueous sulfate (14), the rate of exchange is
first diminished as the sulfate complexing is replaced by
chloride, and only increases when sufficient chloride 1is
present to approach the double chloride bridged intermediate
proposed by Dodson. In the Sn(II)-Sn(IV) reaction in
aqueous sulfuric acid studied by Gordon (15), sulfato species
are apparently the exchanging groups, and presumably sulfate

bridging is invclved in the activated complex.



Be Antimony Chemistry
The first publication on antimony appeared in 16Ck, and

was attributed to a fifteenth century monk, Basilius
Valentinus. A pertinent quotation from this work, entitled
"The Triumphal Chariot of Antimony is as follows: " But
antimony, like mercury, can best be compared to a round
circle, without end, and the more one investigates it, by
sultable means, the more one discovers in it, and learns

from it; it cannot be mastered, in short, by one person alone
because of the shortness of human life" (16), The enthusiasm
of many experimenters has been blunted on the frustrating
chemistry of antimony.

The chief use of antimony is in alloys, particularly
those with lead, which are employed in batteries, bullets,
and type metal. There has been considerable recent interest
in the application of metal antimonides as transistor and
thermoelectric materials.

Antimony compounds display the anticipated +3 and +5
oxidation states, In the +3 state, antimony is amphoteric,
the trioxide (actually Sb,Og) dissolving in acids or alkalis,
with the isocelectric point at pH 8.6 (17). Little evidence
exists for a definite antimonous acid, precipitates of
hydrous trioxide being obtained (18). The +3 cation forms
a sulfate and nitrate, but only with concentrated acids, and
these are readily hydrolyzed to form the basic antimonyl

salts containing the Sbo* group. The antimonites, commonly



formulated as MSbCQ, are also subject to extensive hydrolysis
in water. In 2.5 N KCH an ionic weight in accord with the
formula Sb(CH)), ~ was established by Brintzinger by dialysis
measurements.

According to the position of antimony in the fifth
group of the periodic table, one might anticipate an ortho,

a meta, and a pyroantimonic acid. However, no definite
hydrates of antimony pentoxide have been found (20). Anti-
mony pentoxide apparently can occur with any arbitrary water
content, and the varying properties that have confused
investigators are the result of differences in the method

cf preparation,

The salts of antimonic acid were initially regarded as
"meta" salts of the type MSbO3-xHéo, but from the calculations
of Pauling (21), and the x-ray investigations of Beintema
(22), they have been shown to be derived from an acid of the
formula HSb(CH)¢. The sodium salt, long known as sodium
pyroantimonate, and assigned the formula N32H28b207'5H20,
1s sometimes used as a test for sodium ion because of its
insolubility. That the antimony(V) species present in basic
sclution is actually Sb(0H)g~ has been shown by the dialysis
measurements of Brintzinger (19), and the spectral studies
of Souchay and Peschanski (22),

If either the trioxide or pentoxide is heated above
300°, the so-called antimony tetroxide is obtained, but the

existence of tetravalent antimony has never been established.
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The crystal structure of the tetroxide (Sby0Og) is similar to
that of SbTaly, and contains both Sb(III) and Sb(V) atoms.
The solubility and oxidation state of the tetroxide in water
and in dilute and concentrated acids and alkalis has been
investigated by Konopik and Zwiauer (25), who concluded that
the tetroxide is present as Sb(III)Sb(V)Oy, although the
exact nature of the species was not established.

Both oxldation states form a variety of complexes;
those with oxygen, sulfur, and halide donor groups are of
particular importance, Chelate complexes with organic
ligands such as oxalate, citrate, tartraste, and acetylaceton-
ate are well known, Antimony trihalides form a number of
complex halides of the type NMSbX, M28bX5, and M3SbX6, while
antimony(V) yields halide ccmplexes such as MSbFg, MSDClg,
and MSbBrg.

The identification of antimony species in aqueous
solution has been rather limited, and the solution chemistry
of antimony 1s almost entirely that of complexes. As
mentioned above, in basic soluticn, the dominant specles are
Sb(0H),~ and Sb(CH)¢~. The effect on Eb(V) species upon
acidification of basic sclutions has been studied spectro-
scopically by Souchay and Peschanski (23), who treated
potassium antimonate solution with acetic, formie, or chloro-
acetic acid until the final solution was 1-2 N in acid and
12 x 1073 M in antimony. Spectral changes observed with

decreasing pH were interpreted in terms of anioniec
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polymerization. Antimonate icn was claimed to be Sb(OH)6'
at high pH, and HSb6017'3 at pH values below 2.5; no
appreciable amounts cof other ions were shown to exist above
pH = 0C.9.

The antimony species that have received the most
attention are those observed in hydrochloric acid medisa,
since most investigators prefer to work in areas where
solubility problems are not so critical. In high hydrogen
ion, high chloride systems, the dominant species appear to
be SbCly,~ and SbClg™.

SbClé' has been reported as the polarographically
reducible species in 4-6 N HC1l, or in 6 N HC10, containing
0.2 N HC1 (26)., In the absence of chloride, no reduction
wave other than the hydrogen ion discharge occurs., Similarly,
polarographic data for the reduction of Sb(III) in hydro-
chloric acid indicated that the antimony is essentially all
present as SbCl,~ (27), The formal potential of the
antimonous - antimonic half-cell for chloride solutions has
been investigated by Brown and Swift (28) who postulated
the following equilibria:

SbCl,~™ + 2C1~ = SbClg™ + 2e
SbClg~ + xHOH = Sb(CH),Cl,~ + xH' + (6-y)C1-
SbClg™ + SBCL,~ = SbyCly,~2

The spectra of Sb(III) and Sb(V) in hydrochloric acid
solutions have received ccnsiderable attention because of

"interaction absorption". Abnormally deep and intense
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coloration is cften exhibited by systems containing an
element in two different oxidaticn states. Such optical
interaction has been cbserved for Sn(II)-Sn(IV), Fe(II)-Fe(III),
and Cu(I)-Cu(II)., For Sb(III)=-Sb(V), this phencmenon has
been shown to be the result of a dimer between SbClg~ and
sbci,- (29, 30, 31), and not a complex of Sb(IV). Additional
spectral studies on Sb(V) species in hydrochloric acid
solutions have been performed by Neumann (32, 33), who
interpreted spectral changes with decreasing hydrochloric
acid concentration as the stepwise hydrolysis of SbClg-,
yieléing equilibria involving Sb(CH)Clg‘, Sb(OH)2C1u', and
Sb(0H)3C137. Sb(O0H)Clg~ is the predominant form in 8 M

acid, and Sb(OH)5Cly™ in 6 M acid. Sb(0H)3C13” and more
hydrolyzed species are the most important in acid concentra-

tions below 5 M.

C, Antimony(III)-(V) Electron Exchange

Antimeny(III)-(V) electron exchange has been investigated
in aqueous hydrochloric acid by Bonner (10), who examined
the system principally in 6 M hydrochloric acid at 25°C.,
and derived the empirical rate law:

R = (8.8 % ¢.9) x 107 1 [sb(111] %+6 Fb(v)] 1+1 e~ ]9 [E]
While Bonner proposed no mechanism for the exchange, his
results indicated that the interaction dimer observed in
spectroscopic studies was apparently not the primary

activated complex in 6 M HCl, although formation of the dimer



12

could be a rate-determining step in one of several exchange
processes,

Cheek (11) observed the exchange in the hydrochloric
acid concentration range of 6-12 M, and found unit Sb(V)
dependence, but an Sb(III) dependence which decreased from
unity in 12 M acid to 0.9 in 9.5 M EC1l, a difference which
was felt to be real. In ~ 4 M HCl, a dependence of 0.8 was
indicated, althcugh experimental error was estimated to be
at least 20% in this set of determinations. Although insuf-
ficient data were ccllected to make an estimate of order,

a marked increase in the exchange rate with increasing
chloride (6-10.6 M) at hydrogen ion concentrations of
approximately 6 )M was observed, while increasing hydrogen
ion from 4.3 to 6.8 M at 9.5 M total chloride resulted in a
slight decrease in rate.

Cheek attempted to relate Sb(III)-Sb(V) interaction
spectra with exchange rates, but ccncluded that the exchange
proceeds by several paths, some of which do not involve the
interaction complex. The decreasing dependence of the
exchange rate on the Sb(III) concentration with decreasing
hydrochloric acid was explained as the consequence of slow
interconversion of several forms of Sb(V) at equilibrium,

Neumann has studied the equilibrium (32) and kinetic
(33) behavior of Sb(V) in hydrochloric acid solutiocn, and
has ccrrelated thils work with the results of Bonner and

Cheek, as well as performing some new exchange experiments (12).
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The observed ccmplexities of the exchange recction were
interpreted on the assumpticn that SbClg~™ 1s the only srecies
that exchanges with Sb(III), and that in more dilute hydrc-
chloric acid solutions the rate determining step is the
formation of SbC16' and not the exchange process. Exreriments
rerformed under non-equilibrium conditions where all the

Sb(V) was initially present as SbCl¢~ indicated that the

rate ¢f exchange decreases with increasing azcidity. 1In
studying the kinetics of the hydrclysis of SbClg™, the St(III)
catalysis that had been observed was attributed to the
ability of the Lewis acid SbCl3 to abstract a chloride icn
from SbClg~. SbCl3 was also postulated as the exchanging
species of Sb(III) instead of SbCl),~, because decreasing
acidity leads tc a more rapid exchange between SbCl,~ and
Sb(III), and the formation of a transition state between a
neutral molecule and an anion is more probable. Neumann
suggests transition states for the exchange such as

Cl\ I

SbC13™ and Cl3Sb£g —~SbCl3”

c1,sy’ 1
ey’

Y

Twe additional Sb(III)-Sb(V) systems have been studied
by Turco, who observed the effect of trcmide in 3.2 mclal
EC1 (34). The rate ccnstant 2t 26° waes fcund to be given

by the expression:
k = (4.4 1 0.2)x10-% [Sb(III)|~C.15 [sb(v)] 1.1 [Br=] 3.5 [HF] .2
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The fracticnal orders cbserved were nct exrlairned, a not
unexpected consequence since the system is sufficiently
ccmplex in HC1 without introducing btromide as another
variable.

In 1.8 N KCH, no exchange was cbserved between

antimonite and antimonate (35).



III. THECRETICAL

The expcnential rate law which governs the appearance
of radicactive atoms in the initially untagged species has
been derived by McKay (36), and in its logarithmic form
appears as fcllows:

1n(1-F) = -R 2*b t , where:

observed rate of exchange
total concentrations of the reactants
fracticn of exchange, X/Xw, With:
x = specific activity at time t in
initially untagged species
¥ = Specific activity at time te. in
initially untagged speciles

[\
o
nun

This exponential law is follcwed regardless of the
mechanism by which exchange occurs, the numbter of exchangeable
atoms in each species, or the concentration of the radio-
active atoms. The only restriction in its applicaticn is
that the exchange reaction must occur in a stable, homo-
geneous phase, and that the atoms of each oxidation state
are elther chemically equivalent or are involved in an
equilibrium among themselves which is rapid ccmpared to the
rate of exchange. A plct of 1n(l-F) vg, t will be linear
for the entire run, and R may bte calculated from the slcpe.
The great advantage in the study of exchange kinetics as
opposed tc the kinetics of crdinary chemical reactions is
that R is evaluated from the entire run, and not from an

extrapolated point.
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More conveniently, t? can be cbtained grarhically, and

R evaluated from a derived relaticn:

_ C.6 ab
B = '(‘;’?‘%Tt%

To determine the reacticn crder with respect to the
reactants cr any other species, general kinetic rrocedures
are aprlied. The rate may be typically given by a relaticn
such as:

R = k(a0 (e
The concentrations of a, b, and ¢ may be independently
varied, andx,(3,% , the orders of the reaction with respect
tc the individual reéctants evaluated, e.g., from the slope

of the plot of log R vs. log (a) :

(3. log R’f:} = X
dloe(al)/(py ey

Since it is necessary tc apply a chemical separation
method, transitory intermediates may form which exchange
more rapidly than the homogeneous system. Prestwood and
Wahl (37) have shown that in the semi-log plct of (1-F) vs.
t, while the intercept will not be unity, the slope will not
be affected, so that t% and R may be correctly evaluated.



IV, ZXFERIFENTAL PRCCEDURES

L, Materials

The antimcny metal and antimcny trioxide emplcyed were
the Baker and Adamscn reagent grade product, while the
sulfuric and hydrochlcric acids were reagent grade materials
purchased from E. I. du Font de Nemours and Comgpany.
Perchloric acid was obtained from the Mallinckrodt Chemical
Works. Lithium perchlorate was prepared from Mallinckrodt
reagent grade lithium carbonate, a slight excess of which
was added to reagent perchloric acid, recrystallized as the
trihydrate, and dried over anhydrous lithium perchlcrate.
Where lithium perchlorate was necessary in preparing
sclutions for exchange, it was welghed directly, but in
general, where possible, the use of 1lithium perchlorate was
convenlently aveided by the judicicus combinaticn of
perchloric acid and lithium chlcride sclution, prepared from
Mallinckrodt analytical reagents, and standardized by tit-
ration with silver nitrate. Lithium sulfate mcnohydrate
was the Fisher "Certified" analytical grade material. The
"thionalide", « -mercapto-N-2-naphthylacetamide, was Eastman
Kodak #5628, while the 8-hydroxyquinoline (8-quinolinol) was
Eastman #794%. The cupferron, ammonium nitrosophenylhydroxyl-
amine, was "Baker's Analyzed'" reagent grade, All of the

other analytical reagents and chemicals emplcyed in this



15

work were reagent grade materials from reputable suprliers,
and were used without additicnal purificaticn, except perhaps
for a routine drying operaztion fcr the primary analytical
standards,

The antimcny tracer used in the exchange experiments
was Sb125. This nuclide decays to an excited state of its
daughter Te125 with a half-life of 2.7 years. Maximum C3
energies observed and their distribution are C.128 Mev 33%,
C.299 Mev 49%, and C.616 Mev 184, Associated ¥ energies
are C.C35, C.110, C.175, C.425, 0.601, and 0.637 Mev., The
metastable daughter nucleus attains its ground state by
iscmeric transition with a half-life of 58 days through
emission of C.C354 and C.109¢ Mev § radiation.(38),

Three Sblzs activity units were obtained from the Cak
Ridge National lLaboratcry, each centaining C.4 millicuries
of Sb125 in €,2 grams of metallic tin that had teen

subjected tc neutron irradiation fecr 28 days.

a-
£a12*(n,¥)sn127 10 minutes;'SbmS
10 days

Separation of the spled from the greoss amount of tin
was accomplished by fracticnal sulfide precipitation from
a medium in which the tin was present as the oxalato Sn(IV)
complex (39, 4C, 41). Since each unit contained only
approximately 3.8 x 10'7 grams of Sb125 in 6.2 grams of tin,

it was necessary tc emrloy isotepiec carrying. The procedure



16

fcllowed is cutlined on page 2C.

Each unit was dissolved in 25 ml. of concentrated
hyérochloric acid, 5 ml, of 12 M sulfurie acid sclution
containing 0.C22 grams of antimcny were added, and the tin
oxidized with elemental bromine. A hct solution of 120
grams of oxalic acid dihydrate and 20 grams of potassium
hydrcxide in 10C ml. of water was added, and the antimony
was precipitated by hydrogen sulfide by a pressure technique
(42)., The antimony sulfide was separated and washed by
centrifugation. Another addition of antimony carrier was
made to the mother liquor, and a second sulfide precipitate
collected., The combined sulfides were dissolved in 5 ml,
of ccncentrated sulfurlic acid, and reprecipitated from a
medium ccntaining 10 grams of oxallc acid dihydrate in 1CO
rl. of solution.,

The combined sulfides from all three units were dis-
sclved in 30 ml., of hot, concentrated sulfuric acid, yielding
an Sb125 stock sclution which contained approximately C.15
grams cf antimony in 25 ml. of concentrated sulfuric acid.

