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Ons of the technological problems associated with the lead.acid
battery is the self-discharge of the negative plate as a result of the
deposition of antimony onto the sponge lead elecirode, a process known
as 'Antimony Poisoning',

The rate of deposition of antimony‘(III) from aqueous sulphuric acid
onto pure lead eJ.ectrodee was measured using a tracer techmique, The
deposition rate was found to be independent of the hydrogen overpotentisl
of the electrode and was ascribed to the electrochelx;ical displacement
reaction 25t0° + 3Pb + 4H'y 30,7 = 28b + 3PSO, + 200

In oxygen free electrolyte and under the forced convection conditions
of electrolyte flow used, the deposition rate was governed by the equation
lq = K Re%ch} . Where Fu and Re are the Nusselt and Reynold numbers at
the electrode respectively and Sc is the Schmidt number,

Unlike antimony (III), antimé}y (¥) was not deposited onto lead
electrodes and neither antimony (III) nor sntimony (V) were deposifed
electrolytically onto lead-lead dioxide electrodes., Tracer experiments
showed that both antimony (III) and antimony (V) are adsorbed onto lead
dioxide and to a lesser extent onto lead sulphate, the rate of adsorption
decreasing with increase of sulphuric acid concentration,

The antimeny (III) species formed in sulphuric acid solutions have
been investigated by ion exchange, solvent extrt;ction, polarography and
ultra~violet spectrophotometry, Comparisons were also made with antimony

(V) solutions. The antimomyl iom, SbO', was shown to exist in a hydrated
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form {(320)23b(03)23+ below 1,.5M sulphuric acid., The observed change
in the wave length of the antimony (III) spectra maximum and molar
extinction coefficients in 0.25 to 18M sulphuric acid were attributed to
the coexistence of the antimony (III) anions [S‘bO(OH)ZJ_. [Sboz]—
! . | and the antimony sulphzto-complexed anions [SbOSO4]—, [Sb(SO4) 2]-.,
Dimerisation of these antimony (III) ions occurred in solutions with m
antimony concentration greater than | x 10‘411.

Antimony (V) was shown to be present as a stable complex anion in
sulphuric acid solutions and could be considered as [Sb309]3-. This
anion was unaffected by a change of acid concentration over the range
0.5 to 8M sulphuric acid, above S8 sulphuric acid complexing of the anion
with the undissociated sulphuﬁc acid occurred,

The results obtained were assessed in conjunction with published
data, and a comprehensive picture of the various antimony (111) ma
antimony (V) reaclion paths occurring in the lead-acid battery has been
presented. The placing of a suitsble ion-exchange material between the
separator and the negative plate, with the object of removing sntimony (III),

could be a feasible method of limiting the problem of 'Antimony Poisoning'.
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1.

1.1

INTRODUCTION

The Lead d Batte:

The lead acid battery, in its present day commercial form consists
of a series of positive and negative plates irmersed in aquecus sulphuric
acid el ectrolyte, contact between each plate being prevented ﬁy a porous

non-electricall y-ponducting separator. The plates consist of a lead alloy

" grid, often antimonial Vlead. ywhich acts as a take—off contact for the

extemal cirouit md as the support framework for the active material.
The active materisl is lead dioxide-in ths positive plate and sponge
lead in the negative plate. )

Antimony is added to the grid alloy to improve its mechanical
properties, such as hardness, cagtability and resistance to creep. The
use of stimony alloye also reduces nghedding” or loss of the positive
active material, since the anedic corros{én products of these antimony
alloys sppear to have good adhesion properties with respect to the positive
active material. -

The lead acid battery is a secondary cell. Its accepted reaction
mechanism, based on the "double sulphate® - vas first been put forward
by Gladstone and Tribe'') and later confimsed by Vinal sd craigl?), ma

Beck and i‘ynne—Jones(B) , 8 detailed derivation being given by Vina1(4).




The reactions tgking place are:~-

at the positive plate

+ AP - 2 (1)

4

Pbo, + 50, + ait DEDIES prgp,
Charge

. : D - PE . E, = 1,685 volto*

R A ’ : - R R at the negative plate

— Discharge <
otmny seTe. i L Eis e Pb + 90 > Pbs0, + 2e (1)
‘ 4 “Charge 4

Trailn LI T L o S . . Eo, = 0,356 volta*

overall reaction
Discharge-. .
Pbo, + 2H_S0, + Pb 2PbS0, + 2H,0 (iid)
2 274 e 4 2

Eo = 2,042 volts*
R R T T T - (* See appendix 1 for electrode potentials)
T e St ote¥ oo DRI Lou o mean 40 3utnguud e , In addition to the principal electrode reactions which takn place
woLTon wh T mes dn e leind R I R ) in the lead acid battery, ther:are other, secondary reactions which give

B S T L R R - rise to self discharge of the battery. . These processes were investigated

I L . L R by Vinal'®), and more recently by Rustehi and angstaat(®), vio

R ghowed that seven different reactioms can contritute towards self

N BN ST gl . . diacharge:-

X T S , PO, + H + 2, = P80, + EO +130, (iv)

2 4 4

) R S N | PbO,, +(£d + AL, = W0, + ED (v)
TOLTe T P O L T e i ' ) .etal)

SPbO, + (;;bd + 6,50 = (Sb02)2$4+§’h804+6ﬂ20 (vi)
metal)
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Pb0,, + oxidisable material + S0 4” = Pb0, + oxidised material -(vii)
frem separators
PbO, | + B, + H0, = P, + 2,0 (viii)
Pb +H,0, = P50, + K, {ix)
P +40, + E, = m®, + HP (x)

Self discharge of the negative plates, reaction (ix), is slow in
the absence of impurities, but contamination by antimony greatly
{ncreases the rate of the reaction, since antimony has a lower hydrogen
over-voltage than lead. This increase in the rate of self discharge of
the battery is known as "antimony poisoning” of the negative electrode.

In 1900 Stresser and Gahl(a) realised that the grid antimony of the
negative plate could affect '&ie voltage of the plate. Later Crennel and
!illi@an('i) reported traces of stibine in the gases evolved during
charging of lead acid batteries, a.nd they concluded that the presence
of antimony on the negative plate resulted in its self discharge.
Haring smd Thomas'®) fomd that the evolution of stibine was increased
vhen charging was completed and over charging began. These results
vere confimed by Byfieldld), who-sleo showed that the smount of
antimony present in the active material of the negative grid was far
in excess of my quantity which could have diffused from the negative

grid itself.,
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The comparatively recent use of radicactive isotopes afforded
the battery technologist an effective technique for the study of the
problam of “entimony poiscning®. Hermsnn and Propst1{10) dosed the gria
alloy of standard lead-acid batteries with radiocactive antimony, and
after formation of the plates and subsequent testing of the cells,
studied the resulting distribution of antimony. They found that the
majority of the antimony detected in the plates, ﬁs separators ad in
the electrolyte came from the positive plate grid. The greater part of
thie released antimony was contained in the positive material, whilst a
smaller proportion was deposited onto the negative plate, especially
after lengthy continucus charging of the battery. Antimony from the
negative grid was slso detected in both the negative amd positive plate
materials, in the separators and. in the electrolyte, at this was omly a

fraction of the total antimony released.

Since it was alresdy h:osn(S) that the use of different separators

could affect the rate of self discharge of the negative plate, Zehender,
Herrmann and Leibsslc(") used a radioactive tracer technique to study
the influence of the separators on "antimony poisoning”. They
established that large antimony fluctvations occur in the electrolyte
space arcund the pogitive plate, particularly during charge-discharge
cycles, and also that the positive plate, during charging, takes up a

large proportion of the antimony relessed during the previous discharge
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(1)
of the battery, Zehender et al concluded that if the antimony

fluctuations could be confined by s suitable separator, limiting the
diffusion of antimony into the negative compartment, “antimony
poisoning”" of the megative plates would be reduced.

During normal operation of the battery, anodic -corrosion eof the
positive grid releases antimony into the electrolyte. Some of this
antimony diffuses through the separator and is deposited onto the
negative plate. Since antimony has a lower hydrogen overpotential than
lead, local action commences, hydrogen is liberated and the sponge lead
ig converted to lead sulphate, resulting in a gradual discharge of the
negative plate, reaction (ix).

The above o;rerall mechanism of “antimony poisoning” has thus been
established but the individuall reactions involved in each stage of the
process have not been studied; in detail, apart from the self-discharge
reaction (vi). "

SPPO, + 25b + €L, = (sv0,),50, + 5PbS0, + 6E0
which was shown'® to be dependant upon the solubility of antimony (V)

in sulphuric acid,

No information has been published regarding the antimony species
formed in the strongly acidic conditions of the lead-acid battery,

even though an understanding of these antimony ions is of prime
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importance in elucidating the mechanisms of dissolution, transference
and deposition of sntimony.

The chemical nature of satimony, with its outer electronic
configuration of 441055257, leads one to expect the existence of both
antimony (ITI) and satimony (V) compounds. However antimony does exhibit
convaleacies greater than three and five by way of the availsble 4d'C
orbitals; and dons (01T and [8C1,T are known to exiat(?2)

In the solid state, compounds such as antimony trioxide, Sb406,

antimony trieulphate sz(so 4)3, m4d sptinony pentoxide Sb0; are well

known., The sntimony (V) sslts are based on a co-ordination mmber of

six and contsin either the Bb(tﬂ)e]' ion or the complex oxide group
sws;(’z) gome of the antimony (III) sslts are thought to contain the
discrete ion Sbo' e.g. (SbO)ZSJ o vhich, on treatment with vater gives
"antimonyl® solutions. .

The aqueous chemistry of sntimony is based on the co-ordination
of four of six oxygen atoms resulting, for example, in ions guch as
[sb(cE) )™ ana (sb(cE) (1. The formula of the "antimonyl" eation is
normally expressed as Sb0+, although in aquecus solutions it is more
11ka15¢1?) to be hydrated on [(B,0),Sb(c),1".

Pitaan, Pourbalx and de Zoubov\'#) considered that antimony
could be presemt in aqueous solutions as the simple ions Sb0*, S%0,",
EC: [su(0m) ] (see dppendix I). They postulsted that

gbo* was the catlon most commonly encountered in acidic solutions
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md thet Sb02"' vas formed under acidic oxidising conditions.
sov(cH) 6. was found in weskly acidic and in slkaline solutions, whereas
sv{) 4“ occurred only in alkaline solutions with a pH greater than 11.
Bo mentioh was made of the possibility of the acid complexing with
sntimony to produce, for example, the anion [Sb(SO4)2]- in sulphurie
0014015 There 15 aleo ovidence!'®) that in acttc solutions
[3b(c) T soms condense to give [b,0, 7 amd en increase in the
Lydrogen ion concentration cases further condensation to give (5,0, 3]"".
Since modern battery technology requires a more comprehensive
understading of the problem of "antimony poisoning”, it was decided
that a detailed investigation into the mechaniam of the deposition of
antimony onto lead electrodes, together with a study of antimony ions

in agueous sulphuric acid solutions, should be undertsken.




2.

EXPERIMENTAL

" *Analar Grade' reagents were used throughout the experimeuté.l work,
except for the antimony metal used in the preparation of the standard
antimony solutions, which was obtaified as *spectrographically standardised
metal® frou Johnaon Matthey Co. Ltd.

The choice of antimony isotope was limited to antimony 122, 124
and 125 and the antimony 124 isotope was selected from a eonsidar#tinn

of its half life and cost.

Isotope Balf Life = Gost/wc  Decay Bmission

122, 2,74 4 up to 5 me/£10 Beta & Camma
124 60 d up to 5 me/£10 Beta & Gamma
125y 2.0 y up to 0.5 mc/E10 Beta & Cama
timony 12
Type of radiation released Beta Gopman
Energy in Mev 0.28 (128}  o0.60 (100%)

0.63 (568) 0.9 (5.4%)

» ' 1.01 (¢49) 1. (6.29)

1.68 (6¥) 1.7 (46%)

2.39 (228) 2.1 (10%)

The isotope was obtained as gramules of irradiated spectrographically
standardised antimony metal from the Ralio Chemical Center, Amershem.

The isotope was allowed to stand for at least three weeks prior to its




use so that the short lived 122 isotope could decsy. The antimony

granules were easily removed from their lead container by means of
tweezers, weighed on an analytical balance and then dissolved in hot
concentrated sulphuric acid to give a stock tracer sclution containing
the required radioactive antimony concentration, In all the experimenta
ueing radioactive measurements a sample of the active solution was kepk
as a standard which was periodieally counted with experimental samples
and its decay curve noted, The radio-acti;e measuresents obtained
during a series of experiments carried out over a pgriod of time could
then easily be converted to the antimony concentration, the "standard
decay cung" providing the coﬁversion factor for the decrease in count
rate with time and also allowed for any variation in the detection
efficiency of the counting equipment. The noruigl safety precautions were
observed in all the experiments involving the handling of the radioactive

isotope.

2.1 Antimony Ions in Aqueous Sulphuric Agd.

Preparation of soluticns
.uit'mony‘ (111) / Sulpburic acid solutions were prepared in the
folloving ways. 7
(a) FKnown weights of antimony trioxide or antimony trisulphate were
dissolved in hot dilute salphuric acid.

(b) A known veight of antimony metal was dissolved in hot concentrated
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sulphuric acid, The solution was cooled, diluted with distilled water
and sulphur dioxide was passed through the solution to ensure complete
reduction of any antimony (V) to sntimony (III). The excess sulphur
dioxide was removed by boiling, and the solution was then diluted to the
required antimony (III) / sulphuric acid concentratiat,

Antimony (V) / sulphuric acid solutions were prepared in the following.
vays.
(a) Antimony pentoxide in amounts less than 0.5g was dissolved in 1
1itre of hot dilute sulphuric acid.
(v) Small known weights of antimony metal were dissolved in hot fuming
sulphuric acid containing 20% “/w silphur trioxide.
(c) Antimony (V) sulphate was prepared as follows and subsequently
dissolved in dilute sulphuric acid.