An aluminum absorption curve was cetermined for the
prcduct, and yielded a range of 220 mg./cm.z, ccrresponding
to a maximum (3 energy of 0.61 Mev (43). A half-life for
the isotope was established employing a National Bureau
of Standards RaD-RaE standard. This determination was
rather inadequate, decay being observed for a period of only

€ months, but the data yielded a value of 2,6 years, which
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agrees as well as can be expected with the accepted value.

B, Antimony Stecck Solutions

Antimony metal was dissolved in hot, ccncentrated,
sulfuric acid. The white, crystalline antimony(III) sulfate
which precipitated on ccoling was separated by filtration
thrcugh fritted glass, and was recrystallized twice from
ccncentrated sulfuric acid. Antimeny(III) stock sclutions
were prepared by adding an excess of antimony(III) sulfate
to hot 12 M sulfuric acid, cooling the solution to room
temperature, filtering through fritted glass, and adding a
small arount of 12 M sulfuric acid to the filtrate to avoid
saturation effects, Two such stcck solutions were prepared,
and contained 0.0368 and 0.C595 M antimony(III) in 12.76
and 12.74% M sulfuric acid, respectively.

In order to obtain scluticns in this concentration
range, any hydrolysis of antimony(III) must be avoided., If
the antimony(III) sulfate is hydrolyzed with water, or if
the starting material 1s antimony trioxide instead of the
metal, maximum antimony concentrations that are realized
are of the crder of 0.Cl M, and a solid phase separates
slowly, even if the hydrolyzed sulfate or reagent grade
antimony trioxide 1is digested with hct, ccncentrated,
sulfuric acid for extended periods. Solutions prepared as
described above, however, have been stable for more than

a year.



The classical preparation of the +5 oxidation state
involves the chlorine cxidation cf antimony(III) in hydrc-
chloric acid sclution (44, 45), This route was initially
avoided because of the difficulty cf removing traces of
chlcride frcm the hydrclyzed prccuct and the need to aveid
any possibility of chloride contamination in the exchange
experiments in aqueous sulfuric acid which were the primary
objective. However, neither the reaction of metallic
‘antimony with ccncentrated nitric acid nor the oxidation of
of a hydrobromic acid solution of antimony trioxide with
elemental bromine resulted in quantitative conversion.
Antimony(V)/antimony(1II) ratios of about two forced
acceptance of the chlorination procedure until a superior
technique was evolved.

Antimony trioxide was dissolved in concentrated hydro-
chloric acid, filtered through hardened Whatman #50 paper,
and treated wiltin purified chlorine for several hours. The
cclor of the sclution proceeded from a light yellow to a
dark orange, to a pale greenish-yellow. These transitions
are apparently the result of Sb(III)-St(V) interaction
absorption in hydrochloric acid (29, 46), which disarpears
as the oxidation goes to completion. “he sclutlion was
concentrataed, cooled in an ice-salt bath, and saturated for
three hours with hydrogen chloride generated from concentrated
hvdrochloric 2nd sulfuric acid. 2 dense deposit of white

crystals of hexachloroantimonic(V) acid separated. These
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were collecte? on fritted glass, washed with ice-cold
hydrochloric acid, and recrystallized twice from hydrochleric
acid by cooling and resaturating with hydrogen chloride.
The product remained crystalline only when cold, degenerating
into a soupy slurry at room temperature. The hexachloro-
antimonic acid was hydrolyzed with water, and washed by
digestion and decantation with fifteen 1500 ml. portions of
water over a period of three weeks., Peptization difficulties
were avoided by ascidifying the wash water slightly with
sulfuric acid. Even after this extensive washing, the
supernate yielded a qualitative test for chloride. The
hydrolyzed material was collected on a filter, washed irntc
a two liter, rci-d-bottomed, two neck flask, 250 ml. of
concentrated sulfuric acld were added, and the mixture was
heated to 140-150 °C, while being agitated with a slow
stream of nitrogen. Water was periodically added to the
pot, while the distillate was analyzed for chloride by
addition of silver nitrate and comparison with C.1l and 1.0
P.p.m, standards in Nessler tubes. After 2300 ml,., of
distillate were collected in this manner, chloride tests
Wwere finally negative., The filtered product was a white,
viseid semi-solid (20), which was converted to a white
powder after drying at 110 °C, Oxidation state analysis
indicated a complete conversion to antimony(V).

Because of its solubility, or slow solution kineties,

rreparation of sclutions of this material was difficult.
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It did not dissolve appreciably in ccncentrated hydrochlcric
#cld, nor did it dissclve completely in boiling, concentrated
sulfuric acid in finite time, except for one fortuitous and
never duplicated combination of conditions, when complete
solution occurred, yielding an antimony(V) concentration of
0.108 M. Other antimony(V) solutions in sulfuric acid were
prepared by heating the product with acid, removing undis-
solved material by filtratlon, and concentrating the filtrate.
Completely stable solutions up to 0.079 M antimony(V)
prepared in this manner were used in some early spectral
work, but not in any exchange studies,

The method just described for obtaining sulfuric acid
solutions of antimony(V) is circuituous, tedious, and
vulnerable to criticism as to trace chloride impurities.

An optimum technique was found where the antimony(III) was
oxidized to antimony(V) in situ, utilizing the mixture of
peroxydisulfuric acid and its decomvosition products,
peroxymonosulfuric acid and hydrogen peroxide, that results
from the electrolysis of sulfuric acid solutions,

Peroxydisulfuric acid was produced by a high current
density anodic oxidation of sulfuric acid (47, 48, 49, 50).
The ancde was a one centimeter length of heavy platinum wire;
the cathode was a 15 centimeter spiral of finer platinum,

The source of potential was a six volt automobile storage
battery used at full cepacity, The 9 M sulfuric acid

electrolyte, cooled in an ice bath, was electrolyzed at 1.5
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amperes for eight hours. Current efficiencies of arprcximately
33% were obtained, based on total oxidizing power of the
product solutions.

Immediately after preparation, the '"peroxy acid" was
added 1in 2-300% excess to antimony(III) solutions in 12 M
sulfuric acid, and the mixture allowed to stand for twelve
hours. Gentle heat was applied until oxygen evolution
ceased, then increased in intensity to ccncentrate the
antimony(V). Unless the antimony soclution was extremely
dilute, the increase in heat resulted in the appearance
of a fine, white, solid phase, which slcwly dissolved.

Stock solutions of antimony(V) prepared in this manner
yielded antimony concentrations of 0.05-0.08 M, although
higher concentrations could be attained with nc precipitation
édifficulties.,

The normal procedure in electron exchange studies 1s
to prepare a solution of the two oxidation states, allow
them to equilibrate, and take zero time as the moment of
addition of a small amount of tracer. This technique
presumes that the exchanging species in the gross mixture
and the tracer stock solution are identical, or reach
equilibrium instantaneously. Because of the complexities
inherent in the antimony(III)-(V) system, such an assump-
tion appeared unwarranted, so that antimony(V) stock solutions
for exchange work were prepared with Sb125 initially present.
An appropriate quantity of sb125 solution was added to -
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antimony(V) in sulfuric acid solution, and the "peroxy acid™
oxidation process repeated. The product was diluted with

6 M sulfuric acid to yield an antimony(V) in approximately
12 M sulfuric acid stock, containing the necessary sbl25
tracer, suitable to be used in the preparation of the final

exchanging solutions,

C. Solutions for Exchange

For each kinetic run two individual antimony(IIl) and
antimony(V) solutions were prepared in 50 ml. volumetric
flasks., Each pair was identical in all respects except
antimony content. The order of addition of components, when
used, was always the same, as follows: solid lithium per-
chlorate trihydrate, so0lid 1lithium sulfate monohydrate,
water, hydrochloric acid, 1ithium chloride solution, perchloric
acid, sulfuric acid, antimony(III) or antimony(V) stock
solution, and finally, after temperature equilibration,
water to volume. The so0lids were weighed to the tenth of a
milligram cn the analytical balance, while the calculated
amounts of each stock solution were added from clean, d4ry
burets, whose stopcocks were lubricated only with the
solution to be added. The exchange solutions were equili-
brated at constant temperature for at least twelve hours

af'ter preparation, and mixed at zero time.
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De Separation of Antimony Oxidation States

In the observation of the kinetics of the exchange,
the tracer was always present initially in the (V) state.
Antimony(III) was serarated at definite time intervals, and
the growth of activity observed, since this technique offers
the least probability for separation-induced exchange due
to transitory complexes and separation intermediates (51).
While antimony(III)-(V) separations have been utilized in
previous exchange investigations, this study presented the
unique problem that the antimony solutions were 10-100
times more dilute. It was necessary to be able conveniently
to separate, mount, and count approximately 5 x 1073 mi11i-
moles of antimony(III). Three distinct separations were
used, two of which involved(3 counting of a gravimetric
precipitate, while the third was based on liquid phase Y
scintillation counting of an antimony(III) extract.

The first method evolved employed "thionalide", the
A-aminonaphthalide of thioglycollic acid, to precipitate
the antimony(III) thionalate, Sb(Cy,H10NS)3y (52, 53, 54).

-NH-g-CHQ-SH

"Thionalide"

The reagent behaves ir. a manner analagous to hydrogen
sulfide, cations forming insoluble sulfides, 1n general,
form insoluble "thionalates". The precipitation of antimony(V)

wa s prevented by the formation of the hexafluorocantimonate(V)
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complex with potassium flucride. The advantage cf this
reagent is the bulky nature and high molecular weight of the
precipitate. The chief disadvantage 1s its sensitivity to
oxidation, an insoluble disulfide being formed, the presence
of which prevents direct gravimetric determination of
antimony recovery.

The precipitate was separated by filtration through
22 mm. Whatman #42 paper on a stainless steel filter with
a removeable chimney to facilitate mounting of the sample.
Since antimony(III) thionalate is readily soluble in acetone,
it was easlly possible to dissolve the precipitate, destroy
the complex by nitric-sulfuric digestion, and determine the
antimony colorimetrically by the tetralodoantimonate method
(vide infra). Separation and recovery of the antimony(III)
was in excess of 99%.

The thionalide method was successfully applied to
exchange studies in aqueous sulfuric acid media in which
no electron transfer occurred. When systems with chloride
present were studled, it was necessary to abandon the method
because induced exchange became a problem ()50%), and also
extensive oxidation of the reagent resulted in increased and
unreproducible contamination of the antimony(III) thionalate
with disulfide, leading to inconsistent self-absorption
errors in the counting procedure.

The second gravimetric separation that was applied was

the use of 8-hydroxyquinoline to precipitate the antimony(III)
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oxinate (54, 55), a method that has been successful in other
antimony exchange systems (3, 34). Oxine precipitation,
however, was not sufficiently sensitive in this concentration
range, and it was necessary to supply additional antimony(III)
as a carrier. Induced exchange again became a problem in

the presence of appreciable chloride, although the technique
was quite satisfactory in low chloride systems, Filtration
and mounting were accomplished as described for the thionalide
separation.

The successful separation that was employed in all
exchange runs for which rates were determined involved the
precipitation of antimony(III) with cupferron (ammonium
nitrosophenylhydrcxylamire) (56, 57). Antimony(V) is not
rrecipitated by this reagent. Since a gravimetric separation
wculé be inaccurate because of the small particle size of
the precipitate, uncertainty in its composition, and its
instability, the antimony(III) cupferrate was extracted with
chleroform (58), and an appropriate aliquot taken for ¥
counting. Induced exchange was a minimum,

The cupferron was freshly prepared as a 1% aqueous
solution at least every eight hours, and maintained at O °C.
to avoid decomposition. A 5 ml, aliquot cf the exchanging

solution was pipetted into a 125 ml. separatory funnel



containing 7C ml, of ice-cold water and 5 ml. of reagent
solution, and the mixture agitated; artimony(III) cupferrate
precipitated. The mixture was then shaken for 30 seconds
with 5 ml, of reagent grade chloroform, and the phases
allowed tc separate for twe minutes. The chlorcform extract
was filtered through a glass wocl plug into a 10 ml,
volumetric flask., An additional 5 ml. of cupferron reagent
were added to the separatory funnel, and the mixture again
extracted with 4 ml. of chloroform. After a third extrac-
tion with 14 ml. of chloroform, the glass wool plug was
washed with + ml, of fresh chloroform and the extract made
up to volume. A 4 ml., aligquct of the solution was pipetted
into a one dram screw cap vial. To prevent loss of chloroform
by evaporation and consequent variation in counting geometry,
it was necessary to seal the vials by stoppering them with

a cork cut off flush with the top of the vial, ccated with
Goodyear "Plicbond" adhesive, and covered with a circle of
aluminum foil before the cap was screwed on tightly.

It was essential to use an 1lce-cold aqueous phase
because the extracted antimony(IIl) cupferrate complex is
not stable, and there is a possibility of decomposition and
"bleed back" into the aqueous phase (59). Similarly, the
antimony(III) cupferrate solution in chloroform decomposes,
@ s0l1d phase separating in a manner of minutes if the
SoJution is kept at room temperature. It is impcssible to

Secure a representative aliquot for counting if there is
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even a slight turbidity present. Extracting a cocld aqueous
phase, however, ylelds a chlcrcform solution stable for at

least fifteen minutes.

E, Counting Procedures
The filter papers with the thionalide or 8-hydroxy-

quinoline precipitates were mounted under cellulose film

cn cards cut to fit the plastic holder cf an R. C. L. steel
castle, and counted in the center of,and two cm. below, a

2.7 mg./cm.2 G-M tube monitored by a Nucleur Corporation
scaling unit (Model 163). When the equipment became available
shortly after the inception of this work, /3 counting of the
sclid samples was accomplished with a Baird Associates -
Atormic Instrument Propcrticnal Counter and a mylar window,
gas flcw tube. In all such samples,activities observed were
very low so that no correcticn other than that for tackground
was necessary.

A1l of the kinetic runs where significant exchange was
observed were counted in new, one dram, screw cap vials,
sealed as previously Jdescribed, in a well-type NaI(T1l)
scintillation counter. Because of the essentially 4 77
geometry and efficiency of scintillation detection, only
background correcticns were applied. A minimum of 10,000
counts were registered for each sample., Since all the

Samgples from individual runs could be easily counted within

two hours, nc correction was necessary for the decay of Sb125.
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It is customary to obtain equilibrium activities when
t = oo for McKay plots by taking samples after 10 half-lives.
A calculated equilibrium activity was used in this project
because of the long half-lives encountered, and also because
cf the non-linearity of the McKay rlcts observed under scme
circumstances., In general, kinetic runs were sampled for
approximately twc half-lives, and 8 - 14 samples were
obtained, Beycnd two half-lives, or (1-F) values of C.200,
errors in radicassay increase arpreciably (15, 68), and
small errors in the rather involved separation technique
introduce considerable scatter in the points cf the McKay
plct.

Equilibrium activities were calculated from the follcw-

M
Aoo = AO &?:3}'?5% where:

ing relaticn:

hoo = equilibrium activity at t = o0
Ag = observed activity of an equivalent aliquot
of the exchanging soluticn
¥3, Mg = molar concentrations of SH(III) and SbH(V)

respectively

Three samples were taken from each run for equilibrium
activity calculations, and were mounted in a manner identical
to that of the kinetic specimens. The three equilibrium
activity samples were counted at the beginning, at the half-
wWay point, and at the end of a kinetic run sample counting

S equence, The average of all these results yielded A,.
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Although the vclunetric eguipment used in taking these
standard samrles was deliberately varied, the observed
activities agreed within counter statisties. This technique

also served tc mcnitcer the counting equipment for drift.

F. Light Absorrtion Measurements

tbsorption spectra for qualitative or semi-quantitative
purroses were recorded on a Beckman DK-2 recording srectro-
photometer, All quantitative measurements were obtained
with a Beckman mcdel DU spectrophotometer equipped with a
rhotomultiplier tube and a line-operated, ccnstant vecltage,
D.C. pover suprly. Since all spectral studies were made
below 400 mu, a hydrcgen discharge lamp served as the light
source, Glass-stoppered, matched quartz cells with 10 mm,
light paths were used, with distilled water as the reference
solvent., All samrle absornticns were corrected by simul-
taneous blanks cn the apprcpriate media in which antimony

abscrption was being observed.

G, Analytical Methods
Acid soluticns were standardized by titration with

half-normal, carbcnate-free scdium hydroxide solution, which
had been standardized with potassium acid phthalate and
Stored in a paraffin-coated bottle rrotected from the
atmosphere by an ascarite guard tube. To avcid errcrs from
t oo many volumetric crerations, 5C0 or 10CO A porticns of

the fairly concentrated acid stock soluticns were measured
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by Research Srecialties Cc. "Lazmbda-Fettes" which are cali-
brated to contain, nct deliver, thereby avciding viscosity
effects and drainage errors.,

Antimony soluticns were analyzed by titration with
decinormal pctassium bromate, prepared from oven-dried,
primary standard reagent, Titraticns were perfcrmed in
2-3 N hydrochlcric acid soluticn, with naphthol blue-black
as an irreversible indicatcr (6C). Antimony(V) was deter-
mined by reducticn with scdium sulfite, evolution of excess
S0, by boiling, and bromate titration., For samples requiring
mere than 5 ml. of titrant, a 10 ml. buret calibrated every
C.C5 ml, was emplcyed, while a micro-buret calibrated every
C.Cl ml. served in semi-micro work. The colorimetric
tetraiodoantimonate method which is based on the light
absorption of the SbIh' complex ion, was applied to small
quantities of antimcny (61, 62). The colorimetric reagent
1s a concentrated potassium iodide - escorbie acid soluticn,
the ascorbic acid serving to reduce any ilodine liberated
by oxidizing agents in the sample. Absorpticn measurements
were taken at 425 mu vs. a reagent blank, and the system
followed Beer's law in the concentraticn range ccnsidered
(C.1 - 3 x 103 millimoles Sb/50 ml.).

Chloride determinations were made by the Caldwell -

Moyer medification cf the Volhard method (63). Where
aAantimony was present in chloride titrations, it was comrlexed

WI1+th tartaric acid., The silver nitrate solution was
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standardized gravimetrically as silver chlcride, ard
volumetrically by titration of aligucts of standard sodium
chloride soluticn.

Sulfate was determined gravimetrically as barium
sulfate which Qas ignited in platinum crucibles. When

necessary, antimcny was removed as the metal on fine iron

wire,
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V. RESULTS

A, Electron Exchange in Aqueous Sulfuric Acid
The initial purpose of this study was to examine Sb(III)-

Sb(V) exchange in aqueous sulfuric acid, Considerable
difficulty was exrerienced with precipitaticn from mixed
Sb(III)-Sb(V) solutions. This phencmencn was a function cf
Sb(III), Sb(V), and sulfuric acid. In 12 M sulfuric acid,
Sb(III)=-Sb(V) mixtures in all nreperticns up to individual
ccncentration maxima of C.,C2 M have been stable for one
year, As the acid is diluted below ¢ M, precipitation
occurs from mixtures of Sb(III) and Sb(V) solutions which
are individually statle,

A survey was made in which @b(IIIj y Eb(Vj , and
@2804] were varied. The precipitates were collected on
fritted glass, and the filtrates and precipitates analyzed.
The maximum compatible concentrations of Sb(III) and Sb(V)
that are stable, or at least metastable, in 3-9 M sulfuric
acid are apprcximately 3-Lt x 1073 M. The conditions for
rrecipitate formation were difficult to establish because
the process is a function of time. Clear filtrates slowly
Separate additional solid phase. All the precipitates

contained equimolar quantities of Sb(III) and Sb(V).
Sulfate ion was present, but not in any discernible stoichi-

Ometric preporticn, and may have been the result of



37

adsorpticn and occlusion of sulfuric acid on the bulky and
amorphous precipitates. These had been sucked dry in the
vacuum filtration process, but were nct woched becense of
tie2 danrer of pentization andA fear of hydrolysis.

With the 1-1 Sb(III)-b(V) ratio, no great imagination
1s necessary to postulate [SbO |[Sb(0OHg) to be the composi-

ion of the precipitates. The elimination of three molecules

of water from this "antimonyl antimonate" yields the formula
for the tetroxide, szoh. The absence of sulfate in the
precipitates, however, has not been established. Spectro-
scopic evidence (vide infra) indicates that Sb(V) species
in aqueous sulfuric acid are involved in complex equilibria,
These may involve Sb(S0y,);~, Sb(OH)g™, and the obvious
intermediates. The rapidity of precipitation 1s an inverse
function of the sulfuric acid concentration. Continuing
precipitation with time may be the resuvlt of the slcw
formation of additional Sb(CH)¢ .

Lfter these rreliminary observations, the exchange
reaction between St (III) and Sb(V) was studied in the
acid range 3-12 M. 1In no case was exchange observed.

The systems examined are given in Table I,

B, Electrcen

The lack of exchange observed in aqueous sulfuric acid
was dissappeinting, but it did rresent the orrortunity to

initiate exchange by approrriate mecdifications. Additicn of
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EXCHANGE RUNS IN AQUECUS SULFURIC ACID

Eigsoq o(11) [Sb(\q Hours Comments
M M M Observed
2.97 2,40 2.39 133 No exchange. Precipitate
x1c"3  x 1073 observed after 8CC hours.
3.99 2.40_ 2.39 3 813 No exchange. Slight
x 1073  x 10 precipitate observed
after 1600 hours.
6.00 2.‘+0_3 2.39_3 1588 No exchange.
x 10 x 1C
6.CO 5.00 4,77 82 No exchange. Slight
x 1073 x 1073 precipitate observed
after 150 hours.
8.96 2.50 2.39 73 No exchange, Slight
x 1073  x 1¢c-3 precipitate observed
after 150 hours.
12.0 2.50 2439 1549 No exchange.
x 1073 x 10-3
11.9 10.2_3  10.7 4 787 No exchange.
x 10 x 10




chloride ion was the cbvicus cheoice, since SB(III) and Sb(V)
do exchange in hydrochloric acid, and chloride has a
proncunced catalytic effect in meny exchange systems,
Freliminary exreriments 1n which hydrochloric acid was added
indicated that chlcride did indeed promote exchange, sug-
gesting a study of the process in such chlcride containing
mecia,

Since the exchanging Sb(III) and Sb(V) srpecies were
certain tc te involved in comrlex equilibria, constant ioniec
strength was maintained in an attempt to eliminate activity
coefficients as variebles. Whether the principal cof icric
strength as criginally defined by Lewis and Randall (64)
applies 1s cren to considerabls gquesticn, since the system
is hardly a dilute electrolyte. However, maintenance of
constant ionic strength should be subject to less criticism
than its neglect, and scme concession to thermodynamics
should be made in a kinetic study.

Choice of an icnic strength also was required because
of the necessity to consider the dissociation of bisulfate
ion in the calculation of the concentration of the species
rresent, The second ionizaticn constant cf sulfuric acid
is defined as:

K, - e (8o
(@ps0y-)
L

For concentration calculaticns, it 1is necessary to
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aprly the concentration "equilibrium constant", ch:

_ (s’
Koe = LJ(ﬁéOu-}

which is related tc the thermcdynamie dissociation constant

by:

Y Bsp.=)
(xﬁsoh-)

Values of‘( and K at variocus ionic strengths were
R 2c

Ky = Koo = K2c:(R

available from the Raman data of Smith (65) and Maranville
(66), based upcn K, at 25° = 0.01Ck, and concentration
calculations were made according to the method of Young and
Blatz (67). Tecessary assumptions were that HCl and HCI(;
were equivalent, that these components as well as the salts
lithium sulfate, lithium chloride, and lithium perchlorate
which were occassionally necessary to maintain ionic strength
were completely ionized, and that the correspondence cof the
dissociation constant of bisulfate ion to the ionic strength
is not altered by their presence.

In general, ionie strength (molar scele) was maintained
at 1C.5, with Kpo = 3.,19. In the study of the effect of
hydrogen icn and of sulfate on the rate of exchange, it was
sometimes necessary to vary the ioniec strength to provide
a significant concentration range of the srecies being
investigated. In such cases, the appropriate value of ch
from the cata of Smith was aprlied, and any such deviation

is ncted in the tatles of data. The concentrations cf
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Sb(III) and Sb(V) were always neglirible in comparison to
the cther species present, so their contribution tc the
ionic strength was neglected. Temperature was maintained
at 24,80 + C.C2 °C. for all runs, except for cne series

at an elevated temperature.

1. Variation of Exchange Rate with Chloride Icn

The effect of chlecride icn on the exchange rate was
investigated in the concentration range ¢ - 6 M chloride.

The sum of hydrcchloric and perchloric acid concentrations
was maintained at €,0C M, sc that for any exchange run:

M HC10, = 6.00 - X HCl. The exchange rate, R, was calculated
from the half-times obtained from plots of log(1-F) vs. t.
The data are presented in Table II. In Figure 1, the log-log
rlot cf R vs. chloride ccncentration, the rates of duplicate
runs are averaged when they are in close agreement,

The log-log plot of R vs. chloride, although reasonably
linear for low chloride ccncentrations, indicates a
continuously decreasing chlcride dependence. The slope was
statistically evaluated for arbitrary portions of the curve,

with the following results:

Cl~) Range Elore
C.C25-C.20 M 2.05
C.15 -C.60 M 1.l
C.50 -1.5C M c.82

1.50 -6000 M 0028
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TAELE II

VARIATICN CF EXCHANGE RATE WITH CHLCRIDE CCNCENTRATION

M = 1C,5 = 3.19, [H*J -,.75v, (soy=] -o7l+rf [Hst

= 2,27 ¥ [P S0 "= 3ac €109~ (6.CC - 3 M) M,

[sbe111Y =°1.71 x 10° M, Sb(V)] = 1.30 x 1o
a1l t? R

M (hours) (moles/liter<hour)

None (a) No exchange observed in 1780 hours.,
C.c25 (a) 74522 5.99 x 10~
0.05 (a) 21048 2.20 x 107
cC.1C (a) u63 ©.,72 x 10~7
C.15 (a) 173 5,60 x 10-6
0.20 (b) 118 3.82 x 10-6
o.ag (a) 66.3 6.79 x 10'?
Ce. (a) 9.9 1.13 x 10-:
C.40 0.1 1.13 x 10-7
0.5¢ (a) 31.7 1.42 x 105
C.60 (a) 23.3 1.93 x 102
0 .60 25,0 1.7% x 102
C.70 26,7 1.69 x 10-2
.80 21.2 2.13 x 102
1.00 20 .6 2.20 x 10-9
1.50 12.0 3.77 x 10-2
2.00 11.2 .02 x 1072
2.00 10. 4,19 x 10~2
2.00 10.6 4,27 x 10~2
2,00 10.2 4,43 x 10~°
3.00 (a) 10.2 4,42 x 1072
L,co (a) 9.33 4,83 x 10~2
5.00 (a) 8.75 5.15 x 10~2
6.CO 6.10 7.4 x 10-2
6.00 7.62 5.3 x 1077

(a) [Sb(V)]) = 1.29 x 103 M
(b) Average of 11 runs (see Table X)




N



1

UR
rc';'
o
tos]
(V]

ITER-HO

—

MOLES /L

)
o

(]
O
B
o w FnoN ©

FIGURE 1.

T 1T T

I

T T 1717

I TV TT17]

L DR AR LA

¥

]

1

1

S S - 3

J I G U S | L 1

.C3

.6 0,1 C.3

EXCHANGE RATE AS

A- Slope = 2.05 [3- Slope

D- Slope =

0.6 1.0 3. 6.0

A FUNCTICN OF CHLORIDE

1.41 (- Slope = 0.82
0.28




ehler

E-L‘
el

£



LY

The cecreasing slcrne at high chlcride is most prcbabdbly
the result of the system aryrcaching a pseudo-zero order
chlcride derencence because ¢f the gross excess present, and
should nct be interpreted as lack of particiraticn of
chleoride in the exchange reaction,

The McKay plots ¢id nct 211 yield the anticipated linear
relationship between 1lcg(l-F) and t. At € M chloride, the
plots are linear. With decreasing chlecride concentraticn,
cdeviation from linearity at lcw (1-F) values occurs, reaching
a maximum in the regicn 1-2 M. From 1-C.4 M chloride, this
deviaticn decreases, until the McKay plcts are again linear.
Typical examples are illustrated in Filgures 2, 3, and L,
Half-times for exchange and rates for runs exhibiting this
phenomenon were obtained from the linear portions.

The observed curvature could hbe the result cof several
effects. Two different srecies could be invclved in the
electron exchange, and the equilibrium between these species
could be kinetically slcw. Alternatively, the curvature
could be the result of the formation of a non-exchanging
species, either a hydrolyzed form or perhaps an interaction
dimer., Absorption spectra of the individual Sb(III) and
Sb(V) soluticns, and the Sb(III)-Sb(V) exchange solution
in 2 M chloride were obtained one hour and 2% hours after
zero time. If hydrolysis were occurring, ocne would
anticipate the absorption to shift tcward sherter wave-

lengthsy if an interaction dimer were forming, a shift to
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longer vavelengths wcvld be expected. The spectra, however,
exhibited absolutely nc change. Runs in C.2C and 2,CO0 M
chloride were macde at 42,0 °C, to observe the effect of
temperature, It was necessary tc assume that this temperature
change had a negligible effect in calculating the concen-
traticns of the species in the exchange solutions. The

data obtained are given in Table III, and McKay plcts are
illustrated in Figures 5 and 6,

By examinaticn of the data at the two temperatures for
the runs in C,20 and ¢.CC M chlorice, it is immediately
obvious that a pseudo-Arrhenius plot of log R vs. 1/T will
yield two quite different slopes, with the slope of the
2,00 M exchange being considerably greater. This observation
is in agreement with the more pronocunced curvature of the
nen-linear McKay plets at 24,8 °oC, as compared to 4¥2.C °C,
ftpparently there are at least two mechanisms for the
exchange, and the exchanging species are functions of the
chloride concentration. In the intermediate region cf
chloride concentration, the processes are competing, with
2 kinetically slow equilibrium between the exchanging

S pecies,



TABRLE III

EXCHANGE AT 42.0° C,

y Koo = 3019, [H'] = 9 75 M, [soud = c.74 ¥, [HSOL7]
M, [FzS04] = 3 o1 ¥, [C10,-] = (6.00 - £b1 1M N,
IN=1531 x 103 ¥, ISb(V)] = 1.31 x 10-3 X

1] t? R

A (hours) (moles/liter-hour)
2.00 2.00 2.28 x 107%
2.00 2.22 o.Ck x 107
C.20 53 .4 .50 x 10-6

.20 58,2 7.8C x 10~6
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2. The Dependence of lixchange Rate con the Concentration of
Sb(III§ and Sb(V)

The cerendence of the exchange rate on the concentrations
of Sb(III) and Sb(V) was determined at 6,CC and C.20 M
chloride. The study of the exchange in 6,00 M chloride was
chronologically the initial investigation performed, and
the concentrations of the solution species and the ionic
strength are somewhat different than those employed in the
bulk of this work. However, at 6,CC M chloride, sulfate
does not influence the exchange, and the effect of lonie
strength 1s negligible (note runs at constant concentration
and varying ioniec strength in Tables VIII and X). The
cnly imrcrtant variaticn is that due tc hydrogen ion, but
at 10 M (H*), a difference of C.25 in molarity shovld nct
rroduce an important chanfe in mechanism,