5g of antimony trichloride were dissolved in 200 ml of concentrated
hydrochloric acid. Chlorine gas was passed through the solution to oxidise
the antimony trichloride to antimony pahchlor.'uie. The colour of
the solution changed from pale yellow thmugil orange to pale _green,-yellm
Oxidation was considered to be complete when no colour change was observed
after passing chloxfine for a further hour. The solution was concentrated,
cooled in sn ice bath and saturated with hydrogen chloride for three hours.
A white precipitate of hexachloroantimonic (V) acid was filtered off and

added to 400 ml of 50% '/v sulphuric acid., This solution was then placed




in a distillation flask and the water / hydrochloric acid mixture
distilled off in a stream of nitrogen. Water was added periodically

and the distillation continued until no trace of chloride could be
detected in the distillate. The white viscous semi-solid antimony (V)
sulphate was filtered off using a sintered glass crucible. Attempts

to obtain antimony (V) sulphate as a s0lid proved umsuccessful, To
prepare solutions suitable for analysis, amall quantifios of the gel-like
compound were dissolved in dilute sulphuric acid.

(d) Antimony (III} solutions were oxidised by mesns of the reactive
species produced during irradiation of the solutions with gamma rays from
a 4 curie cobalt-60 source.

(e) Dilute antimony (III) solutions were oxidised using hydrogen
peroxide, Excess peroxide was then destroyed by boiling with small

platinum metsl 'boiling aids'.

2.1.2, Ionic migration of redicactive smtimony

Tracer experiments were conducted to determine the ionic nature of
the antimony species. Initially these experiments were carried out in
a perspex cell which was divided into three compartments by mesns of
Porvic I separator material, but in the later experimmté, a three
compariment cell was used which was made from Pyrex with sintered glass
separators, Fig. (2,1).

The cuter anodic and cathodic compartments of the cell were fitted
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Fig. 2.1 Ionic Migration Apparatus 1
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with platinum electrodes and the cell filled with sulphuric acid
containing a known amount of either antimony (111) or antimony (V), The

centre compartment was filled with electrolyte of the same composition

except that the antimony present included some radiocactive antimony.
Care was taken to ensure a uniform electrolyte level throughout the cell,
and, since the antimony and acid concentrations were the same in each
cell, no concentration gradients were set up., Thus, any build up of
radicactivity which occurred in the snode or cathode compartments on

the passage of an electrical curreat, would be the result of migration
of cationic or aniomic antimony (I1I) or artimony (V). The solutions
were periodicelly removed from the cell using a 'three pipette' system,

PFig. (2.1), which enptied the three compartrents sigultaneously. The

stems of the 'pipettes' A, were placed into the compartment and by opening
tap B to vacuum the solution in the compartment was drawn up and collected

in the bulb C. Tap B was then opendd to the atmosphere and samples were

obtained through tap D. Samples of the three solutions were counted in
en annular type Geiger-Muller tube to determine the amourt of radioactive
antimony which had diffused from the centre compartment. The soluticns
vere then replaced in the 'pipette' and returned to the cell through

taps D. The experiment was then continued. Prior to each experiment,

a series of radioactivity measurements was taken to determine the rate

of diffusion of the radicactive antimony with no current flewing through
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the cell, The results of these 'blank' experiments were subtracted
from the results obtained for the rate of diffusion of the radioactive

antimony during the passage of current.

2.1.3 Spectrcphotometric and polarographic analygig

The solutions prepare;i as described above were snalysed by ultra-
violet spectrophoimeiric and polarographic methods in order to establish
that the procedures adopted did11n fact,result in the production of
antimony (III) or antimony (V) species. The ultra-vielet spectra of
the antimony (III) and antimony (V) solutions were measured using an

Optika Recording Spectrophotometer over the wave length range 180 = 240 my;

'supersil' cells were used. A 'blank' determination was carried out
using sulphuric acid and the wave length scale of the spectrophotometer

was checked against a Vikor filter. Since oxygen adsorption occurs in

0 AN R S TN LA

this region of the spectrum, the spectrophotometer was first purged

with nitrogen and then with air and the antimony solution spectra
obtained in each case were compared. The results indicated that antimony
spectra were not affected by purging with nitrogen, also that spectra
below 200 my were 'true' antimony spectra and not the results of

stray light or loss of power due to 'ageing of the deuterium lanp.
Solutions of antimony in fuming sulphuric acid at various dilutions were

also exsmined spectrophotometrically.




The polarographic analysis was first carried out using an

Evershed Mark II polarograph with a saturated calomel electrode as ﬁ1§
reference anode. Analysis was then repeated on a Southern Instruments
Cathode Ray polarograph have a silver / silver chloride reference
anode immersed in the teat solution within the polarograph cell,
This electrode was prepared by the ahodisation of a clean silver
wire in 0.1N hydrochloric acid.
Standard antimony (III) and sntimony (V) solutions, containing

L , 0 to 2 x 107M entimony, in sulphuric acid ranging from 0.2M to 18M

were prepared as described previously (Section 2.2.1). These standards

were then examined spectrophotmetrically amd polarographically. Over

a period of several days the standards were re-examined to detect anmy
change in the spectra after standing.
2.1.4 Solvent extraction using radiocactive antimony
A geries of solutions containing 0.5 x 10 M to 1 x 107K atimony (III),
dosed with antimony 124, in 0.2M to 10M sulphuric and 0.1M to M
perchloric acid were prepared by dissolving ifradiated antimony metal
in either hot concentrated sulphuric acid or hot 60% perchloric acid,

followed by dilution to the required antimony and acid concemtration.

10 m) samples of these solutions were then.continuously shsaken
with an equal volume of an organic solvent containing a complexing agent.

The organic solutions used were 1M thenoyl triflurcacetone (T.T.A.) in

|
[
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benzene, 2.5 x 1071 Gmethyl 2,3,7, trihydroxy-6-flurone in benzoyl
alcohol snd O.01M thioalide in cyclohexanone, After shaking for 60 min.,
1 ml aliquots of the agueous and orgsnic layers were counted using a

sodium iocdide well crystal and the distribution coefficients,

Concentration of antimony in the organic layer

K. =
d Concentration of antimony irn the agueous lsayer

were calculated directly from the radioactivity measurements.
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2.2 The Deposition of Antimeny from Aqueous Sulphuric Acid onto Pure Lead
Electrodes.

The rate of deposition of antimony onto lead was investigated by

means of a tracer technique using antimony-124, The deposition ef antimeny

was measured continuously by monitoring the lead electrode through the
sulphuric acid electrolyte, and, by using a flowing electrolyte system,
a constant level of antimony concentration was maintained in the
electrolyte at the electrode interface.

Figa (2.2), (2.3), and (2.4) show the final version of the

apparatus used. The apparatus consisted of a deposition cell, a oonétant

head device from which the electrolyte flow could be contrelled and
measured, and a radiation detector. Pyrex glass was used threughout
the apparatus, except for the deposition cell and the electrolyte
pumps which were made from perspex,

The deposition apparatus components, listed below, have the same

lettering in PFigs, (2.2), (2.3), and (2.6).

A - Reservoir N - Counter Blectrodes

B - Constant Head Device 0 - Araldite Backing

C - Pumps P - Beta Sensitive Plastic Phosphor
D -~ Deposition Cell Q — Photo Multiplier Tube

BE - Flow Control Tap R - Light Pipe

P - Differential Manometer S - Hydrogen Beference Electrodes
G - Tap T - luggin Capillary

H - Tap U - First Salt Bridge

I - Tap V - Intermediate Vessel

J - Lead Electrode ' W - Second Salt Bridge

K - Gas Trap X - Valve Voltmeter

L - Water Trap Y - Counting Assembly

M - Polythene Spacer Z - Nitrogen Scrubbing Unit
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The antimony-sulphuric acid solution was pumped from the
reservoir (A) to the constant head device (B) by the pumps (C). The
pumps had s magnetic impeller which was driven by an external magnet
attached to a small D.C. motor. The pump design, using the magnetie
coupling, eliminated any seepage of the radio-active solution. The
solution flowed from the constant head device to the deposition cell
(D) and, back to reservoir, The excess solution was returned directly
from the constant head device to the reservoir. The solution flow
through the deposition cell was controlled by the tap (E) and the
flo;w rate measured on the differential flow manometer (F). Taps (G)
and (H) were used when the deposition cell was drained and they also
allowed the solution to by-pass the electrodeposition cell when the
lead electrode was replaced. The solutions wuld be continuously
purged with nitrogen and the diffusion of air into the apparatus
prevented by a number of small water traps (L). The apparatus was
housed in a thermostated box, heated by a stream of hot air from an
industrial air blower. This themostating method kept the solution

within ¥ 0,29C of any required temperature within the range 25°C to 50°C.

2.2,1. The lead electrodes

(a) Prepsration of the Electrodes

To prepare the electrodes, zone refined lead was first cast
into a rod 1" diameter. This was then machined into discs
%" thick with a face area of 4 cm2. A tinned copper wire

was soldered onto the back face of each lead disc which was
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then cast in araldite. The front face was milled flat to
produce an electrode aé shown in Fig.(2.5). The circular
mould used for casting the araldite was so designed that the
lead disc was positioned centrally in the araldite.

(b) Pretreatment of the electrodes to obtain & reproducible lead

surface.

A fresh lead surface was used for ecach deposition study. This
was prepared by removing the existing surface on decreasing
grades, (360, 420, 600,), of wet emery paper. Fine scratch
marks weré removed by polishing on ; rotating disc polisher,
with a 'Selvet' cloth and a metallurgical solution of 'Brasso’
in a saturated -solution of paraffin wax in paraffin oil. The
'Beilby layer' was removed with a light etch solution of 15 g.
of ammonium molybdate in 100 ml, of water mixed with an equal
volume of a solution containing 27 ml. of concentrated nitrie
acid in 100 ml. of water., This treatment resulted in a clean

lead surface free from abrasion marks in which the crystal

structure of the lead could be seen clearly. At this point,

a roughness factor was introduced by lightly polishing the

surface with a 'Selvet' cloth and a saturated selution of

paraffin wax in paraffin oil. The electrode was then washed
in petroleum ether, degreased in trichlorethylene, rinsed in
acetone and finally washed free of solvents with distilled water.

The final stage in the pretreatment, and the electrochemical
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treatment of the lead in 20% v/v sulphuric acid at 25°C resulted in
a reproducible lead surface.
The electrode was first anodised at a current demsity of
20 mA/cm2 for 30 mins and then cathodised at a current demsity of
5 mA/cm2 for 30 mins, The electrode was then transferred to the
perspex deposition cell where cathodisation was.continued at 2.5 m.A/cm2

for 5 mins, in antimony-free 20% sulphuric acid.

The deposition cell,

The perspex deposition cell (D) is shown in Pigs.(2.6) and
(2.7). The circular electrode (J) was positioned vertically into an
opening in the front face of the cell, and was then clamped tight by
means of a retaining screv, thereby emsuring reprodusible geometry for
the radiation measurements. At the same time the cell was positioned
so as to give a gap of approximately 0.5 cm between the lead surface
of the electrode and a beta scintillation counter. A polythene spacer
(M) placed between the electrode and the perspex of the cell acted as
an electrolyte gasket, it also ensured a constant depth (0.077 cm) of
electrolyte at the electrode surface. In order to obtain a smooth flow
of electrolyte both through the cell and across the electrede surface,
the electrolyte channels on each side of the electrode were made
approximately 7 cm. long with a rectangular cross-section similar to
that of the polythene spacer at the electrode surface.

Two compartiments containing the platinum counter electrodes
(N} vere sealed with araldite into the sides of the cell, and both

compartments were purged with nitrogen to eliminate the diffusion




Approx, Scale

Fig, 2.6 Perspex Cell and Electrode Syste&n
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of evolved oxygen into the lead electrode compartment.

When nitrogen or air was passed down through tap (I)
Pig. (2.4), electrolyte was removed from the cell via taps
(6) and (H). 1In order to prevent interference of the electrolyte
flov, any hydrogen evolved during an experiment was carried upwards
by the electrolyte and collected in the glass tube below tap (I).
The radiation detector and counting equipment.

The detector assembly, Fig. {2.7), consisted of a Nuclear
Enterprises beta sensitive plastic phosphor (P), 1" diameter and
‘0,010" in thickness, attached to a photomultiplyer tube (@) by
means of a light pipe (R). It was found necessary to thermostat
the photomultiplyer at 25°C since an increase in the count rate of
5% per °C was recorded. The phosphor had a beta efficiency of
approximately 95% and a gamma efficiency of 0.1%. For counting
purposes, a Nuclear Enterprises 'Edinburgh' series counting
assembly (Y) consisting of an amplifier, pulse height analyser,
timer, scaler and print-ocat unit was used. A series of determina-
tions were carried out using a standard source prepared by deposit-
ing antimony onto a lead electrode in order to find the most favour-
able operating conditions for the counting equipment, Figs. (2.8),
(2.9). Fig. (2.8) shows the relationship between the threshold
voltage of the analyser; the background count, b; and the source

plus background count, s, with 1.0 kV and 1.3 kV supplied to the
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2.2.4.

photo multiplier tube, These calibration results were also

2 .
expressed as a plot of 82 against the threshold voltage, Fig, (2.7). The

b

most favourable operating conditions for scintillation counting
are noermally.given by the maxima of the %E plot, but because of
the sensitivity of the photomultiplier tube to variations of
tempefature it was found necessary to operate the equipment on the
right hand side of the peak. This position corresponded to the
start of the horizontal plateau in Fig.(Z.SL a threshold value
which eliminated a large proportion of the noise pulses.

By use of a suitable threshold voltage, 3V, on . the analyser
and a voltage of 1,1 kV on the photomultiplier tube, the initial
background count rate of the electrolyte was less than 200 counts
per 100 seconds whilst,after a typical deposition experiment of
30 min. duration,the count rate had increased to between 2,000 to
20,006 counts per 100 seconds.

Electrpchemical measurements.

The two standard hydrogen reference electrodes (8), Fig. (2.6)
(2.3), were prepared by immersing clean platinum wires in an aqueous

solution of 0.05% "y platinum chloride and 0.025% w/v lead acetate,

. A small D.C. current was passed through the solution and the current

density was adjusted by means of a rheostat until evolution of gas
commenced. At 15 sec intervals,the current was reversed to produce

an even deposit of platinum black on each electrode. The electrodes
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washed in distilled water and placed in the pure sulphuric acid
solution in the reference electrode compartment of the deposition
apparatus,

A luggin capillary (T) was incorporated into the perspex
cell and was commected to the reference electrode cempartment via
two salt bridges containing sulphuric acid solution. The first
salt bridge (U) connected the luggin capillary to an intermediate
vessel (V) containing a sulphuric acid solution similar to that in
the deposition apparatus. The second salt bridge (W) then connected
the intermediate vessel and reference electrode compartment. This
second salt bridge and the reference electrode compartment were
filled with a pure sulphuric acid solution of the same molarity as
that in the deposition apparatus. This arrangement was necessary
because the electrolyte flowing past the luggin capillary tended to
either introduce antimony solution into the reference electrode com-
partment or remove the sulphuric acid from the reference electrode
compartment, The luggin capillary enabled the lead electrode
potential to be measured against the hydrogen electrodes by means of
(X), a high impedence valve voltmeter (18). The hydrogen electrodes
were periodically checked against each other to emsure that true
potential measurements were obtained. The platinum counter electrodes
were positioned as described previously and cﬁrrént for the electro-

lysis circuit was supplied by a 12 volt accumulator.