In 6,00 M chloride, the orders with respect tc Sb(III)
and Sb(V) were found to be 1.04 +,10 and C.,97 +,10. In
C+20 M chloride, the Sb(III) dependence was still unity,

a value of 1.Cl +,09 being derived from the kinetic data,
but Sb(V), with an observed order of C.76 + 08 , displayed
a significant deviaticn. Kinetic results are presented

in Tables IV and V, while the 1lcg-log plots are illustrated

in Fipgures 7 and &,
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DEPENDENCE CF EXCHANGE RATE OV THE CONCENTRATICN CF Sb(III)
AND Sb(V) IN 6.0 M CHLCRIDE

i BN A
Bb(111)] [Eo(v) t# R/ab
M M (hours) moles liters

é.iter -hou.l) (mole-hourg
1.31x1073 C.A45%1073 11.5 2.,60x10™7 30.8
1.31x10~3 1.29x10-3 10.0 k,50x10" 26.7
1.31x1073 1.29x1073 10.2 4, 42x1077 26.1
1.31x1073 1.94x1073 8.85 8.14x10"2 32.1
1.31x1073 2.58x1073 6.48 6.29x10™2 27.5
c.655x1073 1.29x10"3 12,7 2.37x107? 28.1
1.97x1073  1.29x1073 6,94 7.78x10™7 30.7
2.62x1c~3  1.29x1073 6.27 9.55%x102 28.3
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TLRLE V

DEPENDENCE OF EXCHANCE RATE ON THE CONCENTRATICN OF Sb(III)
AND Sb(V) IN 0.2C M CHLCRIDE

p@zgoi%' 2 g?ﬁfﬁ'l@sog] = Cféisf’ [ctsxgﬂ - ?552 ik
Bv(111) Br(v] t? R
M M (hours) moles

éiter-hou%
C.655x1073  1.29x1¢73 148 2.03x10~6
1.31x1073(a) 1.30x10°3 118 3.82x10-6
1.97x1073  1.29x1073 k4.1 6 42x10-6
2.62x1073  1.29x1073 73.7 8.13x10-6
3.93x1073  1.29x1073 56.9 1.18x10°°
6.55x10"3  1.29x1073 35.7 2.09x10"7
1.34x1073  ©.645x1073 120 2.51x10-0
1.31x2073  1.94x1073 95.5 5.67x10~6
1.31x1073  2.58x1073 ok, 3 6.39x10~6
1.31x1073  0.419x10"3 135 1.64x10-6
1.31x1073  3.78x1073 78,2 8.62x106
1.31x1073  4.97x1073 63.1 1.1%x10"7

(a) Average of 11 runs (see Table X)
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3 « Variation of Exchange Rate with Sulfate Ion Concentration

The effect of sulfate ion was observed in the ranrge
C «e2C - 1.25 M in sclutions containing C.2C M chloride,
Whdle Sb(III), Sb(V) and hydrogen ion concentrations were
he1d constant, it was necessary to permit ionic strength
and bisulfate icn concentration to vary. Kinetic data
obtained in C.2C M chloride are shown in Table VI, while
the lcg-log plct of rate vs. sulfate concentration is given
irnn Figure ¢,

In C.2C M chloride, the exchange :ate exhibits a
paxabolic dependence on sulfate ccreantration, with the
ma ximum occcurring in the region C.é6 - C.7 M sulfate. The
curxve is approximately symmetrical, and an estimation of
of slope yields C.7 - C.9 before the maximum, and minus
OCe7 - 0.9 beyond the maximum, Apparently the region
C <& - 0.7 M sulfate is the most favorable for the fcrmation
O©f the exchanging species. The considerable experimental
Scatter in the regiocn cf the maximum is probably the
result of significant rate changes due to small errors in
the preparation of the exchanging solutions.

In 6.CO M chlcricde the rate of exchange is independent
Of sulfate concentration as would be expected in the
PTesence of such a large excess of chloride. Kinetic

Tesults in 6.00 M chloride are given in Table VII.
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DEFPENDENCE CF EXCHANGE RATE ON SULFATE ION CONCENTRATION IN
C.20 M CHLCRIDE

4] =975 4, F19 _= 0.20 ¥, BB(III] = 1.31 x 1073 ¥,
SE (V] =1.30 x 16- 3y
K,. [so.5] [Hso,~ Li ClO R

»no Kpg [f} i Mu] [Eﬂ [ ] (hours)‘{ R
iter-hou
1C.1 3.24 0.20 0.6C C.15  8.7C 220 2 C6x10'g

1C.1 2.24 C.25 (.75 0.0  8.4o 221 2.C5x10°
310.1 3.24 0.31 C.9% c.o4 8,03 181  2.50x10" 6

10.5 3.19 C.37(a)1.13 C.38 8.06 152 .96x10
10.5 3.09 €37 1.13 0.38  8.06 150 3.01x1078
10.5 3.19 C. 1.36  C.31 7 .62 146 3.10x10"
10.5 3.19 c.52(a)1,58 0.23 7.16 123 3.66x10_g

10.5 3.19 C.52 1.58  C.23 7.16 135 3.35%10
10.5 3.19 C.57 1.7 0.18 6.86 107 4.2 x10°g
10.5 3.19 C.62 1.8 C.13 6.56  97.4 L4 .604x10”
1C.5 3.19 0.68 2.07 C.07  6.1€ 118 3.80x10~¢
10.5 3.19 c.74(b)2.27 -- 5.8C 118 3. 2;§10'6
1C .7 3.4 C.83 2.57  C.12 5l 111 l+.06x1o'g
10.7 3.14 0.93 2.87 - L.82 124 3,65x1C”
11 .0 3.02 1.6 3.44%  0.20 4,19 136 3.3 x10° -6
11 .o 3.02 1.20 .88  C.05  3.32 156 2.90x10 g’

1.c 3.02 1.29 05 -- 3.00 181  2.,50x10°

(a) [sp(v] =1.29 x 1073

(b) Average of 11 runs (see Table X)
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TABLE VII

CEP ENDENCE CF EXCHANGE RATE CN SULFATE ION CONCENTRATICN IN
6.00 M CHLCRIDE

EH'*J = 9,75 ¥, [C17).= 6.00 ¥, [b(III)] = 1.31 x 1¢-3 ¥,
1

K, [son=) [Eson~ L1t 101 R
-~ 2 ﬁwﬁu] [y_ E g (hours) moles
iter-hour

10 .1 3.2% .20 0.60 C.15  2.70  7.02 6.44x107°
10.5 3.1 C.52 1.58  0.23 1.36  7.65 5.91x10"2
1C .5 3.19 C.7%  2.27 -- - 7.62  5.93x10°

TABLE VIII
D EP ENCENCE COF EXCEANGE RATE CV HYDRCGEN ICN CONCENTRATION

IN 6.CO M CHLCRIDE
SC), =] = 6.00 M, [SB(III)} = 1.31 x 10"3 M
Eb’tv)] ’ [ ’
A

x’lo %

e

5] [ESOL= L1+ c1o0L, - £ R
20 [M_J } Mh] [ ][ th (hors)
ﬁiter-hou)\

1C.5 3.19 8.00 1.86 1.76 C.42  8.06 5.61x10~0
1C.5 3.19 8.50 1.98  1.26 0.30  7.66 5.950x10°7

10.5 3,19 9.75 2,27 - -- 7.62  5.93x102
11 «O 3,02 1C.25 2.09 - - 8.6 5.05’!{10-5
11 07 2 060 11.00 3.13 - 0039 10 01 ’+.l+8X10-5
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4 . Variation of Exchange Rate with Hydrogen Ion Concentration
The magnitude of the rate cf exchange between Sb(III)
and Sb(V) was determined for hydrogfen ion concentrations
of 8 - 11 M in both 0.20 and 6.CO M chloride. In order to
ef fect the desired changes in hydrogen ion, it was necessary
to permit the lonic strength and bisulfate icn concentrations
to vary. These data are summarized in Tables VIII and IX.
The log-log plct of R vs.(H') for solutions containing
C « 20 ¥ chloride (Figure 1C) displays a sharp maximum at
about ¢ M hydrogen icn. Statistical evaluation of the data
¥ 1 elded a slcpe of ¢.0 in the region € - 9 M hydrogen ion,
and a negative 5.5 slcpe in the hydrogen ion range of
© <= 11 M. In solutions containing 6 M chlcride, the rate
of exchange is not as sensitive to hydrogen ion variation,
but an apparent maximum exists at approximately the same

concentraticn as in 0.20 M chlcride (Figure 10).

Cs Spectroscopic Studies
A comprehensive spectroscopic investigation cf Sb(III)

and sb(V) soluticns was not conducted, but some spectral
Aata were recorded. In aqueous sulfuric acid, Sb(III) and
S (V) exhibit the same type of absorption spectra as have
been reported for hydrochlcric acid solutions. No peaks
8Tre observed in the accessible spectral region; absorption
increases steadily with decreasing wave length, The

Position of the abscrption band is a functicn of both
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TAELE IX

> EPENDEYNCE CF EXCEANGE RATE CN EYDEOGEN ICN CCNCENTRATION
IN C¢.20 M CHLCRIDE

Egg»&])] = .74 ¥, [c1] ook, [Sb(III)] = 1.31 x 1673 M,

= 1.30 x 10°

A Ky, [ oy pat) fie,] td R
M M M A (hours) moles
éiter-hour
S .0 3.18 £.0C 1.86  C.26 k.72 255  1.77x107°
S .Cc 3.1 .25 1.92 - L.65 201 2.,25x107°
©.5 3.24 £.50 1.9%  C.26 5,14 13%  3.37x20°°
10.1 3.2% 8.75 2.00 C.61 5.68  S1.7  4.93x10°
10.1 3.24 $.00 2.06 0.36 5.62 87.7  5.16x10"°
10.1 3.24% S.00 2.06 C.36 5.62  91.3  4,97x10°°
10.1 3.2% .25 2,11  0.11 5.6 1% 3.97x107°
10.5 3.19 .25 2.15  C.51 5.93 118 3.83x10°¢
1C.5 3.19 ©.50 2.20 (.26 5.88 124 3.65x107°
1C.5 3.19 9.75% 2.27  -- 5,80 118 3.82x107°
1C.7 3.1% 10.00 2.36 -- 5.96 141 3.21x10°°
11.c 3.02 10.25 2.51  --  6.06 155  2.92x107°
11.7 2.60 11.C0 3.13 - 6.19 367  1.23x10°°

* Average of 11 runs (see Table X)




64

antimony and sulfuric acid concentrations; with decreasing
acid or antimony, the absorption is shifted toward shorter
wave lengths. Typical spectra in aquecus sulfuric acid are
depicted in Figures 11 and 12. The effect of variation in
sulfuric acid concentration at constant wavelength is
indicated in Figure 13. Antimony(III) solutions obeyed
Beer's law for all acic concentrations and wavelengths
observed (Figure 14), but antimony(V) displays pronounced
deviations (Figure 15). Continuous variation experiments
with Sb(III) and Sb(V) were performed in 12.7 and 4.CO M
sulfuric acid, but no interaction absorption was discovered.

Figure 16 illustrates the spectra that were obtained
with solutions containing 0.20 M chloride, simulating those
utilized in the kinetic work. The presence of chlcride
shifts both the Sb(III) and Sb(V) absorption to longer
wave lengths, but a much more drastic effeect 1s observed
with Sb(V).

To show any interacticn between sulfate icn and Sb(III)
and Sb(V), experiments were performed in which sulfate
Concentration was varied while hydrogen ion was maintained
Constant at 9.75 M. The result for Sb(III) absorbance at
Tixed wavelengths vs. sulfate ion is depicted in Figure 17.
A sipilar experiment for Sb(V) coulé not be successfully
Completed. Spectra were recorded approximately 18 hours
8T ter the preparation of the solutions, and in this time
interval precipitation occurred from 0.20, C.4k4, and C.74 ¥
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sulfate. The amount of precipitate observed varied from a
heavy depcsit in 0.2C M sulfate, to a faint opalescence in
0.74% M sulfate. The complete Sb(V) spectra for sulfate
concentraticns of 1.C6 and 1.25 M are illustrated in
Figure 18,

Similar experiments were performed in solutions
containing C.20 M chloride, where no difficulty with Sb(V)
precipitation was experienced. The resulting spectra are
portrayed in Figures 19, 20, and 21.

While the spectroscopic data do not establish the
nature of the species present, qualitative observations
are possible. It may be presumed that in aqueous sulfuric
acid, Sb(V) is present as an equilibrium mixture of sulfate
complexes. Sb(V) spectra are markedly dependent on sulfuric
acid concentration, and the behavior of Sb(V) at constant
hydrogen icn with the variation of sulfate indicates
Sulfate complexing and not only anionie polymerization.

In 0.20 M chloride, decreasing absorpticn with increasing

Sulfate concentration reveals a competition between chloride

AnaA sulfate, and the Sb(V) soluticn species are presumably
aAn equilibrium mixture of complexes of sulfate and chloride.

Sb(III) apparently forms a sulfato complex, but the
€quilibria involved are probably not as complicated as those

Tor sb(V). Beer's law is followed in aqueous sulfuric aeid,
Which indicates that the number of species present is limited.

It ji4 interesting to note the apparent maximum in absorpticn
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at approximately C.6 Y sulfate in the variation cf absorb-
ance with sulfate at constant hydrogen ion (Figure 17).
This is the region of the maximum exchange rate in the
Kinetic study of the effect of sulfate, and indicates that
the exchanging species for Sb(III) may be a sulfato complex.
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D, Discussion of Errors

The scurces of error in the rate of exchange as
determined by these experiments may be classified as follows:
1. Preparation and standardization of stock solutions.

2. Preparation of solutions for exchange runs.

3. Conduct of kinetic experiments, separation of antimony
oxidation states, and mounting of samples.

4, Radiochemical assay.

It was necessary to prepare and standardize stock
solutions of sulfuric, perchloriec, and hydrochloeric acid,
lithium chloride, antimony(III), and antimony(V). For each
run five to seven components were measured or weighed into
each of two flasks., All these operations were subject to
the normal errors of quantitative procedures. Errors
introduced by temperature variation and sampling time
inaccuracy were insignificant because the temperature of the
exchanging solutions was easily maintained within + 0.,C2 °C.,
and a generous estimate of + 15 seconds in sampling time
may be eompared to exchange half-times of 50 - 100 hours,
The shortest half-time observed was two hours.

In the separation method employed, both positive and
negative errors are possible, either from incomplete extrac-
tion of Sb(III), or possible contamination of the chloroform
phase with Sb(V)., This error is minimized by the fact that
all the points established for a run were used to evaluate

a statistical slope from which the rate of exchange was



calculated. The accurate determination of equilibrium
activity at infinite time 1s most critical. As described
previously, three samples were taken from each run to
establish this quantity. These values, 1in general, agreed
within the limits of the radioassay. Securing of a minimum
of 10,000 counts in this process should limit these errors
to 1%, and indeed reproducibility was found tc be within
these limits.

With all these potential sources of error, it is
difficult to assess the contribution of each and sum them
to yleld a meaningful approximation of the errcr in the
determined rate of exchange. An estimation of the precision
of this work 1s possible, however, because of the repeated
deterrination of the rate of exchange under standard
conditions, for sample solutions with the following
concentrations: [HY] = 9.75 ¥, [50,7 = 0.7 M, [SO,T] =
2.27 M, [(1] =oc.20 M, [10,7 = 5.80 M, [Eb(III) =
1.31 x 1073 ¥, and [Sb(v] = 1.30 x 1073 .

This rate of exchange was determined eleven times
during the course of this study. Usually each set of
kinetic runs that were prepared included a "standard sample",
which served to monitor the quality of the stock solutions
and the correctness of the experimental procedures. Results
obtained are summarized in Table X.