2.2.5.

2.2.6.

Purification of Nitrogen,

British Oxygen Company "white spot" nitrogen was passed
thfough a series of scrubbing tubes (2) 3 initially through two
containing 5% sodium dithionite in 54 sodium hydroxide solution
to remove oxygen; through a 10% sedium hydroxide solution to
remove any sulpbur dioxide formed previously; through a 10%
sulphuric acid solution, and finally through distilled water.

In order to reduce evaporation losses from the deposition apparatus,
the purified nitrogen was not dried prior to its introduction into

the apparatus.

Calibration of the weight of deposited antimony against its
radioactivity.

Radicactive antimony was deposited onto a lead electrode in the
depos{tion apparatus and the count rate was noted on the scaler. The
electrode was then taken from the deposition cell and the antimony
removed electrolytically using a few drops of sulphuric acid as
electrolyte and a small platinum cathode. This solution was counted
in an annular type Geiger—Muller-tube and a comparison was made between
its activity and the activit§ of a series of standard antimony 124
solutions in sulphuric acid, The electrode was re—positioned in the
cell and re-counted to determine the amount of radioactivity which
had been removed, From a series of such determinations, a graph of

activity against weight of deposited antimony was obtained, Fig (2.10).
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Fig. 2.10 A Typical Calibration Graph used for the Determination
of the Antimony on the Blectrode




2,2,7. Deposition studies.

Solutions were prepared which contained various concentrations
of antimony (III) and sulphuric acid. The rate at which antimony
R was deposited was determined in each case, These experiments were

carried out at varying solution flow rates and at different temper-~
atures. Deposition rates were studied both with current flowing

through the electrode and under open circuit conditions.

Experiments were also carried out to determine the rate of
deposition of antimony (V) onto lead electrodes and the rate of
deposition of antimony (III) and antimony {V) onto lead—_lead dioxide
electrodes,

2.3. Antimony Chemistry in the Lead-Acid Battery,

2.3.1. The production of antimony species from antimonial-lead electrodes.

The outer anodic and cathodic compartments of the three
compartment cell, described in 2.1.2. were fitted with 8% antimonial-
lead electrodes, of apparent surface area of 10 cm2, and the cell was
filled throughout with 4M sulphuric acid. Air was excluded from

the cell by the use of water—traps, and nitrogen was bubbled through

the electrolyte within the three compartments. A current of 10 mA/
cm2 was passed through the cell for 4 hours and at periodic intervals
the electrolyte in the anodic and cathodic compartments was examined
,g9r the presente of antimony species by ultra-violet spectrophoto-

A ) metry and polarographic analysis. The centre compartment of the

i
.E
]
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cell acted as a divider and, as such, limited the contact between

antimony produced in the ancdie and cathodic compartments. After
& suitable time intervals, the electrolyte was removed from each

compartment as described previously, 2.1.2, and the antimony

concentration determined.

The total antimony concentration was measured by counting the

radioactivity and the antimony (III) concentration by polarecgraphic

determination. The difference between the two results was the
concentration of antimony (V) in the electrolyte.

2.3.2. The reduction and oxidation of antimeny in aqueous sulphuric acid.

The glass three-compartment cell used previously was filled
with either dosed antimony (III) or dosed antimony (V) solutions in
\ aqueous sulphuric acid, Platinum electrodes, surface area 10 cmz,
were fitted into the end compartments and a current of 0.5 mA/cm2
was passed through the cell, After suitable time intervals the
solutions in the end compartments were examined for any change in the
antimony oxidation state by counting the solution and also determining

the antimony (III) concentration polarographically.

2.3.3. The adsorption of antimony from aqueous sulphuric acid onto lead

dioxide and lead sulphate,

1 g. samples of either "Analar" Grade lead sulphate were placed

in test tubes and 15 ml. of a solution of 1.64 x 10—5g. of antimony,

P
%3

dosed with antimony 124, in different concentrations of sulphuric
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acid. The test tubes were stoppered and shaken daily for five minutes.
Solution samples were removed after suitsble time intervals, centrifuged
to remove any lead dioxide or lead sulphate and an aliquot of the sample
was counted to determine the antimony concentration remaining in the

solution,




3. RESULTS

3.1 Antimony Ioms in Agueous Sulphuric Acid
3.1.1 Ionic migration

Psbles 1 and 5 show the resalts of tracer experiments conducted
in the three compartment perspex cell with Porvic I separators. The «+
tracer experiments were repeated using a glass three compartment cell
with sintered glass discs between each compartment, and the results
are tabulated below, The migration of radioactive antimony from the
.centre compartment was measured after a current of 120: A had been
passed between the tuo platinum electrodes each of wh:{ch had a surface
area of 3 cme.

(a) Antimony (III) species

The cell was filled throughout with antimony (III) in sl phurte

acid and the ms?lting distribution of the radicactivily, expressed as

concentration of migrated radiocactive antimony is shown below.




Table 1

Initial concentration of antimony (III) =1,6x 10_4}1 in 4M sulphuric acid

Distribution of Radioactive Antimony in Bach Compartment

Anode Centre Cathode
- Time 1x 10’41![ % of Migrated 1x107% 1 210" | % of Migrated

(hrs) Antimony _ Antimony
0 0 0 1.6 o 0

3 Q.07 58 1.48 0.05 42

6 0.25 51 1.21 0.2 49

24 ‘ 0.74 70 0.70 0.30 30

Table 2

Initial concentration of antimony (III) =1.58 x 10_414 in M sulphuric acid

Distribution of Radioactive Antimony in Bach Compartment

Anode Centre Cathode
Time 1 x 107K |# of Migrated txi07m | 1x 107 % of Migrated
(nrs) Antimomy - Antimony
0 - - 1.580 - -
2 0.015 63 1.562 0.009 37
4 0.032 73 1.541 0.012 27
6 0.051 68 1.505 0.024 32
8 0.060 65 1.489 0.0%2 35
24 0.197 61 1.257 0.126 39
-4

Blank determination, i.e. 'self diffusion' = 0.003 x 10 '¥ Sb per hour
Aversge result = 66/ anionmic species and 34% cationic species.
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Table
Initial concemtratiom of antimony (111) = 1.8 x 10_4!{ in 4M salphuric acid

Distribution of Radiocactive Antimony in Bach Compartment

Anode " Centre Cathode

Mg | 1 % 107K | % of Migrated | 1 x 1074M |1 x 107 | % of Migrated
{nre Antimony Antimony

0 - - 1.580 - -

2 0,015 66 1 1.551 0.008 34

4 0.027 75 1.544 0.009 25

6 ' 0.038 ’ 72 1.528 0.015 P

8 0.053 69 1.502 0.024 31

24 0.185 68 1.207 0.088 32

Blank determination, i.e. 'self diffusion' = 0.003 x 10—411 8b per hour.
Average result = 70% apionie species and 3% cationic species

Table 4

Initidl concentration of mtimomy (III) = 1.58 x 10~M in 6M sulphuric acid

Distribution of Radioactive Antimony in Bach Compartment

Anode Centre Cathode

. = - . = . .
Time | 1 x 10 M % of Migrated |1 x W Mi1x10 K % of Migrated|
(hrs) ) Antimony . ’ Antimony
) - - 1.580 - -

2. 0.014 . T4 1.562 0,005 27

4 0.002 T : 1.549 0,009 29

6 0.032 T3 1.536 0,012 21

8 0.049 -~ 69 1.509 0.022 b1l

24 " 0.167 B 1,361 0.054 25
Blank determination, i.e. self diffusion = 0.002 x 1074% Sb per hour

Average result = 72% anionic species and 2% cationic species.
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These results indicate that the antimony (III) solution cortained
apyroximately 70% antimony (III} anjomns and % antimonmy (111) cations.
(v) Antimony {V) species

- The cell was filled throughout with amtimony (V) in sulphurie

acid, the cemtre compartment containing radicactive amtimony and the

results are expressed as the concentration of migrated radioactive

antimony.
Table 5
Initial concentration of antimony (V) in 4M sulphuric acid = 1.9 x 10_411
Distribution of Radioactive Amtimony in Each Compartment
' Anode Centre Cathode
time | 1 2 107°M | % of Migrated | 1 x 107K | 1x 107K | % of Migrated
~(nr} Ant imony Antimony
0 [4) 0 1.90 ] 0
§ . 0,20 95 1.6% 0.01 5
26 0.61 88 1.20 0.08 12




Pable 6 -

-4

Initial concemtratior of antimony (V) =1.58 x t0 M in 2M sulphuric acid

Distribution of Radicactive Antimony in Each Compartment

Anode Centre Cathode
Pime | 1 x 107 | % of Migrated] 1 x 104 | 1 x 10 % of migrated
(hr) Antimony Intimony
0 - - 1.580 - -
2 0.021 100 1.568 0.000 0
4 0.0%2 97 1.547 0.001 3
6 0.046 89 1.528 0.006 1
8 0.059 %0 1,513 0.007 10
| 24 0.154 93 1.414 0.012 7

Blank determination i.e. 'self diffusion' = 0.003 x 107K sb per hr.

Average result = 94% smionic species and 6% cationic species

Initial concemtration of antimony (V)

Table 7

—4

= 1,58 x 10 'M in 4M sulphuric acid,

Distribution of Radioactive Aatimony in Each @ompartment

Anode qutre Cathode

pime | 1 2 107K | % of Migrated 1 x 107M |1 z 1078 | % of Migrated
{br) Antimony Antimony
0 - - 1.580 - -

2 0.020 100 1.559 - 0

4 0.029 100 1.550 - 0

6 0.044 % 1.535 0.001 2

8 0.056 95 1.520 0.003 5

24 0.158 9% 1,414 0.008 5

Blamk determination i.e. 'self diffusion’ = 0,002 x 107'M Sb per hr.

Average result =

anionic species amd 2% cationic species.
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Table 8

Initial concentration of antimony (V) = 1.58 x 107*¥ in 6M sulphuric acid

Distribution of Radioactive Aotimony in Bach Compartment

Ancde ' Centre Cathode |
Timo | 1 x 107K | % of Migrated 1 x10M |1x 107 | £ of Higrated%
(nr) Antimony ) Antimony
0 - - 1.580 - -
2 0.018 100 1.562 0.000 0
4 0.027 9% . 1.561 0.001 4
6 0.041 98 1.538 0.001 2
8 0.05%0 g6 1.528 0.002 4
24 0.149 96 1.434 0.006 4

Blank determination i.e. 'self diffusion’ = 0.002 x 10-411 St per hr.
Average result = 97% armioric species and 3% cationic species

The above results fbr the antimony (v) solutions show the predominance

of an ionic species. .
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3.1.2 Polarographic snalysis

Antimony (V) - sulphuric acid solutions

Polsrographic waves were not observed.

timo: III)} - sulphuric acid solutions

Bxperiments using a Southern Instrumemts cathode ray polarograph
gave polarograms as shown in Figs. (3.1) and {3.2). In 2-12M salphuric
acid the polarogram consisted of only one peak whereas in acid of less
than 1.5M, two peaks were observed. .

Since the polarograph was designed as a comparison instmm;t for
analytical use the ordinate of the oscilloscope graticule had to be
calibrated to record the diffusion curremt in amps. This was effected
by placing a series of standard resistors across the imput terminals
of the polarograph and using the voltage sweep of 0.5V of the polamgra;)h
itself to give a pulse on the oscilloscope. The pulse height them
corresponded to the current, i, where i = QR& amps, The value of the
standard resistance is expressed as R {(ohms); Table 9 and Fig. (3.3)

Antimony (III) results, Table 10, were plotted as diffusion current
at the polarogram peak (ip) against antimony (III) concentrationm,

Fig. (3.4) and (3.5).

The electrochemical diffusion coefficients of these antimony (III)

cationic species were calculated from the polarographic results using
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Table 9

Calibration of Oscillescope Graticule

Resistance Across i(uA) Graticule
Input (0hmsx103) Reading
220 2.27 62
270 1.85 50
390 1.28 35
560 0.89 24
680 0.74 20
820 0.61 16
1000 G.5 14
60 }-
¢
[¢]
n
©
o 40 |-
Q
-
-
3]
2]
]
20 L
g
1(na)

Fig. 3.3 Calibration of Polarograph
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Table 10
Determination of the Antimo ITI) Diffusion Coefficient

HySO, + 151 (1x207 L) tp (tp)%' >
B (centipoise-l for hlo‘4n5b(111) {sec) | (sec %) (10-6¢m sec"l;
Amp,Scale= x 100
I 0.4 0.952 1.68 ' 6.16 | 3.36 4.07
1 1 0,833 1.71 6.18 3,37 1.21
2 0.681 1.58 6.17 3.36 3.63
3 0.571 1.49 6,16 3.37 3,24
4 0.476 1.36 6.20 3.36 2.66
5 0.385 1.25 6.25 3,38 2,26
6 0.322 0.95 6,21 3,37 1.31
7 0.263 0,94 6.18 3,36 2.27
8 0.213 0.52 6.10 3.34 1.22
9 | 0.174 0.74 6.02 3,31 0.79
10 0.139 0.73 5.86 3.25 0.78
11 0.109 0.62 5.70 3.19 0.57
12 0.089 0.55 5.63 2,16 0.46
H2§04 - ip"(lxlc— pd) . ( tp)-% D
for 10-4usp(rIr)| P
0.4 0.952 2,02 6.50 3453 5.75
1 0.833 1.83 6.35 3.46 4.79
Wt of 50 drops of mercury in 1¥ sulphuric acid = 0.1554 gm
Wt of 50 drops of mercury in 10M sulphuric acid = 0.1530 gm

Average weight of the mercury drop 0.0031 gm
Start potential = 0.25 volts vs Ag/AgCl/SO4" electrode
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the Randles equation“g) -

3
i = t.24m . F.Cp. % t}f.n z.a%.ﬁamps.