Calculation of the standard deviation g, where:



2

=130 )2
2Ry -F)

y delds a value for the rate of:

= (3.82

+ 0.14) x 10~% moles/1iter-hour

A precision of the same order would be anticipated

f or all the exchange runs performed,

RATE CF EXCHANGE OF "“STANDARD"™ RUN

TABLE X

H*1l = 9.75 ¥, m = 10.5 3.19 [so’]-o'zu [150,7)
L 5 .27 M, J017 = 0.20 M, ?Eﬁlo | -’5 80 Sb(mﬁ M
1.31 x18-3¥, [sb(W] ='1. 30 % 10-3

t* (hours) R moles
(iiter-ﬁoé%
123 3.66 x 10’2
115 3095 x 107
118 3.82 x 1078
121 3.7 x &-6
-6
115 (a) .93 x 1o
112 (p) 0:2n ¥ 1076
111 4,06 x 10 2
121 3.74 x
122 3.69 x g
123 3.68 x
122 171 x 10'6
Average: 118 3.82 x -6
(a) m = 10.7, Ko, = 3.14
() m = 11.0) K50 = 3.02




VI. DISCUSSICN

While scme study has been made of the chloro-species
of antimony, no previous work has been reported in aqueous
swulfuric or in hydrochloric - sulfuric mixtures. Eecause
oX the complex equilibria which exist in these media, any
dAscussion of exchange mechanisms must remain qualitative
until a more complete evaluation of antimony species is
available.

No exchange was observed in aqueous sulfuric acid.
Some deductions as to the nature of the antimony speciles
and for the absence of exchange can be made by interpretation
of the srectra recorded in this medium. Observations of
the spectra of antimony(III) seem to indicate that some
sulfate complexing does take place. In the plot of Sb(III)
absorbance at fixed wavelength vs., sulfuric acid concentration,
a shallow minimum is observed at 6 - 7 M H,S0,. This is the
region of maximum sulfate ion concentration from the data
of Smith (65). The plot of Sb(III) absorbance at 9.75 M
EHﬂ yvs. [éouf] also indicates interaction between sulfate
ion and antimony(III). Antimony(III) species may be postu-
lated as Sb0+, SbSOh+, and Sb(S0y)5. Solid phases obtained
from antimony sclutions in sulfuric acid have been shown
tc be (Sb0),S0, and SbQ(SOh)3.

Antimony (V) absorption is even more sensitive to



sulfuric acid concentration. With SbClé', Neumann (32)
observed that as chloride ligands are replaced by hydroxo
groups, the wavelength of the sharr increase in absorption
1s displaced toward the ultraviolet. A similar displacement
1s obtained for Sb(V) as sulfuric acid concentretion is
diminished. It 1is logical, therefore, to postulate species
ranging from Sb(SOh)3- at high acid concentrations, to
Sb(OH)é' at low concentrations.

If these conclusions as to the nature of the antimony
species in sulfuric acid are correct, it is difficult to

explain the lack of exchange. Exchange mechanisms such as:

_ SOL’,\ SO]+ =
SB(£0y),™ + Sb(EQY)4T =  Eb-S0y,~SB]
S0); 50,
or: .
PO _ f . T4 §%y
[o=5b ] "+ [e0,-Sb-50,] ~ = [0=5b-50y-Sb=(] =

are particularly attractive because of symmetry  and a
minimum subsequent rearrangement in coordination srheres.
The conclusion is forced that the system is not as simple
as wishful thinking fancies it to be. For such high
oxidation states, anionic polymerization is a well known
phenomenon. Souchay and Feschanski (23) reported the
principak Sb(V) species in weak, weakly complexing acid
medla of pH 2.5 - 0.9 to be HSbg0;,”3. Undoubtedly, Sb(V)

in sulfuric acid also exists as a polymeric species. 1In

the preparation of Sb(V) by the oxidation of SH(III) with



** peroxy acid", a solid phase separates as the oxidizing
medlum is heated, and dissolves slowly on prolonged digestion.
T his is presumably an insoluble antimonic acid which dis-

s olves as sulfato complexes form. If Sb(V) exists only as

a2 dimer such as:

S0, 0 0
N
v \o/m\sol,r

o exchange would be expected, and the true species are
P robably much larger than this.

In aqueous sulfuric acid solutions containing 6.00 M
chloride, an electron exchange reaction did occur between

Sb(III) and Sb(V). With [H'] constant at 10.0C0 M, an

empirical rate law:
R = k[sberazy] 1+ Eucv 0497

can be written. Sulfate ion concentration was found to
have no effect on the rate, and a chloride term is omitted
from the rate expression because at this extremely high
ratio of chloride to antimony, the system is approaching a
ps eﬁdo-zero order dependence on chloride, and the observed
Slope of 0.28 obtained from the log-log plot of R vs. Eil']
in the region 1.50 - 6,00 M chloride 1is meaningless. This
Teéswult is in agreement with that of Cheek (11), who found

@ ©irst order Sb(III) and Sb(V) dependence in 9 - 12 M
hyd3'?C>c:hloric acid. In this medium, the exchange apparently



takes place excluslively tetween chlorc ccmplexes of antimony.
The exchange rate approaches a maximum in the region

© - 10 M hydrogen ion. At [HY = 1¢.co, according to

Neumann (12, 32, 33), Sb(V) should be prresent almost entirely

as SbCl6', and his postulation of SbCl3 as the exchanging

s pecies of Sb(III) explains the effect of hydrogen ion.

X ncreasing hydrogen ion beyond the observed maximum at

l:I-I+ = 9, favors the formation of SbClu', a non-exchanging

s pecies, as the activity of HCl increases. The exchange

1 ntermedliates that Meumann proposed:

c1 ~ c1 -
c1,.Sb”  \Sbel and  [C1.SbZC13SbC
)'" \Cl/ 3 3 \Cl/ 3

s eem reasonable for this system also.

In aqueous sulfuric acid ccntaining 0.20 M chloride,
rate data indicate that both chloride and sulfate participate
Irn the electron exchange reaction. A standard system of
[B+] = 9751, fo,d = oy, [0, =227, [a0,7]=
5.80 M, [pb(111] =1.31 x 1073 ¥, and [sb(v)] = 1.30 x 1073y
was adopted, and [H+] ’ [SO,:'], Fl'] ’ [Sb(III)] s and %b(vﬂ

ind ependently varied.

At constant hydrogen ion and sulfate concentration, the

fol1 owing empirical rate law can be written:
R = k [éb(III)] 1.01 Eb(V)] C.76 @1-] 2.Ck

for <the concentration range 0.025 - 0.20 M chloride. The



proper exponent of the chloride term is cebatable because
t he proints at C.2C M chloride are in a regicn of changing
slope in the lcg-log plot, and also fit the slope of 1.4l
& etermined for the region C.15 - C.60C M chloride. The true
oxder is undcubtedly scme intermediate value.

Sulfate and hydérogen ion dependence are difficult to
P lace in an empirical rate expression since beth exhibit a
maximum., The sulfate maximum occurs at 0.6 - C.7 M (SO):),
and the observed slopes are approximately + (C.7 - C.9).

T he hydrcgen ion maximum occurs at about ¢ M (H*), with a

s lope in the log-lcg plot of 9.0 in the range & - ¢ M, and
a negative 5,5 slope in the range 9 - 11 M. In this systenm,
antimony srecies exist in equilibria involving chlorige,
sulfate, and hydrcgen ion. Spectral data indicate that both
SDB(III) and Sb(V) are present as chloro-sulfato complexes,
and the order with respect to any particular species is
Probably a parameter determined by the concentrations of
€ach of the other species,

If the assumption is made that the neutral molecule
SBC180, is the exchanging form of Sb(III), the effect of
hy drogen ion may te interpreted as in the hydrochloric acid
SyYstem. Increasing hydrogen ion will increase the concentra-
tion of this specles compared to such forms as Sb0+, SbSOJ,
anad sbC1**, However, as hydrcgen ion continues to increase,
8Nl onic species such as SvC1,~, Sb(SO,_})Q‘ and SbC1,S0)~

showa14g resuit. Furthermore, beyond the maximum, anionic
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polymerization of Sb(V) may be favored, as well as proton-
ation cf rotential bricdging chlorc and sulfatc ligands.

The initial increase in rate with increasing sulfate
may be the result of the formation cf SbC1SCy,, the presumed
antimony(III) exchanging specles. Increasing sulfate beyond
t he maximum may fevor polymerization of Sb(V), the form-
ation of anionic Sb(III) species, or may result in the
preventicn of necessary chloro-bridges in the actlvated
c onplex.

While both sulfate and chloride are involved in the
transition state, it is difficult to assess their relative

contribution as bridging groups in the exchange. The
Iinitiation of exchange by small amounts of chloride is
rr cbably the result of its effect on the nature of the Sb(V)
speciles, where the initial acticn of chloride may be to
decompose the Sb(V) sulfato polymers. The fracticnal order
Observed for Sb(V) indicates the presence of at least two
Sb(V) species, one of which does not participate in the
exchange. ERecause of the lack of accurate knowledge
concerning the nature of the ions in solution, it seems
rather futile to postulate the mechanism of the exchange
reaction in 0.20 X chloride. The existence of two indepen-
dent mmechanisms, one operative at high chloride ccncentra-
tlons ang the other at low chloride, is confirmed by the
phenornenon cf non-linear McKay plots cbserved in the

intermegiate regicn of chloride concentration. If this
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ron-linearity were the result of the slow formation kinetics
of the same exchanging chloro species at all levels of
chloride concentration, it wculd be expected that the
curvature in the McKay plets would be an inverse functicn
of chloride, and not proceed through a maximum in the
wvicinity of 2.CO M chloride.

More work 1s needed before this system can be rroperly
evaluated, Ion migration studies to determine the anionic
or cationic nature of the species zre certainly indicated,
as well as dialysis measurements to determine the relative
ionic weights if a resistant membrane cculd be found. A
detailed srectroscopic examination of these systems including
a s tudy of the effect of the independent variation of
hydxr ogen ion would be useful, Probably the most effective
tool would be a comprehensive phase study, with careful

analysis of the solid phases, for the systems Sb(III) - HC1 -
H,SO), and sb(V) - HC1 - H,80y, .



VII. SUMMARY

The kinetics of the exchange reaction between Sb(III)
and Sb(V) was studied in aqueous sulfuric acid, and in
aqueous sulfuric acid systems containing added chloride ion.

No exchange was observed in aqueous sulfuric acid, but the
addition of chloride initiated exchange, and the concentration
of chloride had a significant effect cn the observed rate.

In addition to a study of the influence of chloride concen-
tration, experiments were performeé in which the effect of
independent variation in the concentrations of antimony(III),
antimony(V), sulfate, and hydrogen ion was determined at

two levels of chloride concentration, 6.00 M and C.20 M.
Suprlementary spectrorhotometric examinaticns of antimeny(III)
and antimony(V) were also performed.

In 6.00 M chloride, it was found that the reaction was
first crder with respect to antimony(III) and antimony(V),
that sulfate lcn has no effect, and that the dependence of
exchange rate exhibits a maximum at approximately 9 M
hydrogen ion. The exchange mechanism is aprarently identical
with that observed previously in hydrochloriec acid solutions.

In C.20 M chloride, vhile the rate maintains z unit
dependence with respect to antimony(III), the reacticn
exhibits a fractional order of C.76 with respect to anti-
mony(V)., At this level of chloride concentration, the rate

of exchange 1s approximately second order with respect to
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chleride, but undergoes a sharp maximum at approximately

© M hydrogen ion and a similar, althcugh much less proncunced

maximum at 0.6C M sulfate. The twc antimony oxidation states

are apparently involved in ccmplex equilibria with chloride,

sulfate, ancd hydrcgen ions. Bcth chloride and sulfate are

involved in the activated complex, although the relative
Importance cf chloro or sulfato bridging is difficult to

assess. While scme qualitative cbservations as to mechanism
can be made, 2 guantitative evalvation must await a more

accurate knowledge ¢f the nature of the soluticn species

and their equilibrium relationshirs.
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APPENDIX
CRIGINAL KINETIC DATA



ORIGIMA

L TATA FLRCM TAEBLE II
(page L42)

c/s (1-F) t(hrs.)

1.31 x 1073 ¥ Sb(III) 2.95 C.916 87
1.29 x 10-3 ¥ Sb(V) 3.79 C.892 CC
n = 10.5 .96 c.85¢8 12C8
9.7& M H 6.23 C.€19 1611
C.7% M 50, 34,35 --- oo
2.27 ¥ HSGy,-
51c75 1 C10,"
C.C25 ¥ C1-
ti = 7,522 hrs.
1.31 ¥ 1073 M Sb(III) 4,78 C.864 200
1.2¢ x 1073 ¥ Sb(V) 6,81 0.8C7 388
.75 M EY _ 10.45 C.703 8C0
C.7% ¥ so,° 11.32 0.679 995
2.27 E 1Sty 13.66 0.612 1208
5.55 ¥ C1Cy,” 16.3L4 C.536 1428
0.05 N C1 v.¢7 0.538 1611
t4 = 2048 hrs. 25,2 -2 So

)
1.31 x 10_3 M Sb(III) 8.02 C.79C 100
1.31 x 1¢73 ¥ sb(v) 13.49 C.6L47 2C0
n = 10.5, 15.67 C.590 3C0
9.75 M A _ 18 0.51€ 369
C.74 M scg ) 21.18 0.Lk6 L&l
2.27 N HSC,~ 21.9% C.426 555
£.90 ¥ Ci0y 26 .66 0.302 701
c.1c ¥ c1 38.20 - o
t’é = E63 hrs.




Original LCata from 7able II - cont,

g6

c/s (1-F) t(hrs.)

1.31 x 1073 ¥ Sb(I1I) 9.37 0.76Y g
1.29 x 1C ~ ¥ Sb(V) 12.58 0.673 101
A = 10,5, 17.63 0.556 151
9.7S M H _ 22.08 C.LhY 200
C.74% M SO, _ 26.26 0.339 251
2.27 ¥ HBbk 31.51 0.206 390
5.85 ¥ C1C,~ 36.7C -—- o
C.15 ¥ C1

t% = 173 hrs.

1.31 x 10_3 M Sb(III) 8.47 C.75% 15
1.29 x 107 ¥ Sb(V) 11.42 0.670 29
A = 10.5 17.C5 0.507 50
9.75 X H' _ 22.09 0.362 7
C.74 ¥ soB“_ 26.62 0.231 96
2.27 M HSQy_ 24,57 C.29C 120
5.7C ¥ C10, 26.71 0.228 145
Cc.30 M c1- 30.1% C.129 170
t4 = 66.3 hrs. 34,60 -—— oq
1.31 x 1o-§ M Sb(III) 6.52 0.803 8
1.29 x 1073 M Sb(V) 10.01 0.697 19
A= 1C.59, 14,63 0.557 1
9.75 M H _ 17.25 0.478 2
C.74 M 508— 18.90 0.428 51
2.27 M HSQ.~ 21.30 0.356 68
5.60 ¥ C10,~ 27426 0.175 ok
O."“O M Cl- 32098 - 0
t4 = 39.9 hrs.




Original Data from Table II - cont.

97

/s (1-F) t(hrs.)

1.31 x 10”3 M Sb(III) 16.55 0.818 5
1.30 x 1073 ¥ Sb(V) 23.32 0.7k 9
| = 10.5 27.98 0.693 15
$.75 & HY _ 37.30 0.590 23
C.74 ¥ soy~_ hg. 1 0.519 30
2.27 ¥ HSQ, 48,15 0.471 35
£.60 ¥ C10," 48,61 0.466 9
c.40 M C1- 52.53 0.423 ?
t‘é‘ = KO.I hrs, 5“‘089 0-396 52

64.81 0.288 58

91.06 -—- oo
1.31 x 10™3 M Sb(III) 9.76 0.722 10
1.29 x 10-3 M Sb(V) 17.19 C.510 2
p = 1C'05+ ’ 25.21 00282 m+
9-73 MHE _ 28,45 0.189 55
C.74 M SO%' 29.55 0.158 69
2.27 ¥ HSG,~ 31.09 0.114 101
5.50 M Clcy~ 35.10 ——— oo
C.50 M C1-
ti’ = 31.7 hrs.
1.31 x 1073 ¥ Sb(III) 7.10 C.795 5
1.29 x 1077 K Sb(V) 10.5% 0.6G% 1C
B = 10.5, 14,59 0.578 1%
9.75 M H" _ 20,14 0.418 23
0.74% M SOB 21.79 0.370 29
2.27 ¥ HSO,” 28.91 0.16k4 50
s.40 M C10,~ 30.32 0.123 60
C.60 ¥ C1™ 34,58 ——- o0
t4 = 23.3 hrs,
1.31 x 1073 M Sb(III) 8.79 0.731
1.29 x 1073 ¥ sb(V) 15.22 o.ggu 1%
p = 10.5, 17.57 0.h62 2k
9.75 M H' _ 19.C7 0.416 1
C.74 ¥ S0~ 22.50 C.310 0
2.27 ¥ HSOy, 25.07 0.232 50
5.30 M C10,~ 32.63 - o
C.70 M C1°
t4 = 26,7 hrs.




Original Data from Table II - cont.

98

c/s (1-F) t(hrs.)
1.31 x 1073 M Sb(III) 16.60 0.615 3
1.30 x 1C=3 ¥ Sb(V) 23.2 0.742 6
n = 10.5, 27 .6 0.692 9
9.75 M H' _ 34.63 0.615 12
C.74 ¥ so,= 6.79 0.591 15
2.27 ¥ HsOy" 0.84 0.546 18
5.40 M C1C\,~ 47.26 0.475 2L
C.60 M C1- 50.C2 0.LuY 27
td = 29.9 hrs, 55475 C.380 30

61.52 0.316 33

58,52 0.349 36

60.68 0.322 39

89.95 - oo
1.31 x 1073 N Sb(III) 19.19 0.79% 3
1.30 x %0-3 M sb(V) 23.27 O'ZOS 6
n = 1C. .30 C.632 9
9.75 M H* _ 32.70 0.5Lk2 12
C.74% ¥ sop= 45,95 0.508 15
2.27 ¥ HsOu~ 50415 0.L62 18
5.20 ¥ Cl0y- 56.2 0.397 2k
C.8C M C1- 57.8 C.380 27
t‘b = 2102 hrS. 65.’"8 0.298 30

66.27 0.290 33

68.63 0.265 36

93-32 e o0
1.31 x 1073 ¥ Sb(III) 25.00 0.723 4
1.30 x 1073 ¥ Sb(V) 29.16 0.566 9
2 = 10,5, L6.cO 0.h90 12
9.72 ME 47.C 0.478 16
C.74 ¥ soz; 61.2 0.320 22
2.27 M HSOy~ 6k .22 0,288 26
5.00 M C104- 65.19 0.277 33
1.c0 ¥ c1- £8.46 0.241 37
t3 = 20.6 hrs. 71.78 C.20k 5]

90.16 - o0




Criginal Data from Table II - cont.

c/s (1-F) t(hrs.)

1.31 x 1073 ¥ Sb(III) 21.23 0.766 2
1.30 x 10~3 M sb(V) 30.49 0.66k L
n = 10.5 Lo.C7 C.559 6
9.73 M HY _ Le,.16 0.50 g
c.7k ¥ so,” 51.36 0.43 10
2.27 ¥ HSOL~ 51.81 0429 12
4,50 M C10,~ 5642 0.381 1k
1.50 ¥ C1- 62.9 0.3C6 17
tt = 1200 hI‘S. 90.79 - 00
1.31 x 10-3 M Sb(III) 11.88 0.652 L
1.29 x 107> ¥ Sb(V) 16.C3 0.531 &

="10.5 21.37 0.375 13
);.73 E H* = 3)"‘.17 --— 0
0.74 ¥ soy
2.27 ¥ EHSG,™
L.Cco ¥ cioy-
z.CC ¥ c1-
t'é’ = 11,2 hrs.
1.31 x 1073 M Sb(III) 23.13 C.745 2
1.30 x 1073 ¥ Sb(V) 2.37 o.6ha L
A = 10.5 1.35 0.54 6
$.75 M H' u7.oa c.h82 8
C.7% ¥ scy~ 51,6 0.431 10
2.27 K HSCy~™ 58 43 0.356 12
4.CO M ClCy~ 56.55 0.377 1k
2.C0 k C1- 6745 0.257 18
t% = 1.8 hrs. 75439 0.169 2L

90.76 - - - oQ

1.31 x 1073 M Sb(III) 25,71
1.30 x 1073 ¥ sb(V) 35.35 8:282 2
n = 10.5+ 43,69 0.508 &
270 M H 46.25 0.480 8

.27 M HSOL= 7.26 0.356
4.00 ¥ C10 "58 11.5
2.00 ¥ a- gg.ge €.330 14
t4 = 10.6 hrs. hat




1CO

Criginal Data from Table II - cont.

(1-F) t(hre.)

c/s
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Criginal Cata frcm Table II - cont.

1C1

c/s (1-F) t(hrs.)
1.31 x 1073 ) SH(III)  18.77 0.787 1
1 .30 x 10-3 ¥ Sb(V) 26,12 0.70% 2
a = 10.5, ah.% 0.606 3
9.75 M H 1.81 0.526 L
C.< 74 M SO, 45,7k c.482 5
6 .CO ¥ Cl- 57 .80 0.3L45 8
t% = 6.1C hrs. 64,21 0.272 9.5
67.27 0.238 11
68.37 0.225 12.5
88026 - o o= QQ
1.31 x 1073 } Sb(III) 18.5 C.793 1
1.3C x 10-3 ¥ sb(V) 25 .4 0.715 2
n = 10.5 33.25 0.628 a
S.75 b H .21 0.572
O.74 ¥ so,” 2.C5 0.529 5
2.27 N HSQ," 47.78 0.h65 6.5
6.CO M C1- 52,52 0.412 8
tg = 7.62 hrs, 97 5k 0.356 95
63.C0 0.295 11
65.20 0.270 13
€9.35 -—- o
CRIGINAL DATA FROM TABLE III
(page 45)
c/s (1-F) t(hrs.)
1.31 x 1073 ¥ Sb(III) 6.02 C.643 0.5
1.31 x 10-3 K Sb(V) 7.11 C.533 1.C
2 =105 55.33 0.452 1.5
G.75 b H'_ 63.70 0.369 2.0
C.74 N sof 68.1C 0.325 2.5
2.27 b HsCy~™ 100.94 -- o
L .,0C K Cl0y-
2,.C0 b C1-
t4 = 2.CO hrs.




(riginal Tata frcu Zable I1I - cont.

1C2

c/s (1-F) t(hrs.)
1.31 x 1073 K Sb(III) 37.69 C.61Y 0.5
1.31 x 1073 M £b(V) Ls5.21 0.543 1.C
m = 10.5 5% .60 0.L4E 1.5
9.75 M H 60.14 0.392 2.0
0.7% § scu= c8 .8l -2 o
2.27 M HECQW™
4,00 N C10,~
2.00 ¥ C1-
t$4 = 2.22 hrs.
1.31 x 1073 p SB(III)  26.7 0.736 2
1.31 x 10™2 ¥ sb(V) 29.8 0.705 5
Q= 10.5, 31.22 0.691 &
9.75 M H _ 33.42 0.669 11
0.7% ¥ sc,= 38,23 0.622 17
2.27 ¥ HSC,” 46.56 0.539 22
0.20 N Cl- 50.46 C.5C1 L
t+ = 2.4 hrs, 58.17 0425 Y
60.65 0.400 50
62.70 C.380 57
69.79 0.309 06
1C0.C6 -Z- o0
1.31 x 1073 & Sb(ITI)  29.99 C.706 2
1.31 x 10-3 ¥ Sb(V) 31.57 0.680 5
B o= 10,5, 33.23 0.67k4 8
$.75 M H' _ 37.11 C.636 11
C.74 M sog" 44,17 0.566 17
2.27 ¥ HSCG,” L8, 0.520 22
0.2C M c1- 52.88 0.481 3k
t4 = 56.2 hrs. 59 .64 0.415 Ll
61.3% 0.398 50
62.53 0.383 57
69 .28 C.320 66
10105&) - oQ




(=ICGI &L TATA "prCih TABL® IV

1C3

(page 23)

e/s (1-F) t(hrs.)
1.31 x 10 33g Sb(ITI) L,.87 0.783 3
Q.05 x 1077 N Sb(V) 7.22 C.675 5
m o= 12.0 G.16 0.593 &
10.0 M H' 11.9 0.469 12
6.00 M C17 12.9 0.380 16
144 ¥ Li 17.67 0.21k 2k
1.88 M‘. Clo,i- 3305 ' ——— Q
0.56 ¥ S0, =
2.44 M FSO,”
t4 = 11.9 hrs.
1.31 x 1073 N Sb(IIT) 5.12 0.8L6 1
1.26 x 1073 ¥ Sb(V) G .41 C.717 3
u = 12.0 12.16 0.635 5
10.C M B 15.C1 0.5kL¢ 7
6.00 M C17 19.51 0.405 10
1.bh M Li* 20,862 C.374 13
1.66 M Cl0y~ 23.32 0.29 16
C.56 soB- 33.28 - oo
2.4 M HSOL”
t'5 = lC.O hI'SO
1.31 x 1073 & Sb(III) 7.42 C.783 >
1.29 x 1073 ¥ Sb(V) 11.20 C.673 L
A =12.0, 17.25 0,156 7
10.0 & H'_ 15.00 C.u7Y 9
6.0C ¥ C17 22,20 0.351 12
144 ¥ Lit 23.67 0.308 17
1.88 M Ci10n 34,21 c—- oo
0.56 ¥ sCy=
244 ¥ HSC, -
t+ = 10.2 hrs.
1.31 x 10-3_} Sb(III) 7.08 0.82
1.935 x 10737k 5b(V) 12.42 0.693 %
p=12.C 16.25 0.606 5
10,0 M H*_ 22,47 0.456 5
6.00 M C1 26.39 C.361 g
1.4 ¥ Li* 41,29 g
1.868 M C10,~ =
0.56 M sOL=
ti = 6.65 hrs.




10k
Criginal Data from Table IV - cont.

c/s (1-F) t(hrs.)
1.31 x 10-3 M SB(III) 9.ok C.793 1
2.58 x 10=3 ¥ sb(V) 14,82 C.678 2
un = 12.C 15.82 C.656 3
1C.0 M EY £2.87 0.5C3 g
6.00 M C17 24,92 C.458 7
1.44% & Li? 31.51 C.31% g
1.568 M cioy~ 45,¢& --- oo
C.56 N SC,=
2,4l B Hsﬁu-
t4 = 6.4€ hrs.
C.655 » 1073 M Sb(III)  £.79 C.746 2
1.29 x 10-3 M Sb(V) 9.35 C.5EQ c
a = 12,0 9.€5 0.576 7
1C.C & H' 12.CY 0.4€9 S
6.00 Nk C1°7 13.77 C.39% 12
1.4 ¥ I4% LR C.365 1k
0.56 ¥ s0,~ 15.C6 C.338 17
1.68 K €10y~ 22.76 - o
20)‘“‘* !2 }iSO]*.-
ti = 12.7 hrs.
1.965 x 173 X Sb(III)  6.68 0.839 1
1.29 x 1073 M Sb(V) 14,62 0.647 3
n = 12,0 19.74 C.523 5
10.0 M H* 23.50 0.432 7
6.00 & C17 2L, 22 0.415 9
1.44 M 11 30.56 0.262 12
o.gg ¥ so,” 2.38 0.21& 1k
1.88 ¥ C10,~ 1.ko - oo
2.4 ¥ £SC, -
ti = €.9% krs.
2.62 x 1073 M Sb(III) 9.09 0.8C7 1
1.29 x 10=3 K Sb(V) 17.09 C.637 3
m=12.0 23.35 C.504 g
10.0 M H' 29.35 C.376 5
6.00 ¥ C1% 32,44 C.311 9
1.4 M Li™_ 35.84 0.238 12
0.56 M S04~ _ 38.C5 0.191 14
1088 E C].O)+ )+7.06 - - [6%)
2,44 ¥ HSO."
t+ = 6,27 hrs,




CRIGIWAL LATA FROM TABLE V

(page 54)
c/s (1-F) t(hrs.)

0.655 x 1023 M Sb(III)  8.85 0.659 60
1.29 x 1073 ¥ sb(V) 12,45 c.zgg 12;
p = 10.5 13.79 C.

9.75 M HY _ 16.48 C.368 180
C.74 ¥ SOB— 18.87 0.272 227
2.27 ¥ HSOL~ 19.91 0'232 290
£.80 M C104" 22.C7 0.1k9 361
0.2C ¥ C1- 25.93 --- oo
t4 = 148 hrs,

1.965 x 1073 ¥ Sb(III) 1C.24 0.749 25
1.29 x 10™3 M Sb(V) 15.36 C.62 50
= 10.5 20.02 .50 75
9.75 M H" _ 23.77 c.k16 110
0.74 N SO 3C.52 C.25C 145
2.27 N HSéu' 32.34 0.206 180
5.80 ¥ C1C),~ Eu.19 0.160 220
0.20 ¥ C1- 0.72 —— oo
t+ = B4.1 hrs,

-l

2.62 x 1077 M SH(III)  10.57 C.777 20
1.29 x 10™3 ¥ Sb(V) 19.1k 0.596 L5
p = 10.5, 25.06 .1472 70
S.75 M H' _ 27.88 0.412 96
C.74 ¥ so,” 31.40 0.338 120
.27 M Hséh' 7.22 C.215 145
5.8C ¥ C10,~ 1.12 0.133 175
C.20 ¥ C1- L7.43 - =
t+ = 73.7 hrs.

3.93 x 1073 M SH(IID)  10.17 0.£05 13
1.29 x 107> M Sb(V) 18.0L .65k 30
» = 10.5 26,16 C.k93 50
9.73 M HY _ 33.L0 0.360 75
0.74 ¥ so,” 37,4k 0.283 96
2.27 K ESQ.~ 41.08 0.213 120
C.20 M C1- L5,7 C.12k 17C
t3 = 56.9 hrs. 52.21 -—-- S




1C6
Criginal Data from Table V - cont.

c/s (1-F) t(hrs.)

6.55 x 1023 M Sb(III)  11.47 C.£01 1C
1.2¢ x 1C™2 ¥ Sb(V) 16.36 C.665 2C
n = 1C.5 13,68 C.417 L5
9.75 M HY _ 38.36 0.336 £h
0.74 ¥ 50, L3.L2 c.2L8 78
2.27 ¥ HSQ.~ 50 .6k C.123 1Cl
C.20 ¥ C1- 52.€C C.CES 1kC
t% = 3507 hrS. 57077 === 0
1.3% x 1073.% Sb(III) L, 22 c.823 3C
C.E45 x 1C™ L Sb(V) &.39 C.649 73
n = 10,5 1C.37 C.56€ 109
¢ 75 M ET _ 12.Lo C.Lg1 150
c.7L ¥ so,” 16.63 C.3CH 2C0
2.27 ¥ redh, 16,78 C.215% 2kg
c.6C ¥ cloy” £0.27 €.1°1 340
C.20 ¥ C1- £3.9C - =0
t4 = 12C hrs.

1.31 x 1073_M Sb(III)  1C.79 0.738 26
1.935 x 10737k Sb(V) 16.65 0.595 49
» = 1C.5 20.29 C.507 75
$.75 & HY _ 26 .8k 0. 347 14¢
c.7k ¥ soy” 3C.2k C.265 160
2.27 E 58C,~ 35.Ck C.148 2z
.80 ¥ ci0y- 35.71 0.132 27¢
C.20 M C1- £1.13 - 00
t+ = 65,9 hrs.