= x -
(o.ona);. 102

where ip _ diffusion current at the peak (amps)

F = the Faraday (96,490 coulombs)
Cm = molar concentration of the reacting ions

y = a constant %epengg?nt on the rate of flow of the’
mercury (cm’.sec

tp = time at which the peak occurs (sec )

n = electron transfer

a = rate of voltage (volts.sec_1)

D = diffusion coefficient of the reacting ions

(cm2.sec™t)
¥ was calculated from the equation P = ¥ t, vhere T = redius
of the mercury drop, cm, at the time, t, a.hd t = time, sec, from the
commencement of formation of the drop, assuming that the volume of
the drop increases uniformly with time.

The volume of & mercury drop is % n r3

and its radius, r, cm,

can be calculated from;

1‘3 = 5‘ -a. 'L cm
4 p W
y:here n = weight, &

and p = density, g om’
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-
. 3.m cms.sec !
4.pom. t
The life time of the mercury drop was 7 sec and its weight after
Tsec was 0.00%1 g.

3 x 0.0031 cm3.sec=1

oy =
4 x 13,546 2 7 x 3.142

The polarograms were obtained by applying a voltage increase
(0.5 volts) during the final 2 sec of the drop life,

. _ 0.5

o.°<—2

vclts.sec—1

Assuming an electron transfer of one i,e. n = 1, the diffusion
coefficient of antimony (III) was calculated from the equation

2
(0.0118)% x 1072 z 107®

5 ’ (na)
) 1.24 x 3.142 x 96490 x 1074 2 %.0.0031 §<0 2 ¢ ¢(t)
. : * 4 x 13.546 x 3,142 . A

Holar concentration of antimony

Where C
10™4
o (100N
e D = 2.85x 10 7|
C(tp)

Experimentally, tp wWas given as a voltage reading on the oscilloscope

graticule and its position depended upon the starting potential

2
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of the vltage sweep, For example, if the starting potential was

0.25 volts and t = 5 sec, on completion of the polarogram, t would

L R

be 7 sec and the potential 0.25 + 0.5 volts, Thus if the pesdc maximum
occurred at 0,5 volts, tp would be 6 sec.

In sulphuric acid solutions less than 1.5M, it was difficult to
calculate the antimony (III) diffusion coefficients since the relative
concentration of the antimony species producing the two peaks was

unknown, The diffusion coefficient of each pesk was therefore calculated,

L T

"
tp' md tP in Table 10, and an average value was assigned to the diffusion
coefficient. This average value was later used in the deposition experiments
Tables 11 and 15 to 19,

Uaing the Stokes-Einstein equation,
kT

sl

where r = Stokes radius of the ion and 1 = the dynamic viscosity of

D =

the solution, a graph of the antimony {III} diffusion coefficients

RN AN AL
< NS 0 T
(35

against the reciprocal of the dynamic viscosity of the sulphuric acid
solutions was plotted, Fig. (3.6). The dynamic viscosity values were
obtained from the International Critical Tables. The graph proved to

be linear over a sulphuric acid range 2 to 12M; except for a al ight

Wy e MM 8 A s e b b A A e e e a o m A A m e oma o o A A e

dip at approximately 7M. The graph also showed that the value of the

antimony (ITI) diffusion coefficient decreased with an increase in

BP0 9 e e At e
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sulphuric acid concentration.

When sulpburic acid solutions above 1.5M were used, only omne
peak was observed on the cathode rey polarogram. This showed the
reduction of one antimony (III) cationic species. Solutions less
than 1.5M sulphuric acid gave two polarographic pesks indicating the
presence of two antimony (11I) cationic species also the value of
the diffusion coefficient decreased with a decrease in acid concentration,
showing that the Stokes radius of the ion had increased probably due
to hydration by the addition of either O or 1120. The electrochemical
diffusion coefficients calculated from the polarographic determinations
were gimilar to those found by Jackson(m), see Fig. (3.6). The values

of the diffusion coefficients obtained from Fig. (3.6) are listed

below in Table 11.

Pable 11
Sulphuric Acid Concen tration Anti mo) 111 * Diffusion Coefficient
M D (cmz.sec-t)
0.65 4.90 x 1076
1 4.50 x 1078
2 3.68 x 10°°
4 2,50 x 10-6
6 1,70 = 1078
8 13221 -6
10 0.71 x 1070
12 0.46 x 1076
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3.1.3 Ultra-violet spectra
(a) Antimony (IIT) in sulphuric acid

Typical spegtra are shown in Pig. (3.7) and (3.8) ad consisted

of two absorbtiop bands. It was found that the position of the first

absorption band varied according to sulpbhyri¢ acid concentration, Fig.

(3.7), whilst the position of the second band remained constant at
208 mp. The dependence of the peak position, lmax , of the first
- sbsorption band on the acid concentration is shown in Fig. (3.9), the
projection of the arrows onto the ordinate indicates the variation in
the position of )'max with antimony concentration.
Beer's law was obeyed for antimony (III) comcentrations up to
. ' 1 x 107, md sulphuric acid concentration 0.1 to 18M. A typical
graph of optical density at 208 my and Xm against antimony (111)
concentration is shown in Fig. {3.10).

The above antimony (III) spectra were obtained after the

solutions had been standing for several days and had reached equilibrium.

A comparison was made, Fig. (3.11), between these normal spectra

and spectra obtsined within an hour of dilution from a concentrated

sulphuric acid solution. The molar extinction coefficient, (é), of the
antimony (III) at A 190, 195, 200 and 205 my was calculated for the

concentration range obeyed by Beer's Law. The dependence of (-é) upon
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the sulphuric acid concentration is shown in Fig. (3.,12).
The spectra of antimony (II1) in aqueous perchloric acid, prepared
by the dissolution of antimony trioxide, are compared in Fig. (3.13),

(3.18) and (3.15).
: Table II.

|‘. » : ) M sp(IIT)| A max Optical Density.
I 1x10~4 m 750 1395 | 200 ] 205 ] 210 ] X mex

,24M H SO

: 224
o 0.20 196.0 | - Jo.15] 0.11 ]| 0,05 0,03 | 0.17
; g ' 0,40 196.5 | - 1 o0.305| 0.225| 0.10| 0.065| 0,335
0.60 . 196.5 | - | o0.46 | 0.345| 0.159 0.10 ] 0.50
© 0.80 197.0 | - | o.61 ] 0.45 | 0,209 0.13 | 0.66
1.00 197.0 | - | 0.74| 0.54 | 0.24] 0.155] 0.505
€ ‘7700 | 560Q | 2550 1650 8400
.5 MHSO,
0.20 97 _ | o.125| 0.09| 0.075} o0.04] 0.16
0.285 197 _ ] o.165/ 0.11 | 0.08] o.06] 0.19
0.40 197.5 | - | 0.22| 0.15| 0,11 ] o0.07} ©.29
0.569 197.5 | - | 0.33 | 0.22 | 0.16 | 0.09 | ©.37
0.60 197.5 | - | o0.3a5} 0.25] 0.16 | 0.10} 0.385
0,80 108.0 | -} 0.49] 0,31] 0.22] 0.13]| 0.5
0.854 198.0 | - | o.s05| 0.325] 0.24 | 00151 0.57
1.0 198.0 f - | 0.58| 0.37] 0.26 | 0.17| 0.645
1.138 198.0 | - | 0.63| 0.43] 0,31 ] o0.20} 0.66
1.423 198.5 } - | 0.73| 0.52| 0.37 | 0.25] 0.83
- 1.708 198.5 | - | o.82] 0.59] 0.41} 0.291 0.92
| € 5900 | 3850 | 2750 | 1700 ] 6350
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Table II (Contd)

] - iH'Sb(III)‘)\ max Optical Density
‘i 1x10 =4 | mp 190 [ 195 [ 200 ] 205 [ 210 JAmax
} 1.0M H,50,
0.128 198.5 | - 0.02{-0.07] o0.03| o0.02| o0.07
0.256 198.5 - 0.03| 0.12] o0.,07) o.05] 0.13
0.384 198.5 - 0.09} ©.17] o0.10]| 0.06{ 0.19
0.64 199.0 - 0.09] 0.35] 0.17] 0.09] ©.365
0.80 199.0 - 0.11] 0.39| 0.20} 0.14| 0.4
; . 1.20 199.0 - 0.14| o©.65] 0.33] 0.23]| 0.65
i 1.60 199.0 - 0.22) o0.82{ 0.44]| 0.32| 0.83
: g 1.708 199.5 - 0.23] 0,81} 0.43| ©0.35] 0.85
: ) . ] , 2,277 199,5 - 0,26 1.05| 0.51] 0.40} 1.08
b € - 1375| 4950| 2700 | 1950| 5200
f2.0M 1,50,
0.285 198.5 - 0.07} o0.15] 0.06 | 0.04] o0.16
0.569 198.5 - 0.12] ©.31} o0.11] 0.07| ©.325
0.854 198.5 - 0.20| o0.46| 0.15] 0.10] ©.475
1.0 199.0 - 0.22] o.52] 0.18} 0.12| o0.54
1.5 199.0 - 0.33] 0.75| o0.32} 0.17] 0.78
A 2.0 199.5 - 0.42{ 0.94]| 0,37 | 0.19] o0.96
! o
3 13 - 22001 5200 2000} 1250} 5400
4.M. H,50,
0,32 197.0 - 0.12] 0.13| 0.08] 0.06| 0.15
0.40 197.0 0.01| 0.39] o0.18| o0.10] 0.09| o0.20
0.64 197.0 0.02} 0.25| 0.27| o0.16 | 0.15] o¢.33
1.0 197.5 0.03} 0.36| 0.429 0.26 | 0.24| o.50
1.28 197.5 0.04! 0,48 o0.54} 0.33] 0.30] 0.66
1.50 197.5 0.04} 0.55} 0.64} 0.38} 0.35] 0.71
2.0 198.0 0.05| 0,67] 0.82} 0.50 | 0.44] o0.92
) € 300| 3700| 4200 2600} 2350] 5100
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Table II (Contd).

M. Sh(III){ A\ max Optical Density.
4x10 =4 . { mop 790 ] 195 ] 200 | 205 | 210 | Amax |
M. H,50,,.
‘ 0.2 194.0 0.09 | 0.13] 0.09 | 0.08| 0.07] 0.14
i 0.4 194.Y 0.19 | 0.29} 0.18 | 0.15] 0.15] 0.30
] 0.5 194.5 0.24 | 0.35] 0.23| 0.19} 0.19] 0.35
R 0.8 194,5 0.35 } 0.55} 0.36 | 0.32] 0.29] 0.56
: 1.0 194.5 0.43 | 0.66] 0.48 | 0.40| 0.38] 0.66
1.5 195.0 0.60 | 0.84] 0.65} 0.54] 0.55} 0.84
2.0 195.0 0.68 | 0.95} 0.75 | 0.63| 0.60} 0.95
F. : ] £ 3200 | 7000 | 4700 | 3900] 3700] 7100
BN 5,50,
0.32 193.0 0.12.1 0.20] 0.13 ] 0.11] ©.09} 0.21
0.50 193.0 0.20 | 0.30] o0.20 | 0,16} 0.15} 0.33
0.83 193.5 0.31 }o.50} 0.32] 0.26] 0.24] o0.52
1.0 193.5 0.37 Jo.59} 0.37] 0.32] 0.30] 0.63
1.28 193.5 o.27 | 0.65| o0.50] 0.39] 0.36] 0.70
1.50 194.0 0.53 | 0.72] 0.54] 0.45} 0.44] 0.76
1.92 194.0 0.60 | 0.81} o.61] 0.55} 0.54] 0.83
3 3700 | 6100 1 3800 | 3200] 3000] 6400
E 10M.H,S0
0,25 191.5 0.15 | 0.16 } 0,09} 0,08 0.08] 0.18
0.50 191.5 0.26 10.32] 0.17] ©.16| 0.15] Q.35
0.83 192 0.55 | 0.50 ] 0.28 ] 0.26 | 0.24] 0.56
1.0 192 0.62 | 0.65] 0.33] 0.30]| 0.29] 0.69
N 1.25 192.5 0.74 to.70| 0.42] 0.40) 0.38] 0.80
1.64 192.5 0.85 | 0.80] 0.53 ] 0.49| o.47| 0.92
€ 6200 | 6600 | 3300 | 2900 3100} 7000
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Table IT, (Contd),

M Sb(III)] A max Optical Density. i
1x10~4 mp 190 1 195 | 200 | 205 | 210 A max
12M.H,80 ,
0.25 191.0 0,19 ] 0.18 | 0.09 | 0.07 | 0.08 | 0.22
0.50 191.5 0.39] 0.35] 0.19} 0.16 | 0.17 | 0.43
0.75 191.5 0.58 | 0.54 ] 0.28] 0.23 | 0.25 | 0.65
1.00 192.0 0.75 | 0.68 | 0.35] 0.30 | 0.32 | 0.82
€ 7800 | 7150 | 3700 | 3100 | 3400 | 8600
14M.H 50,
0.25 191 0.22| 06.191 0,11} 0.09 | 0.10 } 0.25
0.50 19 0,45 | 0.38] 0,23 0.20 | 0.21 } 0.49
0.75 191.5 0.67{ 0.56 | 0,32 ] 0,28 | 0.29 | 0,74
1.00 191.5 0.85] 0.71] 0.42] 0.34 } 0.32 | 0.92
€ 9000 | 7500 | 4400 | 3700 | 4000 | 9800
16M.H,50
0.25 191 0.24{ 0.20] 0.13 ] 0.11 ] 0.11 | 0.23
0.50 191 0.48 ] 0.41)] 0.25] 0.22 | 0.23 | 0.51
0.75 191 0.73] 0.59| 0.381 0.32 ] 0.33 ] 0,76
1.00 191 0.91] 0.72| 0.47 ] 0.41 | 0.43 | 0.96
£ 9700 | 7850 | s000 | 4300 | 4450 |t0200
8M.H,S0,
0.25 191 0,25 ] 0.20] 0,14 ] 0.12 ] 0.12 | 0.23
0.50 191 0.50 | 0.41] 0,271 0.23 ] 0.25 | 0.51
0.75 191 0.74] 0.60 | 0.39] 0.35 | 0.37 | 0.77
1.00 191 0,921 0.76 | 0.41] 0.43 ] 0.46 | 0,96
€ 9900 | 8050 ] 5300 ] 4600 | 4900 ]10300
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Table 12,

M.Sb(III)f A max Optical Density.
1x10—4 mp A max 190 j 195 ] 200 ] 205 | 270
0.54. HC10, _
0.2 194,0 0.25| 0,07| 0.23] 0.14f 0.07] 0.05
0.4 194.0 0.55( 0.15§ 0.54] 0.26] 0.13} 0.67
0.6 194.0 0.75 | 0.22] 0.73] 0.40§ 0.20] 0.12
0.8 194.5 1.0 0,297 0.96 0.52{ 0.25] 0.15
; 1.0 194.5 1.2 0.35| 1.10} 0.62} 0.30] 0.18
£ 12500 | 3600]12200 | 6500) 3200| 1900
1 M HC10,
0.2 194.0 0.21| o0.06] 0.22} 0.13] 0.07] 0.04
0.4 194.5 0.45 | 0.12] 0.42] 0.25} 0.13] 0.09
0.6 194.5 0,66 | 0,16] 0.65| 0.36] 0.18] 0.12
0.8 194.5 0.89] 0.23] 0.85] 0.48) 0.24] 0.17
1.0 195 1,05 0.26] 1,0 | 0.57} 0.27] 0.19
£ 11000 | 280010600 6000} 3000] 2100
2 M HC10
0.2 195 0.18 | 0.04] 0.18} 0.10]} 0,06} 0.05
3 0.4 195 0.35 | 0.06f 0.35] 0.21] 0.12| 0.09
'3 0.6 195 0,52 | 0,10] 0.52] 0.32] 0.18] 0.14
0.8 195 0.69 | 0.13] 0.69] 0,421 0.24| 0.18
1,0 195.5 0.83 | 0.14] 0.83} 0,49} 0.27] 0.21
£ 8600 | 1500] 8600 5200] 2900} 2200
3 M HC10,
0.2 195.5 0.15 § 0.02] 0,13} 0,10 0.05] 0.04
1 0.4 196 0.30 | 0.0240.28}0,19| 0.11] 0.09
0.6 196 0.45 | 0,03] 0,43) 0.28| 0.17] 0.12
0.8 196 0.60 { 0.03] 0.58} 0.38| 0.23] 0.16
1.0 196 0.70 | 0.04] 0.69] ¢0.43] 0.26] 0.18
£ 7400 | 400| 7200 | 4700 2800] 2000
4 M HC10,
0.2 196 0.131 - 10.13} 0,09} 0.07| 0.04
i 0.4 196,5 0.26 - yo0.25s} 0,18 0.11] 0.08
0.6 196.5 0.39 - |9.37]0.28] 0,17} 0.12
0.8 196.5 0.51 - 0.43]0.37{ 0.23] 0.16
1.0 196.5 0.60 - 0.57}0.43|0.25} 0.18
€ 6400 | - | 6100 4600 | 28001 2000
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Fig. 3.8 Spectra of intimomy (III) in 6M Sulphuric Acid
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(b) Antimomy ¥V} in sulphuric acid

Antimony (V) in squeous sulphuric acid solutions gave one sbsorption
bend at 193 ms, Fig. (3.18). The position of A _ at 195 mp was not
affected by a change in acid concentration. Beer's Law was obeyed for
antimony (V) concentrations 0 to 20 x 10_41'1 and sulphuric acid
concentrations 1 to 12M, e.g. Fig. (3.17). The dependence of the
molar extinction coefficientl (E)‘ upon the sulphuric acid concent ration
is shown in Fig. (3.18).

A comparison between sntimony (III) and entimony (V) spectra
showed that the antimony (V) absorption band was weaker than the
corresponding antimony (III) band, Fig. (3.19). £

The absorption spectra obtained during the dilution of antimomy

(V) in fuming sulphuric acid solution are shown in Fig. (3.20) to (3.23).
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Table 13.
§ M Sb(V) A max Optical Density.
: 1x1004 | _wp X max | 190 | 200 [ 210
0.5 M550,
i 3.0 195.5 .18 0.12 0.06 0.04
A 6.0 195.5 0.35 0.25 0.21 0.10
1r 92,0 195.5 0.53 0.38 0.30 0.15
i 12.0 196.0 0,71 0.50 0.41 0.19
K € 590 420 340 160
§
2 MH;SO,
2.0 195.0 0.12 0.07 0.07 0.05
4,0 195.5 0,25 0,18 0.14 0.07
6.0 195.5 0.37 0.25 0.21 0.10
8.0 195.5 0,49 0,32 0,28 0.14 |
10,0 195.0 0.62 0.42 0.36 0.16
12,0 195.0 0.75 0.51 0.42 0.20
€ 620 420 350 160
4 M H,S0,
2.0 195.5 0.13 0.08 0.07 0,06
4,0 195.5 0.25 0.17 0.15 0.08
6.0 195.5 0.37 0.26 0.23 0.10
8.0 195,5 0.50 0.31 0.28 0.15
10.0 195.5 0.63 0.44 0.37 0.17
12,0 195.5 0.76 0.52 0,42 0.20
E 630 430 360 170
6 M H,S0,
2.0 195.5 0,12 0.09 0.08 0.06
4.0 195.5 0.26 0.18 0.14 9.07
6.0 195.5 0.38 0.33 0.22 0.11
8.0 195.5 0.50 0.43 0.29 0.15
10.0 196.0 0.64 0.43 0.36 0.16
12.0 196.,0 0,76 0.51 0.41 0.19
€ 630 430 360 170
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Table 13. QContdz.
5 ;
: i M Sb(V) N max Optigcal Density.
L)
& 1 x 10 my Amax | 190 [ 200 | "210
5i
! SM.H,30,,
L 2.0 195.5 0,11 0.10 0.08 0.03 |
; 4.0 195.5 0,27 0.19 0.17 0.10 |
; 6.0 195.0 0,41 0.39 0,25 0.16 |
! 8.0 195.0 0.54 0.40 0.33 0.19 |
g 3 10.0 195.0 0.69 .0.47 0.41 0.24
: 12.0 195.0 0,81 0,58 0,49 0.29
' € 680 480 410 240
[10M,H,S0 -
2.0 195..0 0,16 0.12 0.10 0.08
4,0 195,0 0.35 0.25 0.23 0.16
6.0 195.0 0.52 0.38 0.34 0.25
8.0 195.0 0.69 0.71 0.45 0,34
10.0 195.5 0.95 0.62 0.56 0.39
12,0 195,5 1.00 0.75 0.67 0,48
£ 860 630 560 400
12, H,S0,
1.25 195.0 0.21 0.13 0. 11 0.10
2,5 195.0 0.43 0127 0.24 0.20
3.75 195.0 0.64 0,41 0.36 0.29
5.0 195.0 0,80 0.55 0,48 0.39 |
7.5 195.0 0.98 0.82 c.72 0.61 ‘
€ 1720 1120 960 780 |
|
. !
|
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10 x 10~* antimony (V)
in 6M Sulphuric acid.

0.6}

0.4
B
L] -
]
]
-1
~ 0.2
3 -
o
-
el L
B
o
(-4 1 -
180 200 220
wave length ( n M )
Fi +16, Ultra violet spectrum of ant V) in agueous
sulphuric acid,"
0,81
L Sulphuric acid
: concentration 4M.
B o.6}
o
2 -
0.4}
i
2
& o.21
0 i 1 |
0 5 10 15

concentration of antimony (V) (1 x 107% )
al plot of optical density against concentration




- 73 -

180 200 220

: N
i ; 1600 max
| ¢
: !
‘ !
§ ? 1200 |~ 190 mp
|
1 . 5
ai B . 200 mp
N i
i} : 5
ij 800 210 mp
\ ; , L
3 w00 fa— a4 p—*
15 et o 1= F =
E- : * -
bR | * o < 2"a 24
§ . . 2 L 1 1 1 1
ik « 0 2 4 6 8 10 12
ik 4.
il . Sulphuric Acid concentration (molar).
; +
% : : PFig.3,18. Molar extinction coefficients E of antimony (V).
: Optical
) e Density .
4 - 1.0 x 10™*M sb(III)
i / in 4M H2804
¢ 0.4
&
. . .
1 . 4
i 1) ¢ 0.z | 1.0 x 107"M $b(V)
% : in 4M H2504
3 3
il [
§ i Wave length (mp.)
E: '} ; v
! | ‘E Pig.3.19. Effect of oxidation by the reactivg species produced
o R on irradiation with X-rays from Co~ .

b i B 0 o B e S




T s b s -1

i A e e LSS L S

s AR R L N MR

i

g

- T4 -
0.D 0:D
0.3F
0.3} 0.2
0.1 F Oulle
AL ri ] LY L i 1 2
180 220 260 180 220 260

VWave length (my)

Fip.3.20, Antimony in Fuming Sulphuric

Wave length (mp)
Pig.3.21. Antimony in ﬁ Puming

Acid, Sulphuric Acid,
0. 4,

0.D, F
0.3 0.3
0.2~ )
- ‘/'" B
0.1k 0.1

1 1 L 1 ! 1 ] 3

180 220 260 180 220 260

Vave length (mp) Wave length (mp)
Pig.3.22. Antimony in 80% ¥/v Puming Pig.3.23, Antimony in 50% Y Fuming

Sulphuric Acid.

Sulphuric Acid.




RN 3 A S DAt i

TV
.

antimony 124, by 9 methyl 2, 3, 7, trihydroxy - 6 — fluorone from

3.1.4. Solvent Extraction

The results obtained on extracting sntimomy (III), dosed with

-5 -

perchloric acid solutions are shown below in Table 14,

The batch

distribution coefficient, Kd, was calculated directly from the radio-

activity measurements, which had been corrected for the back ground

count, The resulis were expressed as graphs of log Kd against log of

the fluorone concentration, Fig (3.24), and as log Kd against log of the

hydrogen ion concentration, Fig (3.25),

Iable 4.

104 |Sv(III) |fluorgme |c.p.100s | c.p.100e

M 4 1x1 1210 aq.layer ! org.layer k3 log kd [log [Hﬂ
1.0 1.0 0.5 3,879 10,134 0,261 | -0,583 0
1.0 1.0 1.0 8,432 6,871 0.815 | -0.089 ]
1.0 1.0 1.5 6,242 8,021 1.442 0.159 0
1,0 1.0 2.0 4,011 10,97 2,735 0.437 0
1.0 1.0 2.5 2,419 11,395 4,7 0.673 0
0.t 1.0 2,5 180 11,723 65,1 1.814 |-1,0
0.5 1.0 2.5 418 14,000 33.5 1.525 {-0,301
0,6 1.0 2,5 T80 13,273 17,02 1.231 |-0.222
0.8 1.0 2,5 1,242 13,627 10,97 1.04 =0.097
200 100 205 4’371 10,368 2c37 0-375 0-”‘
340 1.0 2.5 6,030 9,000 1.49 0.173 C.4TT
4.0 1.0 2,5 7,576 8,073 1.065 0,027 0.602
5.0 1.0 2.5 8,075 8,216 1.017 0,007 0.699
6.0 “1,0 2,5 8,490 7,782 0,917 |-0.038 0,778
7.0 1.0 2,5 8,625 8,253 0.957 |-0.019 0.845
8.0 1.0 2,5 7,574 7,847 1,036 0.015 0.903
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The d tion of antimony onto purs d electrodes
Using the standard electrode pretreatment described in sectit-m

2.2.1., the results obtained by depositing antimony from 0,79 x 10~M
antimony (III) in pitrogm saturated 4M sulphuric acid were as shown in

Pig (3.26). Fo current was passed through the cell during the experiment,
i.e., the electrode was at open circuit, and the flow rate of the electrolyte
was maintained constant at 20 ml.min~'. The amount of antimony deposited,
as determined from the radiocactivity measurements, was plotted against

time amd the electrode potential was also noted throughout the experiment,

Por the Tirst 693 secs, there was a linear increase in the amount of

antimony deposited and the electrode potential remained comstant at -0,%62V,

the potential of a lead-lead sulphate electrode, The potential of the
electrode then increased to -0,335V but the rate of antimony deposition,
as measured by the slope of the graph, remained constant for the next

60 sec, apd only started to decrease slightly during the next 80 sec.

The potential of the electrode x_.-qse_‘ sharply at 845 sec., the rate of change
of potential slowly decreasing until by 1200 sec. a stationary value of
40.195Y was obtained, This final potential corresponded to an antimony
electrode in the absence of dissolved oxygen or antimony trioxide. The
observed rate of antimony deposition also decreased during this peried

of inerease of potential until when the clectrode potential was +0.19%V

the amount of antimony on the electrode surfsce remained constant, No
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further change in either the amount of antimony on ths electrode or the
electrode potential was otserved either when the electrode remained in
contact with the mitrogen saturated electrolyte for 16 hz, or when the
electrolyte was replaced with antimony free, nitrogen saturated electrolyte,
411 the experiments carried out with nitrogen saturated electrolyte
gave results similz;r to those in Fig (3,26) provided the standard pre-
treatment of the electrode was used, Altering the pretreatment of the
electrode greatly changed the length of time the lsad-lead sulphate
potential was maintained and also affected to a lesser degree the rate of

antimony deposition, this is discussed in greater detail in Section 4.2.1,

The slope of the linear part of the deposition graph gave the rate
of antimony (III) deposition and this rate of deposition was dependant

on (a) the flow rate of the elsctrolyte (b) antimony concentration (c) the

sulphuric acid concentration and (d) the temperature, These paramoters
from typical experiments are shown in Mes (3.27) to (3.%) and the results
are given in Tables 15 to 19, The flow velocity (cm.$?) of electrolyte
wae calculated from the flow rate @ (cm.os™') and the mean cross section
of the electrolyte flowpath at the electrods (cm.2), The valuss of the
diffusion coefficients were obtained from the polarographic determinations,
ard the dynamic viscosity were calculated from the kinamatic viscosity and
density(%{ﬂuee quoted in the Internmational Crdticsl Tables, Values of the

corresponding Nusselt, Reynold and Semid4 numbers were also calculated.
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for the sulphuric acid concentrations employed. The Nusselt and Reynold's
numbers were calculated using the hydraulic diameter, dm' of the elecirolyte

at the electrode ,where

4 = 2 xcross sectionsl area _ 2 x 0.077 x 2.5

?

wetted perimeter 2.577
e dl = 0.1494 cm. The dimensionless numbers are given by
Nu = ﬁ N Be = Vdm, Se z
D v D

where k = mass transfer constant, D = diffusion coefficient of the antimony
(III), v = electrolyte velocity at the electrode, and V = the kinematic
viscosity of the electrolyte,

The-se values of Hu, Re and Sc have been included in Tables 15 to 19
for convenience and this aspect of the deposition work is discussed in
greater detail in Section 4.2.