1.31 x 1C~3 ¥ Sb(III) 12.23 C.736 22
2.56 x 1073 ¥ sb(V) 19.17 0.:86 L
p = 1C.5, 2b b5 0.L72 69
9.75 M B _ c7.54 C.405 ¢e
C.74 M sCy _ 30.17 C.348 120
2.27 M EsQy” 34.98 C.2uUk 1.5
£.80 M C1Cy, 34.85 C.247 175
C.20 ¥ C1- 3&,36 C.171 215
ti = 94,3 hrs, “6,28 - o0




1C7

Criginal Lotz frew Table V - cont,

c/s (1-F) t(hrs.)

1 .31 x 1073.N Sb(III) 5.12 C.882 12

O .51 x 16737) Sb(V) 8.k 0.£C6 7

S .75 L E' _ 13.19 0.€56 AN

G .75k soy 1h.61 0.6 3 72

C .20 k C1° 20.61 0.525 102

S €0 M C1¢,” £0.17 C.535 120

t3 = 135 hrs. c2.77 C.L75 134

oF 62 0.409 156

L3.36 --- S

1.31 x 1073 ¥ ¢b(III)  34.53 C.736 1C

3.78 x 10=3 E Sb(V) L3,26 C.67C 2C

x = 10.5, LS.13 C.625 30

< .75 ¥ H c& .41 0.554 L3

C.74 N s0,” 6710 c.Lh&e 50

2.27 ¥ HSéu' 61.92 C.527 ¢C

Cc.2¢ ¥ c1- 73439 ¢.b44o 7C

.80 E C1(,~ 8C.L1 C.286 &c

t+ = 78,2 hrs. £7.67 0.331 a1l

€€ .Ch 0.343 100

gL, 858 C.352 107

93.87 c.263 12C

$6.39 0.26h 130

99.C6 C.ehk 140

1C6.00 C.191 15C

13C.97 -——- S0

1.31 x 1073 ¥ Sb(III) 42,91 0.688 10

4.97 x 1073 ¥ sb(V) 55,37 C.598 2C

a o= 10.5, 6L .66 C.53C 31

S.79 M H 71.91 0.477 L3

C.74 ¥ SC.~ 75.01 C.455 50

2.27 ¥ BEsSC,~ 7777 0.u435 6C

C.2C ¥ C1- 87.46 0.364 70

5.8C M C1C),” 97.68 0.29C ec

t4 = 83,1 hrs. G9.50 0.277 o1

107.25 C.221 100

G6.88 C.2¢6 107

108.CS c.215 120

112.60 0.182 130

109.60 c.2C3 1Le

121.91 c.11k 150

137.6C - >




C(IGINAL TATA YRLH TABPLE VI

1cé

(page 58)
c/s (1-F) t(hrs.)
1.31 x 1o‘§ M Sb(ITI)  17.12 C.E16 16
1.3C x 1077 K Sb(V) 21.61 C.771 36
n = 10.1, T6.C5 C.72k €7
9.79 M H 21,4¢ C.667 76
C.20 ¥ C17_ 33.61 C.6uk 97
C.oC K S 36,76 C.579 111
0.60 K ESC),~ £1.8c C.557 131
8.7C ¥ €10y~ Lk 78 C.525 150
C.15 M Li? Lg.22 C.521 171
t: = 22C hrs. 47.79 C.Lol 196
<l 45 --- oo
1.31 x 1073 M SB(ITI)  16.3 C.E2¢ 12
1.30 x 177 ¥ su(V) 19.6 C.7£2 25
M= 10.1, 21.67 C.767 G
<.75 N H 27.41 C.7C5 52
C.2C £ C1™_ 20.15 C.E76 6l
c.25 E 8¢, 3L,22 C.631 76
EhE ¥ c1dy,” 156 C1629 &7
.10 ¥ Li" 26,47 C.576 109
ti = 221 hrs. Lk, C6 C.527 145
LE, 38 C.E12 171
5C.11 ¢ L6 167
93¢C6 --— ©0
1.31 x 1073 ¥ Sb(iII)  17.11 0.£15 12
1.3C x 10~3 ¥ Sb(V) 19.28 C.792 ol
L= 10.1, 22.7% C.754 39
9.75 ¥ E £7.53 C.703 £2
0.2C ¥ C1-_ 3C.18 C.67h bl
0.31 E s0,° 33.4C ¢.639 76
C.94 E ESCy,” 25.31 0.619 &7
8-03 M C1Cy, 29,39 C.57% 1C9
c.Ct h LiY? k2,72 C.529 122
t+ = 11 hrs. L¢,C8 0.5C2 14Y
€2.2 C.k35 171
£l 2& C. 41k 197
Gc.57 -——- 0




1C9
Criginal Data from Table VI - cont.

c/s (1-F) t(hrs.)
1.31 x 1073 b Sb(III) c LY C.89 o
1.26 x 1073 ¥ sb(V) 10.2k4 C.715 £C
o= 105, 1¢.C1 C.554 1CC
9.75 M H 1£.6¢ Cc.L75 142
€.C6 N ClCy- 21.82 C. 3Gk 190
C.2C M C17_ k.26 C.32% zhe
C.37 M SC4~ 27.36 C.c38 29¢
1.13 ¥ ESC,” 2G .2k C.186 339
t3 = 152 brs. 3%.62 -—- oo
1.31 x 1073 ) SB(IIT)  16.C3 C.6C¢ 20
1.3C ¥ 1077 K Sb(V) 22,1k C.73L4 Le
» = 10.5 26.,2¢ c.6h9 7¢
S.7¢ M E? 4. 60 C.582 c5
1.13 ¥ EzCy” 38,45 C.539 11¢
0.37 ¥ 50~ Lg, 55 c.h18 165
C.2C ¥ C1 £5.12 0.339 215
&.C6 F C1(L™ 5,76 C.295 240
C.38 N Li 62 .59 C.okg 265
t{ = 1°0 hrs. £2,3°¢ -—-- S
1.31 x 1073 ¥ SB(III)  18.27 C.811 12
1.30 x 1073 ¥ sb(V) TR C.76E 2y
a = 1C.5, 2€.26 C.728 36
9.7¢ M H 30.05 C.66S Lg
C.4k M sC.F L1,46 C.571 7y
1.36 ¥ ESC,~ L4, 80 C.536 es
7.26 ¥ C1g'" L5.21 C.532 ¢6
C.31 k L1 L7 38 0.t10 1C¢€
t4 = 146 hrs. Lc,62 c.Lkey 12C

£1.27 C.L6g 132

56€.35 C.517 150

9606’"‘ - 00
131 x 1073 ¥ Eb(ITT) 6.C3 c.622 2C
1.25 x 1073 ¥ sb(v) 13.23 C.61C /<
n=10.5, 17.75 C.L76 12C
9.75 X H 2C.8C C.3E6 16%
7.16 I T1C," 23.52 C.297 216
C.20 k C17_ 27.£9 C.177 319
C.52 ¥ SC,~° 29.73 €.123 336
1.56 ¥ PSCy” ELN -— o
t3 = 122 hrs.




11C
(riginal Lata frcem Zable VI - cent.

c/s (1-F) t(trs.)
1.71 x 1C73 & Sb(I1I)  16€.23 . 79 z0
1.3C » 1C° - K <b() 27.90 C..61 LE
p = 1C.5 33,51 C.54C 75
5.75 & 1Lt LZ.25 C.E12 5
1.58 ¥ ESCy~ L2,13 C.b&g 11¢5
C.52 N 80y~ Lc .62 C.239h4 1L0
0.20 ¥ C1 cL,c® C.232 169
7.16 ¥ C1C,~ £6.80 ¢.311 215
c.23 K Li* ~3,LY C.23C 2Lo
t4 = 135 krs, €5.57 ¢.216 <65
£z.LC -—- oo
1.31 x 10 2 M SB(III) 1L,2] Cc.821 12
1.20 x 1¢77 N Se() 1¢.%4 C.76k 27
K= 10,6 23.8¢ c.718 3G
Y.75 M E _ 31,94 C.623 sl
C.°7 ¥ st~ 34,65 C.8E7 73
1.73 I ROy~ Lz.tl C.loh £7
C.2C - C1- Ly, ee C.LEG 1C2
f.CE Y C10,” Ls.77 c.h1e 122
C.1& ¥ 1i* Le,1k C.hze 135
AC .65 C.oth 177
62.L¢ C.262 199
el .67 ——— o
1.21 » 1C73 ¥ Sh{JII)  22.z€ C.728 20
1.3C0 x 1C 7 kb &h(V) 32.L3 C.6CS 45
mo= 1C.5 L2.L3 C.L83 75
¢.75 ¥ K 47,27 C.u2k ¢5
1..8 E hsog' 52.LY C.360 115
C.62 K SC) 55.55 Cc.323 140
c.2C I C1 6043 C.263 17C
6.56 L C1CL~ €£3.65 C.c21 16
C.13 ¥ Li 66.2L C.1¢2 215
t+ = ¢7.L brs. 71.Lb 0.129 240
72.L0 C.117 265




Criginal Tatsa

frcom Table VI - cont.

11

1

c/s (1-F) t(hrs.)
1.31 x 1073 ¥ SBp(IID)  lo.7l C.832 S
1.3C x 107> ¥ Sb(V) 20.98 C.791 15
p = 10.5 23.55 C.765 23
9.75 M EY 28.19 0.719 31
0.2¢c ¥ c17_ 29.72 C.7C3 39
C.68 M SO~ 36.11 C.6uUC Lg
2.07 ¥ :séu' 38.Co C.620 60
6,19 ¥ Cl0,~ h1.34 C.587 71
c.c7 ¥ 117 L6.94 .531 80
t# = 118 hrs. L8.53 516 86
51.09 C.k90 o7
£3.58 c.L65 11C
1000]8 - S
1.31 x 1673 ¥ £b(III)  19.C6 0.770 20
1.3C x 1C™3 ¥ £b(v) 27.97 0.662 L5
R o= 1C.7, 36.62 0.557 75
9.75 M F L0.25 C.513 %5
2.57 & BESCL” L7.66 C.uob 115
c.2C M c1- 5C.15 0.394 1L0
C.E3 M ELLT °C .ol 0.3&k 152
c.uh ¥oC10),” 55.22 C.332 17C
c.12 ¢ 11* £9.36 c.282 195
t{ = 111 hrs. ©9.56 c.2C? 21%
£0.2C C.2C0o 240
ok .67 C.17¢ 265
£2.71 - o
1.31 x 1073 1 Sb(III) 15.65 C.771 oC
1.30 x 1073 E 3(V) 26 .11 C.iED L
m o= 1C.7, Le.c C.ley 5
9«75 ¥ H L3.27 C.47C ¢5
c.2C & C17_ cL.,78 C.32% 17C
C.93 M SC,~ 6C.26 C.cbl 195
L.B2 N C1C,~ 61.3% C.2ké 1%
t+ = 1zh rkrs, £3.7h c.219 ek
€1.57 -——- S

——— e ——— - — - ———— i



Criginel LCate

frcm Table VI - cont.

11z

c/s t(hrs.)
1.31 x 1C->5 N Sb(III) 1€.C1 2C
1.30 x 1073 K sr(v) 27.27 ke
a = 11.0, 37.3¢ 75
9.75 M H 43,52 Gt
3.4 M OESQ,” Lg.co 7 11°
C.2C K C1™_ LE L2 L31 14C
1.06 k50~ f1.12 359 152
4,19 ¥ C1Cy,~ 53.67 36¢ 17C
c.20 ¥ Li* £3.Ce 3C6 19¢
t3 = 136 hrs. £3.CE ccC 215

£y 25 chs 2kC

£5.32 €32 265

€5.C8 -- S
1.31 x 10-% ¥ Sb(III) 17.52 20
1.3C x 1073 M Sb(V) 26.25 L5
mo=11.0, 3¢,13 75
©.,75 & E LC.€2 Gt
3.66 b rECLT Lk, 12 115
C.20 ¥ C1-_ £z.27 152
1.14 E sqy” 3,69 170
3.72 ¥ c1?u' £C.L48 165
c.11 E ri* £1.G2 215
ti = 107 hrs. 67.C3 2LC

£%.20 265

£7 .4k o0
1.31 x 1072 } Sb(III)  16.34 C.F13 20
1.30 x 1073 E St(V) 25.C6 c.71k L5
a o= 11.0, 32.5C C.629 7E
9.75 K K 37.5C C.572 S5
3.68 ¥ ESQy LC.59 C.537 11¢
C.20 M c1-_ L4, Ce C.ug? ikC
1.20 & €y~ L6tk C.LEE 152
3.32 b C10LT Lg LE C.h35 170
C.CS ¥ Li 55 &L C.362 19¢
t4 = 156 hrs. £2.C3 C.337 215

€1.35 C.2%9 LG

€7.52 -— BN




113
Criginal Letz frcm Teble VI - ccnt.

c/s (1-17) t(hrs.)
1.31 » 1C 3 } Sr(Il1) 16.68 €.505 zC
1.3C x 1073 F sb(V) 23,60 C.732 45
A o= 11.0, 2C.7€ C.€Lo 75
G.75 M H 35.2C C.5%¢ SY
L.CE ¥ FEQ,~ 26,55 C.56C 115
¢.2C ¥ C1-_ L1,c6 Cc.521 1L
1.2 K <0y _ Ll o3 C.497 152
3.0C ¥ Cl%u k&,22 C.k50 17¢C
t4 = 1€1 hre. £2.Cl C.kCé 195
£G.EE C.317 Zek
L7.60 - >
(xIGIVAL DATA FRCM TABLE VII
( page €C )
c/s (1-F) t(hrs.)
1.21 x 1073 N Sb(IIT)  18.6¢ C.787 1
1.30 x 1673 ¥ sb(V) 4,65 C.718 2
A= 1041 30.19 C.655 3
.75 M H 37.62 0.570 L
£.C0 ¥ C17_ LC.7% C.535 <
C.2C N SCL~ 4c .08 C.h2¢ 6.5
0.60 M ESCY~ 5c.35 C.hCc &
2.7C M €10, 57.63 C.340 ¢.5
C.15 ¥ Li €2.39 Coct? 11
ts = 7.C2 brs. €£.10 C.257 12.5
£7.56 -—— oo
1.31 x 1C73 ) Sb(III) 18,57 C.751
1.3C x 173 F eb(V) 25,20 O.g%é 2
A = 1C.5, 32.75 C.632 3
G.75 ¥ H _ 4,18 0.526 b
6.CC M C1 _ Lo L6 C.LE9 5
W52 M S Lo.56 C.Lk3 6.5
1.58 M LSC.~ 5,30 0.379 g
1.36 ¥ C1Cy,~ £6.C1 €.271 ¢.5
C.23 k Li* 62435 C.299 11
t4 = 7.65 hrs. 64,88 C.271 12.5
£9.0C — oo




Criginal Date frem Table VII - cent.