The amount of antimony deposited on a lead electrode at different
electrolyte flows is shown in Fig, (3.27) and the antimony (III) deposition
rates from 4M sulphuric acid at 25°C are plotted againat the flow rate ad
the square root of the flow velocity in Figs. (3.28)ad (3.29).

Phe effect of increasing the sntimony (III) concentration in the
electrolyte is shown in Figs. {3.30) and (3.31), the rate of antimomy
deposition increased linearly with increase of antimony (III) concentration,
The rate of antimony deposition as a function of sulphuric acid
concentration is shown in Figs, (3.32) anda (3.33), the deposition rate

decreasing with increase of sulphuric acid concentration.
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Table 15

0.65M H230 » Temperature = 25°C,

D = 4.91 x 10-6 cmz.s—

i

V=1.075 11072 an’.s™!,  Se= 2190, S < 12.98

(so(un}f Flow |Frow | me Re?Sc¥ | Dep. o | m

1t x10 Rate |Vel. Rate (®pp| =

(@) = (v) - RxiQ “_2__1 cm. s
ml.ain "~ {cm. s mwlexan s

0.395 5.20 | 0.450 | 6.25] 32.4 1.28 3,23 9.8
0.395 | 12.10 | 1.047 | 14.54 ] 29.3 1.85 a.70 | 143
0.395 | 24.90 | 2.155 | 29.99] 71.0 2.37 6.00 | 18.3
0.395 | 40.00 | 3.462 | 41.60] 83.0 2.86 7.25 | 22.1
0.395 | 52.10 | 4.510 | 62.60 }i02.4 3.47 8.80 | 26.8
0.63 1.95 | 0.169 | 2.3} 19.8 1.99 3.16 9.6
0.63 5.50 | 0.476 | 6.61 | 33.3 2.40 3.8 | 11.6
0.63 12.80 | 1.107 |15.39 | 50.8 2.94 4.66 | 14.2
0.63 25.10 { 2.172 |30.16 | 71.2 3.90 6.20 | 18.9
0.63 39.80 | 3.440 |47.80 |s89.5 4.49 743 | 217
0.63 51.00 | 4.410 §61.30 h01.6 5.50 8.74 | 26.6
0.79 1.35 | 0.117 | 1.62 | 16.47 1.80 2.28 6.9
0.79 4.5 | 0.389 | 5.42 | 30.20 2.74 3.48 | 10.6
0.79 8.40 | 0,727 |10.11 |41.20 3.08 3.86 | 11.7
0.79 11,50 | 0.995 |13.84 | 48.26 3.82 4.90 | 14.9
0.79 15.60 | 1.3% |18.76 | s56.15 4.20 5.33 | 16.2
0.79 20,00 | 1.732 |24.06 | 63.50 4.3 5.5 | 16.9
0.79 25.30 | 2.190 |30.45 | 71.5%0 5.05 6.41 19.5
0.79 32,00 | 2.770 |38.50 {80.40 5.43 6.89 | 21.0
0.79 41,5 | 3.590 |49.90 {91.60 4,86 6.17 18.8
0.79 50.50 | 4.370 {60.75 fi01.10 6.41 8.14 | 2.8
0.79 62.00 | 5.360 |74.60 f112.00 6.62 8.39 | 25.6
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Table t6

6 1

2M H,50,, Temperature = 25°C, D= 3.68 x 10 5"

Vo= 1.20 2102 ea’.s”!, Sc= 300, Se¥ - 15.04

[sp(111)1 | Frow Flow | Be 2e¥sc¥ [Dep. o107 |
1z 107%u | Rate Vel. Rate . | (/5w )

(Q). - (v) -1 Rx10 ) cm.s~1

ml.min cm.s jmoles cm ‘8

0.395 3.80 0.329 | 3.95 | 2.8 | 1.13 2.86 | 11.6
0.395 | 8.25 0.7113 | 8.52 | 43.9 | 1.3 3.47 | 14.9
0.395 | 20.10 1.738 |20.75 | 8.5 | 1.89 J4a.18 [19.4
0.395 | 24.95 2.156 [25.85 | 76.4 | 2.02 5.2 | 20.8
0.395 30.25 2.614 31,20 | 84.0 2.25 5.69 23.1
‘/ 0.395 | 41.00 3.550 p2.40 | 97.8 | 2.47 6.25 | 25.4
0.395 | 50.20 4.390 [52.40 [109.0 | 2.82 7.14 1 29,0
0.63 1.50 0.130 f1.552| 15.5 | 0.93 1.48 6.0
0.63 10.00 0.865 lio.%0 | 48.3 | 2.62 4.16 | 16.9
0.63 21.05 1.82 p1.77 | 70.2 | 3.16 5.02 | 20.4
‘ "' 0.63 32.30 2.7% p3.%0 | 86.8 | 3.58 5.68 | 23.8
T 0.63 40.90 3.540 k2.%0 | 97.7 | 4.05 6.43 | 26.1
[ i 0.79 2.50 0.216 | 2.58 | 24.06 | 1.31 - 1.66 9.25
a . 0.79 6.10 0.528 |3.51 | 28.14 | 1.8 2.28 | 10.92
E 0.79 12.50 1.083 | 4.95 | 51.60 | 3.26 113 16.79
0.79 18,70 1.62 Ee.ss 66.58 | 3.46 4.3 | 17.76
E 0.79 25.00 2.16 ps5.80 | 77.30 | 3.9 4.99 |20.28
I ) . ! 0.79 34.00 2.94 P5.10 | 91.40 | 4.72 5.98 |24.28
: , 1 0.79 45.00 3.90 p6.50 |[105.40 | s5.09 6.44 |26.15
' ‘ 0.79 52,50 4,55 Fu 116.20 | 5.23 6.62 26.88




Pable 17
4M 1,80, Pemperature = 25°C, D = 2.50=x 1078 «::1112.%-[l
¥ - 1.680 x 1072 ean.s™', Sc = 6720, se¥ = 18.87
[sb(I1I)] | Flow Flow Re ze¥sc5 | Dep. xio? | W
4. | Rave Vel. dm Rate (s =
A RO R o, |cn.st

ml.min cm. 8 mles ¢n 8 N
0.63 3.5 0.3t 2,75 | 1.3 | 0.67 1.871 | 1.2
0.63 10.1 0.89 7.90 } 53.0 | 0.95 2.64 | 15.8
0.63 20.3 1.79 15,1 § 75.3 | 1.23 3.43 | 20.5
0.63 29.8 2.62 25,28 | 91.0 | 1.39 3.85 | 23.0
0.63 40.0 3.53 5.3 f105.7 | 1.62 4.5 | 26.9
0.79 1.5 0.13 1.16 | 20.4 | 1.m 1.41 8.4
0.79 4.5 0.39 3.47 | 35.1 1.33 1.68 | 10.0
0.79 9.8 0.85 7.56 § 51.9 | 1.9 2.42 | 18.5
0.79 16.4 1.42 12,66 | 67.2 | 2.33 2,95 | 17.7
0.79 22.0 1.94 17.25 | 18.3 | 2.73 3.46 | 20.7
0.79 0.7 2.66 25.65 § 91.7 | 3.20 4.06 | 24.3
, 0.79 40.1 3.47 30.85 j104.9 | 3.39 4.3 | 25.7
| 0.79 9.7 4.% 38.20 |116.6 | 3.51 4.45 | 26.6
I 1.26 4.0 0.35 3.11 | 33.2 2.48 1.97 1.8
| 1.26 9.8 0.86 7.64 | 52.0 | 3.3 | 2.69 | 164
; 1.26 19.7 1,74 15.45 | 74.0 | 4.39 3,49 | 20.9
l[ 1.26 25.6 2.26 20.08 | 84.3 4.48 3.56 21.3
'g 1.26 32.1 2.83 25.15 | 4.5 | 4.98 3.96 | 23.7
i 1.26 47.5 418 57.10 [14.6 | 5.9 470 | 284

fiteriidbi s izt

B o a1
e
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Pable 18
6M H,0,, Temperature = 25°C, D = 1.70 x 1070 ca’.s™"

V = 23021072 an’.s™', Sc = 13,700, Se¥ = 23.93
(su(1r1)] | Prow Flow | Bey | Re?sc| Dep. it | W
1z 107 | Bate Vel. Rate (=3/=)

(@) -1 (v 1 (Bx10 _2_1 cn. g

nl.min cm.s mlsscn 8§
0.79 1.8 0.156 | 1.00| 23.9 | o.m 1.06 9.3
0.79 5.0 0.433 | 2.17| 9.7 | 1.7 1.68 | 14.8
0.79 10.4 0.900 | 5.77{ 57.4 | 1.38 1.75 | 15.3
0.79 18.2 1.576 | 10.10| 76.0 | 1.96 2.48 | 21.8
0.79 25.0 2.165 | 13.87 89.2 | 2.05 2.60 | 22.8
0.79 36.1 3.120 | 20.00{107.0 | 2.20 279 | 4.5
0.79 50.2 4.30 | z1.90]126.3 | 2.69 3.41 | 29.9
1.26 2.7 0.232| 1.0 29.3 | 1.25 0.99 8.7
1.26 8.3 on3| a.e1| s9.5 | 2.5 1.98 | 17.4
1.26 17.9 1557 | 9.93] 75.3 | 2.70 2.14 | 8.8
1.26 25.2 2.164 | 14.00] 89.4 | 3.65 2.90 | 25.5
1.26 7.5 3.220 | 20.80 | 109.0 | 3.49 3.6 | 21.7
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Table 19

8M H,30,, Temperature = 25°C, D = 1.12x 1070 ca.s!

V= 3.25x1072 calus™, Se = 29,000, Se¥ - 30.70
[so(11)7| Flow | Flow | Re, Re?Sc¥ | Dep. g™ | W
1 x 1o~%u| Bate | Vel. Rate (=B/fs6)
@ 16 (m0™), [ cm.s
pl.min § cm.s mles cm' s
0.79 2.9 0.25 | 1.15 | 31.0 | o0.86 1.08 | 14.4
! 0.79 3.5 0.30 | 1.3 ] 36.2 | o.67 0.85 | 1.3
! ‘ 0.79 7.2 o.62 | 2.86 | 51.8 | 0.91 115 | 15.3
H : 0.79 16.4 142 | 652 | e9.0 | 1.3 176 | 23.5
{ 0.79 28.5 2.47 | 11,38 | 103.0 | 1.55 1.96 | 26.1
§ 0.79 42,2 3.65 | 16.76 | 125.0 1.92 2.43 32.4
| 0.79 | 57.0 | 4.93 | 22.65 | 146.0 | 2.46 301 | 41,5
v 1.26 5.1 0.44 | 2,03 | 438 | 1.18 0.9 | 12.6
1.26 9.9 0.85 | 5.9 | 61.2 | 1.49 1.18 | 15.7
? 1.26 19.8 170 | 7.88 | 86.1 | 1.95 1.55 | 20.6
, , v 1.26 25.0 215 | 9.94 | 96.7 | 2.22 1.76 | 23.4
' ' 1.26 30.1 2.59 | 12.05 | 106.3 | 2.3 1.8 | 25a
' ‘ 1.26 39.8 3.42 [15.88 |122.0 | 2.78 2.21 | 29.4
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2M 8,0 ! 0.79x10~*¥ Sb(III)

4 at 25°C, Flow = 20.0 mlgin

N

0.63x10™K Sp(111)

0.395 x 10~M sb (III)

Antimony Deposited (1x1 0 Bmms. cz?)
T

0 200 400 600
Time (sec)
Fig. 3.30 Antimony Deposition at Various Antimony (111)
Concentrations
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Fig. 3.5 The Rate of Antimony (II1) Deposition at Various
: Antimony Concentrations
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The rate of antimony deposition increased with increase of
temperature and from results at various temperatures the activation energy
of the reaction was determined from an Arrhenius plot of log rate of
deposition aga%.nst the reciprocal of the sbsolute temperature, Fig, (3.34).
The small activation energies, approximately 2 K cals.mole-t, may be
considered as a measure of the resistance to the tramaport of the

antimony (III) ions through the Fernst diffusion layer close to the electrode.

-92-

Table 20
Flow rate = 20 ml.min
.} Pemp, Rate of 1Zl3ep:u. Activation Enefg'
32504 oC X cm.s K ecal.mole”
4 20 2.95 x 1074
-
4 25 3,31 x 10 1
4 87
4 35 4.56 x 10
—4
4 40 4.59 x 10
6 20 2.04 x 1074
6 2 4
5 2.24 x 10
. 2.0t
6 35 2.51 x 10
—4
6 40 2.82 x 10
8 20 1.60 x 1074
_4 !
8 25 1.85 x 10
4 2.18
8 35 2.09 x 10
8 40 2.21 x 1074
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No change in the rate of antimony (III)} deposition was observed when a
cathodic current was passed through the electrode, Fig, (3.36), providing
the counter electrode compartment was well purged with nitrogen. The
polarisation potential of the electrode was affected by the amount of
antimony deposited, the hydrogen overpotential of the lead electrode
decreasing with an increased amount of antimony present on the electrode,
Fig, (3.36)

Table 21

Hydrogen Qverpotential on the Leasd Electrode During Deposition

The amount of antimony on the electrode is shown as a percentage
required for complete coverage.

Log C.D. Electrode Potential (Overvoltage)

-2 T 4 3 [ 5
(h-ca™) % | or | 4k | o o0k
-3.602 0.02 - - - -
-3.301 0.06 0.03 0.015
-2.824 0.12 0.09 0.07 0.05 0.05
-2,699 0.1% 0.11 0.085 0.065 0.066
-2.301 0.175 | 0.16 0.13 0.1 0.11
-1,903 0.225 | 0.2t 0.17 0.165 0.16
-1.602 0.255 | 0.24 0.23 0.195 0.19
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4M H,S0, containing 0.63 x 107" su(111)
-1
E 1 = 40. Lmi
3 lectrolyte flow = 40.0 ml.min (5)
Temp. = 25°C
@
<
8.~ (4)
00
26
A 2
BT (3)
@
S0
B
a B (1) Open circuit
52 (2) (2) 25 ma.cm1
24 B (3) 50 mA.cu!
§ g §4% 75 m.mn-1I
Ew 5) 100 mA.cm
EV (1)
o L 1
1000 Pime (sec) 2000

Fig. 3.35 Antimony (III) Deposition at Different Current Densities
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Fig. 3.36 Hydrogen Overpotential on a Lead Electrode with Increasing




The amount of lead available for the sustaining of the discharge

resction Pb + 804_ — I’bSOAr + 2¢ docreased as the antimony on the

electrode increased, During these discharge experiments the electrode was

first subjected to a cathodic curremt of 25 mA m-z for 5 minutes prior

to the discharge, the current was then reduced to 1 maA m-1, reversed

and the potential of the electrode measured. 4An initial potential drop
of 20 — 30 mV was observed, and the potential then remained fairly constant
for a time dependant on the amount of lead present to sustain the discharge
reaction, the electrode being considered discharged when the tknee! of the
- . potential time curve, approximately -0,27V, was reached, Pig (3.37). The
electrode was then recharged at 25 mA em-z and more antimony deposited
i onto it, It will be seen from Fig (3.38), where the amount of deposited

antimony was plotted against the length of the discharge plateau, that

the amount of lead available for the discharge reaction appeared to be a

function of the amount of ansimony present,

ZIable 22.

Antimony on the electrode Discharge Plateasu
: {1 x 10" g, equiv, o) (mins. )
0,15 6.1

E 0.?0 600

: 1.10 541

i 2,20 401

] 3 2.70 3.7

| : 3.65 0,6
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Pig, 3.37 Discharge of Electrode During Deposition
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Fig. 3.38 Effect of Deposited Antimony on the Electrode Discharge
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In some experiments the electrode was completely reversed and anodic
corrosion of the antimony deposited occured, Fig. (3,39) shows a typical
result and it is interesting to rote that the electrode potential at
25 mA.cn~2 rose to that of a lead-lead dioxide exhibiting oxygen over
potential when the majority of the antimony hed corroded from the surface.
The cormsion. of the antimony appeared to be dependant on the current

density but this was not fully imvestigated.

(1) Cathodic current 0.5 mA.cm 2

Ty (2) & (3) Discharge 1 mA.ca™2
[4]

O (4) snodic aurrent 0.1 mA.cm™2
ES

[ ]

N - —)
%t L R T3
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2] * o+

= ,/ ?t
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Fig. 3.40 Effect of Reversing the Current
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The rate of antimony (III) deposition from oxygen saturated solutions

was also investigated, and wmder open circuit conditions the results were

similar to Fig (3.40). The observed rate of antimony (III) deposition

appeared to be less than corresponding deposition from nitrogen saturated

electrolyle, but it was difficult to obtain an exact comparison of the two
rates because of the similarity of-the deposition rates. The most inter—
esting aspects of the results from oxygen containing electrolyte was that
(a) the “antimony electrode” potential was 10 to 15 mV higher, e.g. +0,212V,
than the potentials obtained in oxygen free electrolyte, c.f, 40,195V and
(b) the antimony corroded from the aledtrode when the electrode potentisl
approached this "antimony electrode® potential. The potential decreased
only vhen the majority of the antimeny had been removed from the electrode
and eventually a static condition was obtained with a small amount of
antimony on the electrode and a potential of between +0,05Viand +0.15V,
The rate of corrosion appeared to depend on the oxygen concentration in
the electrolyte and flow rate of the electrolyte but the corrosion rate

results wore far from conclusive and were therefore not reported,
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© Table 23

4M H,50,, Temperature = 259C,

IIT) Deposition from O

Electrolyte Flow = 20.00 ml.min

en Saturated Solutions

1

| Blectrode Mass Transport Constant Electrode | Mass Transport Constant

Fo. k x 1074 cm.s1 Fo. k x 104 cm.s!
1 3.20 6 3.37

2 3.36 T 3.18

3 3.28 8 3.40

4 3.51 9 3.17

5 3.25 10 3.33

+ | + R |
k02 cat.= 3.30 ~0.2x10 “cm.s , kn2 sat = %.42 =0.2x10 "cm.s
Table 24
Hydrogen Overpotenti n O turated Electrolyte

The antimony on the electrode, Fig. 3.41, was expressed as & percentage
of that required for complete coverage of the electrode surface, Slope =0.192.

Overpotential Log Current -Dénsity (A.cn™2) with Incresse of Sb
(Forts) % ik 77 o
0.04 —2.78 -2.83 2,84 ~2.86
0.08 -2.63 -2.62 -2.64 -2.68
0.15 -2.44 -2.43 -2.46 -2.44
0.25 -2.35 -2.23 -2.18 -2.06
0.35 -1.90 -1.82 -1.75 -1.64
0.45 -1.48 -1.39 -1.%0 -1.16
0.55 -1.02 -0.98 -0.88 -0.80

Antimony (V) was not deposited onto the lead electrodes, and nei ther

antimony (V) nor antimony (III) were deposited onto a small lead-lead dioxide

electrode.
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4K HZSO

2 at 25°C

Overpotential (Volte)

b

o—o0 0.21 T 10 . g equiv.cm::
D—0 0.92 x 10 _, g equiv.cm 1
7
1

o.2 ¥—X 1.71 x 10_; g equiv.cm_
h = Y—¥ 2.1 x 10~ g equiv.cm
o L ‘ L

~3.0 - =2.0 : -1.0

log Current Density (A,cm

Fig. 3.41 Hydrogen Overpotentisl on a Lead-Antimony
Electrode in the Presence of Dissolved Oxygen

2)
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- The amount, and the oxidation state, of the antimeny formed at &

antimonial Jead electrodes during the electrolysis of 4M sulphuric acid was
determined, Samples of electrclyte from the anode and cathode compartments
after electrolysis were investigated by spectrapiotometric and polarographic
amalysis, The sample of electrolyte from the cathode c'ompartment gave a

well defined antimony (III) polarographic wave, but it was only after reduc-

' . : B ing the solution with sodium bisulphate, followed by boiling to remove the
i excese sulphur dioxide, that the antimony content of the ancde compertment

electrolyte could be estimated polarographically, as shown below in Table 25,

Amount of Antimony determined, Molar,

f Electrolyte | By ultra-violet By Polarography
Sample Spectra After reduction
, Fo pre-treatment| .4y 5odaium Bisulphate
i Anod v 1
A ment | 45 % 10457 | o.02 x 10745 | 15 x 107*sv™TE
- Cathode III1 ) 111 I1I
. E o o ement | 04 % 104sv™| 0.4 x 107458 | 0.42 2 1074
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3.3.2 The redyction and oxidatjon of antimony in agueous sulphuric acid,

The solutions from the end compartments of the three compartment
cell were removed after the time intervals shown, The total antimony
concentration was determined by counting the solutions in an amulay type
Geiger-Muller tule and the antimony {III} concentration was determined
polarogx:aphically. The cell was fitted with platimm electrodes, of area

10 mz, and the current density used was 0.5 mA/mz.

With the antimony (III) solutions a black ‘epemit of antimony was
formed on the platinum cathode but in antimony (V) solutions the physical
f appearance of the cathode remained unaltered, The results shown below s;re

the average of four experiments.,

(a) Antiwony (I11)

IABILE 26

Initial Antimony concentration = 0.79 x 10-9M in
4M Sulphuric Acid,

Anode compartment Cathode compartment
fﬁ) Total antimony | Antimomy (I11) | Total antimory | Antimony (III)
concentration,M.} concentration,M. | concentration,M,} concentration,M,
o | o79x 107 0.79 x 1074 0.79 x 1074 0.79 x 1074
2 0,80 x 1074 0.75 x 104 0.785 x 1074 0.785 x 1074
4 0.80 x 1074 0.75 x 1074 0.78 x 1074 0.78 x 1074
6 0.81 x 1074 0.70 x 1074 0.77 x 1074 0.77 x 1074
8 0.8 z 107¢ 0.69 x 1074 0.775 x 1074 0.77 x 1074




-105-

(v) Antimony ¥
TABIE 27

Initial antimony concentration = 0.79 x 107 in
4¥ sulphuric acid

. y Anode Compartment Cathode Compartment
11 &::] Total Antimony | Antimony (III) | Total Antimony JAntimony (I11I)
concentration,M, | concentration,M,| concentration,M.|concentration,N,

: o | e.rox 107 0 0.79 x 10674 0
! 2 | o9z 107t 0 0.79 x 1074 0
4 | o.80x 1074 o 0.79 x 1074 0.005 x 1074
6 | 0.8 x 1074 0 0.785 x 107+ { 0.005 x 1074
8 | o.sox107* 0 0785 x 107 | 0.01 x 107

The above results indicate that some of the antimony (III) was
oxidised to antimony (V) in the anode compartment and some of the antimony
(V) was reduced to antimeny (III) in the cathode compartment although the

latter was only a trace amount,
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Fe3e3 e orption of antimony from agueous sulphuric acid onto
lead dioxide and lead sulphate,

The radiocactivity measurements of the antimony sclution samples were

corrected for background and decay of th.e- antimony 124, and the results
expressed as milligrams of antimony adsbr‘oed per gram of lead dioxide or
lead sulphate, The adsorptioh of antimony by the lead dioxide and lead

sulphate is shown as a function of time in Figs (3.42) to (3.45), The rate

of adsorption of antimomy {III) onto both the lead dioxide and the lead
sulphate was greater than the cprresmnd}ng rate of adsorption of antimony
(V) The results also show that lead dicxide is a better adsorbant of
antimony than lead sulphate,

Pigs. (3.46) and (3,47) show the adsorption of antimomy (IIL) and
antimony (V) after various time intervals as a function of the sulphuric
acid concentration. The rate of antimony adsorption was greater at low

, ' sulphuric acid concentrations,
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DISCUSSION
4.1 Ang specjes i sul ¢_acid,

The methods adopted for the preparation of antimeny solutions resulted

in the formation of either antimony (III) or antimony (V) species in aqueous
sulphuric acid,
4.1.1 Ionic mizpation.
Simple ionic migration experiments using antimony 124 showad that
antimony (III) was composed of 70% anionic amd 30% cationic species, whereas
antimony (V) was 100% aniomic species, Asm:> the majority of the curremt

was carried by the sulphuric acid and since self diffusion of the antimony

b A M i

occured, the error in these experiments has been estimated to be + 10,

4.1.2 Eglgrogpaphic determivations,

Polaragraphic determinations using an Evershed polarograph showed that

antimony (V) was not reduced at the dropping mercury olectrode, The polaro—
graphic wave observed at ~0.3 volts vs, S.C.E. is nsually attributed(20)

to the reduction of the antimony (III) ion at the electrode

sb0* + 28" + 3e” = Sv/Hg + £,0.

] - ' The slow rise to the limiting current density of the second part of the
7 : polarographic wave, which has been suggested to be indicative of an
irreversible mductien(zo), could be due to a slow Sb (III) anion => Sb(III)
cation exchange,

The above determinations were repeated using a cathode ray polarograph
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Um values of the electrochemical diffusion coefficients of antimony(III)
were required for the deposition studies. It was considered that the
values so obtained would be more representative of the deposition experi-
ments since the cathode ray polarogram was obtained in only 2 sec as opposed
to 40 sec using the Evershed polarograph, and would not measure any slow
anion-cation exchange.

The vaiues obtained for the electrochemical diffusion coefficients
(21)

were similar to those of Jackson whose work was in the smaller
sulphuric acid range of 3 to 6 M. Except for a slight deviation at
approximately 78 & linear relationship of diffusion coefficient against
the reciprocal of the dyn;a.ni.c viscosity was obtained for the sulphuric
acid range 2 fo 12 M, Below 1.5 M sulphuric acid two antimonmy cationic
specie_s‘ appear to be reduced at the dropping mercury electrode and also the
*Stokes' radius of the ion increased, probably due to the presence of a
hydrated species in the diluted sulphuric acid solutioms. The deviation
from lineararity of Fig (3.6) at about 7 M sulphuric acid concentration Was
probably due to a complexing of am antimony species with the sulphate ions,
since the sulphate ion concentration reaches a maximum concentration of =
1.0 M at the sulphuric acid concentration of 7 M (28),‘ see also the
appendix for further details; The influence of the sulphate ion
concentration on the antimony (111) species in the region 5 to 9M sulphurie

acid was also shown in the ultra wiolet spectra results amd in ion exchange
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experiments by Bothiell(a) .

4.1.3 Ultra-violet Spectrophotometry of Antimony Solutions
(a) Ant 11I) Solutions

In agueous sulphuric acid, the antimony (III) species gave rise to

two sbsorption bamds in the wave-length range 180-250 ms, Fig. (3.7). As
the sulphuric acid concentration increased, the maxidum of the larger
absorption band was displaced towards the shorter wavelength whereas the

. position of the second, smaller, absorption band remained constant at 208mu.

H
i
.3
H
i
i

The position of the first maximm was also affected, to a slight extent,
by the concentration of antimony, being displaced to longer wavelengths

with increasing antimony concentration, Fig. {3.8). This shift of the

larger absorption band was also cbserved in the spectra of antimony (111)
in perchloric acid solutions. The dependence of the position of the first
absorption band on the sulphuric acid concentration was shown in Fig. (3.9!3,

and may be expressed approximately by the empirical equation

A Amax = 200.5 - 0.88 [¥ 32304] m

over the range 1-10M sulphuric acid,

Beer's Law was obeyed for antimony (III) concentrations up to:
1x 10-4H in 0.24 to 18M sulphuric acid and in 1.0 to 4K perchloric acid.
This was shown, for example, in Figs. (3.10) (3.14) where the optical

density at 208 my, ani Amax was plotted ageinst the antimony (111)

concentration. The molar extinction coefficients (E) calculated for }‘mx
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190, 195, 200 and 205 mp were for the rmge of antimony concentrations

obeyed by Beer's Law, The dependence of & on the sulphuric acid

concentration indicated that a chemical exchange occurred between the

entimony (III) species and the acid solvent, Similar spectral changes
have;-been observed in other systems e.g. antimony in hydrochloric actd
sotutions'?2) and cerium (IV) in sulphuric acid solutionst®), The
deviation of the anmtimony (III) spectrum from the Beer-Lambert Law at

antimony ‘concentrations greater than 1 x 1074 sv (111), Fig. (3.10),

,
!
¥
[ -

showed that some form of dimendsiation or polymerisation of the antimony

(III) occurred at higher antimony concentrations. This dimerisation vas

later confirmed by ion exchange measm‘emmts using zirconium phosphate
in 0.5 to 2M salpmric acid 2,
Spectra obtained within a few hours of the dilution of a standard
antimony (III) in concentrated sulphuric acid solution differed from the
1 _ ‘ ; nommal antimony (III) spectra, Fig. {3.11), showing that slow hydrolysis of
the antimony occurred on dilution.