11k

c/s (1-F) t(hrs.)
1.31 x 1c73 ¥ SB(III)  1£.53 .793 1
1.30 x 1¢7° E eb(¥) 25.LA& C.71% 2
a = 10.5, 3%.25 C.628 3
9.75 ¥ B _ 3&.21 C.572 L
6.CC K C1 _ Lz.C5 C.529 y
C.7h M (" 47.78 C.lLer 6.5
2,27 ¥ 550" €250 Cih1z 2
ti = 7.62 hrs. 57.54 C.356 9.5

62.C0 C.2¢5 11

65,20 C.27C 13

t'9- 5 - Ca

CiIGIVAL DATA FRCM Ti#BLE VIII

( page 60 )

c/s (1-F) t(hrs.)
1.31 x 10-3 M Sb(III) 11.38 C.E8C 7
1.3C x 1673 ¥ sb(V) 1L4.29 C.8Lg 1k
X = 9.CC, 14.52 c.847 21
€.coMH _ 16,54 C.821 28
C.74 ¥ s¢. - 17.02 C.82C 35
1.66 & ESC,,~ 16165 c.803 L4
c.2¢c ¥ C1° 21.18 C.776 51
C.26 K Li* _ 23,65 0.748 “&
4L.72 ¥ C1C 26.28 €.723 71
ti = 259 hrs. 26.93 C.71¢ €2

2€.33 0.7¢C1 9

9"-71 - oSO
1.31 x 173 K Sp(III) 14,74 c.85¢ 7
1.3¢ x 1073 F sb(V) 15,85 C.E3% 1L
x = 9.C0, 17.21 C.E2kL 21
¢.25 M H 19.C2 C.2C6 o8
C.20 ¥ C17_ 19.91 C.797 g
C.74% NS¢y, zh, 11 C.7%5 L6
1.92 ¥ ESC, 26,46 C.73C 5
4,65 E C1C),~ c7.Lk C.72C ec
ti = ZC1 krs. 31.6z C.67¢ x

23.1b C.E62 te

34,73 C.6L6 ¢3

¢8.13 --- oo




Crig

inal lata frem Tabtle VIII - ccnt.

11¢

c/s (1-F) t(rrs.)
1.31 ¥ 173 ¥ €b(II1)  16.38 C.834 8
1.3C » 1073 ¥ sb(v) 1£.C2 c.£18 1L
xo= 9.50, £1.36 C.784 22
8§.50° ¥ E 23.55 c 762 z¢
c.2C N C1 _ 26.26 C.734 38
C.74 NS¢~ c8.75 C.7C9 Le
1.9 M ﬁsﬁh' 3L, 68 .S =l
S LS TS TV 36,52 C.628 62
C.26 ¥ 11% 38.7¢ C.506 71
t4 = 124 hrs. Lo.2g C.S69 g1
Ll 7k C.547 ol
Lg,ho C.51C 106
c£.87 - o0
1.31 x 1673 N Sb(ITI)  13.G% C.632 1C
1.3C x 1¢~3 ¥ £b(v) 2C .06 C.754 2c
n = 10.1, £5.88 C.686 3
¢.75 M B _ 32.21 {612 5C
c.7h N sty 36.91 C.556 6C
2.CC ¥ ¥e0),” Lo.Cct C.518 7Y
C.2C k C1” L7.2C c.h32 8
c.68 ¥ C1(y,~ £3.° C.355 111
C.¢1 N 11* ©7.47 C.3C8 125
t! = 1.7 rrs. 58.2¢ C.z58 14E
°G.6L C.ct2 1¢¢
€1.67 C.ott 17¢
‘3'09 s 0
i'31 X 1c-§ ¥ Sb(III) 13.23 C.EL 10
«3C x 1C™2 L Sb(V) 21.16 CL 7LE oe,
a = 1C.1, 23.EE C.713 i
¢.CO N H _ 3C.26 C.5636 0
C.74 ¥ €0,” 33.21 C.6C1 6C
Z.C6 M tSlEL" 33.LE C.RC7 75
T.2C M C1T LG, 7€ C.L2E cé
.62 ¥ C1C, T £3,28 €.35¢ 11c
C.xé ¥ 117 £7 .6k C.3C7 12¢
ty = 7.7 1 E.CH C.338 145
€1.C1 C.2E7 155
£2,723 .23k ZE
£3.1% ¢:2 léé




Criginal TLet:

frem Teble VIIT - cont.

116

c/s (1-%) t(hre.)
1.21 x 175 b Sb(III)  16.41 C.217 ;
1.3C x 1073 E sb(V) 27.C2 C.7el 15
Moo= 10,1, 26.26 C.73¢ 22
$.CC M E 3C.27 C.EC8 21
C.2C N C17_ 21,89 C.653 39
C.74 ¥ SQy, 1,01 C.tcC L9
2.8 b EOG,T g3 C.557 6C
I N c0.6kh 0.Lhg6 71
.26 ¥ Li* sk, cu 0,163 80
£0.97 C.h13 ¢7
6C.22 c.kcl 1C¢
ICOO,"“’ -—— oQ
1.31 x 1c-§ ¥ Sb(III) 1L .62 c.oz4 12
1.3C x 1C7° } Sh(V) 21.°¢ C.75%C ©7
xo= 10,1, ek, 5C C.7C5 3¢
C.E XN H 31,45 C.bzz Sl
C.74 ¥ S0y 27.62 C.527 72
2.11 N Heg,” L2,02 C.kes g7
C.2C M C1™ _ L8, Lg C.L17 1c2
5.66 K C1Q), L5, L7 Cu4khl 120
c.11 ¥ 1i* £1.68 C.35% 135
t4 = 11% hrs. 5L ,EY C.3k3 1¢6
c8L.E8 €.292 177
61.01 C.o66 16¢
83013 -—— o]
1.31 x 1073 F SH(III)  16.kL 0.815 c
1.3C x 1¢77 E sb(V) 21.27 C.761 oY
Al = 1C‘05+ 290 ’6 ~.0666 LI’C
C.25ME _ 37.96 C.575 61
C.75 K 3¢~ Ly, 52 C.502 79
2.19 ¥ FSC, ™ Lo, k2 C.hl« ¢G
c.2Cc ¥ Cc1~ £1.11 C.LzE 106
£.93 ¥ C10y” £L,3C €.393 13¢
.51 N Li+ £9.3¢ €.336 1°C
t: = 118 hrs. €2.CC C.3C7 170
65,66 C.266 15°¢
71.62 C.19¢ ZEC
£9,L1 --- 0
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Criginel Data from Table VITT - ceont.

)

(1-F) t(hrs

c/s
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(rizinzl Lata frcr Tatle VIII - cont.

c/s (1-F) t(hrs.)
1.31 x 173 ¥ Sb(III)  1k.uE C.E46 15
1.3C x 107> ¥ Sv(7) 16.41 C.225 36
a = 11,7 2C.LU2 c.783 56
11.CC k¥ 2L, 14 C.7b2 76
C.7% ¥ 3C 26.£8 .71k <6
3.13 L ESG ~ 27 .&C C.7Ck 111
¢.20 ¥ C1” 3C.6F C.A73 132
6.19 ¥ C10,” 3.5k C.65C 15C
t4 = 367 hrs. 1h.<' C.E31 171

26.7 C.6CY 166

q;,cl S )

(/.\J.J.L’TliL rr\xT[‘ VRCF '”\r I.F.x IX

( rage 63

e/s (1-F) t(hrs.)
1.21 x 10-% ¥ Sb(III) oL Lk C.725 1.5
1.2¢C x 172 L Sb(V) 22.15 C.627 3
xn o= 1C.5, 39l C.5%6 L,s
t.CONE L5,04 C.LES 6
Co74 ¥ SCy~ Ez.fc Cc.Lce 7.0
1065 T 15¢," % C367 S
6.CC % C1™ _ 5823 C.34E 1C.°5
C.Lz ¥ Clgy, ta,02 —- o0
1.76 & 11t
t: = £.C€ hrs.
1.31 x 10‘3 M S(IID) 1.2 0.75C 1.5
1.3C x 1072 X sb(V) 31. C.6Ls 2
Qo= 10,5, J,.il C.55C L.s
E.EC N B LL 53 c.Lao €
C.74 M SC - Lg,of C.43¢ 7.¢
1.86 N FEQ,~ 53.C4 C.2E3 <
g.cc K C1” £9.2 €.322 1C.5

.30 N Ci1cy £7.37 ---

126 L L1+ e
t% = 7,66 hrs.




11¢
Criginal Lcote from Teble IX - cont.

c/s (1-F) t(krs.)
1.31 x 1C~2 K Sb(III) 18.93 C.793 1
1.2C x 1C~> M Sb(V) 25.,L8 0.71% 2
v = 1C.° 23.2% C.628 3
c.75 N H? 38.21 0.572 L
6.0C ¥ C1” Lo.ce 0.526 7
C.74 N Ss(,~ L7,78 c.uss 6.5
c,27 ¥ ysﬁh‘ 52,52 C.u1zZ &
t4 = 7.62 hrs. 7.54 C.356 G5

63.00 C.255 11

65.20 C.27C 13

(:90);/ - Qo
1.31 x 1073 M Sb(I117) 22.18 c.7:8 N3
1.30 x 1077 ¥ Sb(V) 3C.71 C.EE7 3
a o= 11.C 26,64 C.E6CC 5.5
1C.25 ¥ k' _ £3.1c C.52¢9 6
C. 74 N 50T 47.78 c.k78 7.5
£.C9 K HSC),~ 52.5¢ c.Lc2 S
6.CC k. C1- °7.1° ¢.376 1C.5
C.26 N C10,~ Gl.,5u --- oo
t‘g_ = g-(;6 hrs.
1.31 x 1C=3 ¥ €b(III) 2C.53 C.773 1.5
1.30 x 1073 ¥ £b(V) 2£.30 C.6ER 3
}.1 = 1107 :)4.17 C'0623 l{.g
11.CC ¥ BT 25,89 C.F&C 6
.74 M sC Le.gc C.L83 7.5
3.13 E ESEM' 5C.62 C.uL1 G
é.CO ¥ C1- £3.1Y4 GRISLT 1C.°
C.3G E Cl0,~ £6.C2 €.382 c
t4 = 1C.1 hrs. <C.63 ot o0

CRZCITAL DATA FRCM TAELE X

( page 8C )

e/s (1-F) t(hrs.)
1.31 x 1¢=3 & Sb(III) 3.6h 0.686 1C
1.29 x %0-3 ¥ Sb(V) .79 C.827 o€
u = 1C. £.18 £
9.75 & B 1¢.58 c-728 4
C.74 N sCL= 1L .€7 C.563 c7
2.27 ¥ RSCL™ 16,.CS Cc. 461 147
Z.EC M C1Q,” 22.51 C.329 196
C.2C ﬁ Cl- c7.C C.igh 250
t; = 123 hrs. 33.5

——— (%)




12¢
Criginal Lata frem Table X - cont.
c/s (1-7) t(krs.)
1.31 ¥ 1C-3 X CB(II) 7.77 ¢.77€ ¢
1.2¢ x 1C™2 L &b() 13.41 C.617 0
Ao = 1C.F - 12.26 ”i.‘+’_75 1¢C
5 21.3¢ C.25% 1L5
Cuib T e 27.c1 C.oc2 22C
.27 L RECy T E7 C.1%6 268
5.6C k c1(y- iL.c7 --- )
c.2C L C1-
t4 = 11% hrs.
1.31 x 1C™3 ¥ Sb(1II) £.71 c.811 20
1.2% x 1¢73 T Sb(T) 12.°1 C.6L7 5C
n = 1C.5, 1<.6C C.LL7 10C
¢.7¢5 ¥ B £2.13 .375 140
°.E0 E C1¢, " <h.86 0.26F 19C
C.20 ¥ C1~ 27.5¢ C.c20 zhc
C.7h% I ST 3C.LE C.1LC 296
2.27 ¥ HSéu‘ 35,43 --- o
t4 = 118 hrs.
1.21 x 103 K Sb(I1I) 1€.66 C.E62¢€ 13
1.3¢ x 1¢=3 ¥ sb(V) 23.00 .76C 2%
n = 1C.5, c7.78 c.71C LC
S 75 M BT _ 32.76 C.648 55
C.74 M sC S.C8 C.593 73
2.27 ¥ Hskh' L.c1 C.532 £7
C.2C K C17 LE.3l C.LkS6 1CC
5.6C ¥ C1CL~ £1.02 C.L68 12C
t+ = 121 rrs. £6.91 C.4C7 135
5¢ . 5L C.37¢ 155
€5 .2k ¢.32C 173
72.0u c.2k9 22C
95091 —— - oSC
1.31 x 10-3 M Sb(I11) 17.45 c
1136 X 1673 ¥ soc) 26193 g2 &
a = 10,7, 37.22 C.55L ne
¢.70 M H Lk €3 C.L65 o0&
0.7% b 8, 47.97 C.L25 115
.30 b HSC), 51.CC C.386 1L
C.2C M C1- £3.C8 0.363 152
.20 ¥ Li 60.52 C.27k 165
t+ = 115 rrs, 63.ZL C.239 ~1{%
69. ArE
83.32 c.1e7 2t
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(riginzl Cata froem Tetble X - cont.

c/s (1-F) t(hrs.)

1.231 x 10'% M EB(III)  16.71 C.757 20
1.3C x 1¢7° L Sb(¥) 24,71 C.t2¢ L5
L o= 11.0, 3.6 C.567 75
2.39 N kcC.” L5.46e c.LL7 115
G.2C F C1- Lc,cc C.39k 1LC
C.74% M 8C,~ 57456 (259 195
6.18 ¥ C1(,~ €1.59 C.2u6 21y
c.5¢c k Ii* €812 C.1FE 265
ti = 112 irs £2.c1 - oo
1.31 x 1¢™3 } Sb(III) 4,98 C.5 %1 12
1.26 x 13 ¥ Sb(V) 7.22 C. %€ 2
a = 10.5 9.G& C.721 L5
G.75% ¥ B 12.¢4 C.63¢ 60
C.7% K S0y~ 14.17 C.6Ck 76
2127 F 250, 17.16 C.52C 57
£.6C I c1cy” 20,21 c.k32 122
C.2C E C1- 25,76 - o
t4 = 111 trs.
1.31 x 1073 k Sb(III) £.31 c.£51 12
1.29 x 1¢~3 E (V) 7.C2 C.8C3 27
n = 1C.° Gez2? C.7hC Lg
.75 M HY _ 12.2C C.657 6C
C.74 K scy” 13.75 C.E14 76
2.27 ¥ 15(, T 17.1k C."1¢ cé
c.,80 M C1(¢, - 18,54 c.leb 122
C.cC K C1- .62 - oo
t4 = 122 hrs.
1.31 x 1673 ¥ SL(ZII)  15.k9 0627 10
1.3¢ x 1073 & sp(V) 17,26 0207 21
A= 1C.5, 2c.c1 C.745 39
9.7 M H _ eC.CE C.676 °C
C.74 } SO 33.9C C.622 éC
.27 b ESC. ™ 6L 5 C.E5Gk £
5,50 E C10y,~ 39,19 C.563 £C
C.20 M C1- Lg.36 c.ick <6
t# = 121 hrs. L7.01 C.L76 108
L&,C2 0.L€5 122
'149073




(riginal Tate f:cm Table X - cont,

c/s (1-F) t(rrs.)
1.31 x 1073 ¥ €B(IIT)  1%.2 C.835 1C
1.3C » 1C < } Sp(V) 18.88 C.795 21
22 10.E £1.27 C.764 3C
9.75 M H 24,42 C.735 39
070k osQ, - 27.97 C.€67 £C
.27 L ESC,” 23,56 C.637 60
5.&C N C1C).~ 15,65 C.612 69
C.20 E C1- 36.70C 0.€07 €0
5.31 C.5C9 1C7
52.21 CL3k 122
/2.2 —-— oSQ
1.31 x 1073 ¥ Sb(III)  15.8L4 C.843 10
1.3C x 1¢=3 E sb(V) 22,3k C.775 20
a = 1C.5 27.21 C.731 9
c.7¢ M HY “€.58 C.717 37
C.2C N C1-_ 33,542 C.669 Lo
C.7k ¥ SCL~ 4C.11 C.€13 6C
2.27 B Hs%h- L3.71 C.567 72
.80 ¥ C10,~ L5.8C C.546 83
t1 = 122 trs. LE, 2L C.522 £
L, 1k C.L6k 108
£5.61 C.Lhk¢ 1z
61.31 €.361 142
].C:Oog‘c/‘ - Qa