4.1.4 Solvent Extraction

A determination of the number of sulphate ligands attached to the
antimony ion was attempted by a solveni extraction technique using
1=(2-Thenoy1)-3, 3, 3, ~trifluoroacetone, (T.T.A.) in benzene and aqueous

- g 3 radioactive antimony (I11) - pérchloric acid solutions, perchloric-sulphate
solutions and sulpmuric acid solutions. Unfortunately the results were far

from conclusive and the only useful solvent extraction results were obtained
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by extracting antimony (III) with G-methyl-2,3,7 trihydroxy-6-fluorone

into benzoyl alcohol from aqueous perchloric acid solutions.

The distridution coefficient of tie sntimony (III), Kd, waa obtained

directly from the radio activity measurements and is given by

ka - Aptimony (1I1) concentration in the organic phase

Antimony (III) concentration in the aqueous phase

The equilibrium condition for extraction of a metal ion, M, with fluorone

ie given by

[lln(OH)m(f)p]:;m-p +[(mp)32(f?]°rs = (4(0), ]+ (o-m-p)E 40

vhere (£) = 9-methyl-2,3,7 trihydroxy 6 - fluorone
Then

LogKd = log K + (n—p)log[ﬁz( £))- (n-m-p)log {H+]

where Kex = the equilibrium constant for the gbove reaction.

The plot for the antimony (III) solutions of log Kd sgainat log
[H"'Jat a conatant concentration, 2.5 x 10-4!!, of fluorone gave two straight

lines, below the acid concentration of 1M the slope was minus three and

above 1M perchloric

acid concentration the slope was minus one, These

slopes are equal to —(n-m-p) where m and p are the number of hydroxyl

groups and fluorone molecules attached to the antimony (III) in aqueous

solution. The plot of log Kd ageinst log [fluorcne] in 1M perchloric acid

solution had a slope of one, thue n—p = 1.

There is also the possibility that the antimony (IXI) ion could
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contain an oxygen atom, Sb = 0, thus n could be either +3 or +1. Therefore

p could be 2, or 0.

Above 1M perchloric concentration for n-m-p = 1 apnd o-p = 1
(i) Porn=3,p=2.".m=0
Extraction equilibrium is

Sb(f); +B(f) = (), + i
aq. org.
i (i1) Forn=1 and n-p = 1
Bxtraction equilibrium is

sw;q + B = swole) o+ :
Below 1M perchloric acid concentration the &xtraction interpretation is
complicated since the fluorone-antimony atability constant appears to be
stronger than the antimnw—hydrozyl stability constant and the following
sequence appears to occur .

[so(om) J*+ B(r) = sw(eE)(D)* + me) = [se(0),),,, + B() = s(0)5
' org.
The solvent extraction results from aqueous perchloric acid solutions

indicated the presence of [Sb(OH)2]+ in dilute perchloric solutioms, less
than 1M, an;i b0t above IM perchloric concgltrafion.

Absorption bends in the infre-red region of the spectrum would have
given information relating to the antimony-sulphate bonds but the sulphuric
acid present in the samples gave strong sbsorption bands which masked the
antimony spectra. Recent ion exchénge sﬁxdi’es of entimony (11I) in 0.4 to0
3M sulphuric acid(24) have established the presence of a monovalent
cation in this acid range but the scatter of results above 1M sulphuric

indicated the formation of other antimony species.
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Inte tation the res

From the results obtained, only probable structures for the antimony
(III) species can be suggested since, in aqueous sulphuric acid solutioms,
numerous combinations of complexing of antimomy, water, hydroxyl and
sulphate ions are possible. For example, antimony and water could form a

/
unidentate ligand Sb ~ 0O

The sulphate ion could be complexed in three ways; as a unidentate

o_ _o
l1gand Sb - Q_ 0 5 a8 a bidemtate 1igand Sb] >s?7 jmiasa
o’s*o °

‘bridged bidentate ligand Sb - O O = Sb

do
other possible bridged structures are Sb-0-Sb, Sb-Sb and Sb—{ OH)-~Sb,

The values of the antimony (III) diffusion coefficients showed that
in the sulphuric acid range 2 to 12 M there was one cationic species with
a second more hydrated species below 1,5 M sulphuric acid., The solventd
extraction of antimony (II1} from perchloric acid solutions confirmed the
presence of two cationic species, The results from the ionic migration
experiments, ultra-violet spectra, amd the adsorption from solution onto
lead dioxide and lead sulphate indicated the vresence of antimony (III)
anionic species, Assuming that antimony (III) has a coordimation mumber
of four and the sulphate is present as a hidentate ligand, the following

s?mple species may be comsidered:-
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Cationic Species

-
[ (&,0) ,sv(om),I* 7337_'%_‘7 [(8,0) 5050, 1" (1)
2
g
[(&,0) ,Sp(08) ,1* ‘__—-;_;4;___—5_ [ (5,0),,5650, 1" (11)
g re")
[(5,0),5b(0B), T === [(8,0),50] == [50]" (114)
320 2320

Anionic Specieg

HSO,~ HS0,” -
Csom), 1” ﬁ [sv(08) ;30,1 &?_7;:_3 [sn(s0,),1” (1v)

S0 S0
[u(om), T === [u(om),, T = [=(x,),)”
_ =, AN -
Bb(OH)4J Q———o-— [SbO(OE)a'] <-H—20——' [SbOz] (vi)

Neutral Species

HSO
—d .
[Hzosx;(on)3] \—W (B,0500H0, ] {vit)

, S0
[8,05b(0) ;] 20% (80500850, ] (viis)




-118-

Prom spectrophotometric determinations (26) it was found that OH

ions give an abgorption band at 200 to 220 mp whilst the sbsorption band

of so4" ions occurs at 190 to 208 mi. In sulphuric acid, the marimum 504"

concentration of 1,6M occurs at 7K 32334 and decreases to zero at 12M }12804
whereas the 4’ ions concentration reaches a marximum of 11.8M at

14K 112504 and decreases to zero at 18M 32$4(27)(28).
The polarographic results indicated that only one antimomy (III)

cation exists in 2-12M sulphuric aci}d. This ion was unaffected by the

change in H$4_ concentration since the diffusion coefficients depended

_only on the viscosity of the solution and this cation is probably therefore

the antimonyl ion, S‘n0+. In salphuric acid of less than 1.5M concentration,

a second antimony cation is present and can be ascribed to the hydrated

ion [(£,0),80(0H),]*. Absarption spectra of mtimony (III) showed that

an exchange occurred between some aiti.mony species and the so4“ and

HSO,” ions and it is probsble that th'g_a antimony {111) miqn was involved

4
in 3his resction. Since the first absorpt;‘.on band was influenced to a
greaterv extent by the‘ change in sulphuric acid concentration a first
‘approximation l.*as to assume that the anion spectra contibutes more to
this band than to the second sbsorption band at 208 ma.
The simplest explanation of the first absorption bend shift with the

jncrease in malphuric acid concentration would be sither equilibrium
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(iv) or (v) - [Sb(OH)2504]' = [sb(50,),7" . It was then difficult
to explain (a) the increése in the molar extinction coefficient at

6-8 M Hzﬂ)4, and (b) the band shift in perchlorie acid. Thé band shift
in both 0.24 to 1M sulphuric and 0.5 to 4M perchloric acid solutions
and the decrease in the molar extinction coefficients in these acid
renges were therefore ascribed in part to the exchange reactions

(i11) and (vi):-

fsv(om),1™ = [svo(oE),T™ = (5007 . (111)

s [(80),8(00),T" = [(B0),500T" = [sw0)"  (va)

Pitman ot a1('") consider that tre ion [Sb(0H) 47 is only formed in
alkeli solutioms, in which case the first part of exchange (iii) could be
uniikely,

In sulphuric acid the molar extinction coefficients approach a
maximum in the acid range 14 to 18 M; this maximum was considered as
arising from the ion [Sb(so4)2]'. Using this hypothesis the results
were treated by the method described by Bugaenko and Husng Kuan—li.n(23)
in their study of cerium (IV) solutioms.

For convenience the antimony (111) alphato ‘oomplexes with one and
two sulphgte groups will be referred to as I and II respectively and

the antimony ions with no sulphate as, 0.
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The equilibrium constant for reaction (iv) will be given by

K, pa |
/7 1oreso,™ )
Assuming that the absorption of the differemnt complexes was additive, the

dependence of the apparent molar extinction coefficient, g, on the

bisulphate concentration is given by,

s . ey + & KppylHs0,7]

1+ Ky (Es0,”] (2)

where &; and EII are the molar extinction coefficients of the sulphato
complexes I and II.

Since the analytical solution of this equation was impossible from
the available data a value was assigned to EII which approximated to
the maximum value of € in the sulphuric acid ramge 10 to 18M.

The following equation was obtained from (2)

T = (&g - B)ESO, MKy )y + & 6)
Using the values of the bisulphate ion concentration obtained by
(28)

Zarakhani and Vinnik attempts to solve equation (3) graphically

proved unsuccessful.
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The calculation was then repeated using the equilibrium
(500,17 + 20,50, = {Sb(so4)2_1 + 20,0 (ix)
and the equation
¢ = (- E)[sto4]210/n +&
was solved graphically, Fig. (4.1), for the sulphuric acid ramge 10 to
18K and the molar extinction coefficients obtained at 190, 195, 200,

205 and 210 ma,

Table 28
¥ H_S0 K (e.. - B) Undiss. H_S0 (28) ( - B)fH_ S0 ]2

B,50, 11 2% &py - BIE,S0,

18 9900 60 14 11,740

16 9710 250 6.3 9,910

14 9050 910 3.2 9,310

12 7800 2160 1.8 7,000

10 6300 3660 1.1 4,470
Z at 190 my; Assuned &) = 9960; From Fig. (4.1) E, /17 = 0-56 moles.litre '

E) 8050 75 T 7,550

16 7850 275 6.3 10,900

14 7500 625 3.2 6,400

12 7150 975 1.8 3,160

10 6700 1425 1.1 1,724

-1

2 at 195 my; _Assuned &) = 8125; From Fig. (4.1) K 7 = 0.08 moles.litre !

8 5300 100 T4 15,600

16 4950 450 6.3 17,860

14 4400 1000 3.2 10, 240

12 3700 1700 1.8 5,500

10 3300 2100 1.1 2,540

-1
E at 200 T.; Asmred &y = 5400|; Prom Fig. (4.1) Ko/II = 0.12 moles.litre |.
)
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Table 28 (Contd)

.H_S0 —
ll‘24 =

(En "z)

Undiss oH2804
M

(Ex-€ )x
[E;s0,]

4600 100 14 19,600

16 4300 400 6.3 15,880

14 3700 1000 3.2 10,240

12 3100 1600 1.8 5,180

_10 2900 1800 1.1 2,170
€at 205 mp ; assumed EII = 4700 ; From Fig.(4.1)Ko/II = 0.093 mole

: -1
litre

18 4900 100 14 19,600

16 4450 450 6.3 17.900

14 4000 1000 3.2 10,240

12 3400 1600 1.8 5,180

10 3100 1900 1.1 2,300
E at 210 mp ; nssu.med,EII = 5000 ; From Fig. (4.1)Ko/II = 0.098 miles|

litre

1
10,000

L
20,000

(EII - E) [sto 43 2

Fig. 4.1. The Molar Extinction coefficient of antimony ‘III! as a
function of the undissociated sulphuric acid concentration,
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The calculation of Ko /II could not be continued into the sulphurie
acid range less than 10M because of the increase of the sulphate ion
concentration resulting in the increase of the antimony (III) molar
extinction coefficient.

In 6M sulphuric acid the amount of undissociated salphuric ie less
1 than 5% of the total sulphate species and it was therefore assumed that
the antimony sulphato complex formed in 1 to 6M malphuric acid will be
the result of complexing of the antimony (III) with the salphate ions,

Assuming the equilibrium constant of equation (v) is given by

i rn
\ KO/II = — —_ (5)
¢ rol [304 ]

then £ = ((»:I -8 ESO4_] Ko/I + & )

This equation was solved graphically; however only the values obtained
for 195 my and the acid range 1 to 4M sulphuric gave a linear relationship,
Fig. (4.2), fron which a value of K s = 2 moles.litre ' was obtained.
As the concentration of the sulphate ions is small the relative error
in its determingtion from the Raman spectra(za) was high, also there are
at least four different antimony species in the sulphuric acid range
1 to M, these two factors would account for the difficulty in the above
interpretation of the antimony spectra.

The exchenge reactions involving antimony (111) may now be summarised

asi—
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Table 29.
praso, T2, & - €5 T [ M0, 1~ ¥95)
_ x[s0, —J
1 1300 6700 0.10 670
2 2250 5750 0.18 1030
3 3000 5000 0,30 1500
4 3700 4300 0.43 1846
5 5200 2800 0.58 1624
6 6900 1100 0.775 852
Assumed EEI= 3,000 ; From Pig, (4.2) K = 2 moles litre
€195,
(o]
6,000 |
(o]
4,000 |
2,000 | 2
1 1
0 1,000 2,000
(& - Ews) [804 ]
Rig, 4.2. The molar extinction coefficient of antimo III) as

a_function of the sulphate jion concentrationm,




(1) >
e 5: 4
[sb(om) 4]' = [sw(oa)2] — {Sbozl'
50 2
2) 80,7 (3)
: ' 282%04
i o
[50s0, ] [sb(s0,),1”
‘ 0
(2 _
.
+ £e} et M0,
[(B,0),,S(08) ] — 5w (5, 80(s0,) .1
2
(1) > — (3)—>

Reaction route {1) is due to the increase of the acidity of the
solutions and its effect is observed in (&) the polarograms in less
then 2 sulphuric acid, (b) the solvent extraction results and (c)
the change of X and E in 0.2 to 1M sulpmric acid and 0.5 to 4M perchloric
acid. In sulphuric acid t1e influence of the sulphate ions is superimposed
onto (1) to give the sulphsto complexed anion([¥b0S0,]7, reactions (2).
The influence of this ion was seen in both the polarographic deteminsation
of jhe diffusion coefficient and in the spectra in 4 to 8M eulphuric scid,

The hypothesis of these ions has recently been substantiated by the




-126-

X-rgy diffraction and microphotographic identification of the antimony
sulphates S5b,0. [(Sb0)2504], Sb,05 [(Sb0)2304}2 and [(Sb0)2 S°4]5 which

(40) | 4% the higher sismric acid

were formed in 3.5 to 6M sulphuric acid
cpnéentrations, 14K to 18M, the antimony complexes with the undissociated
sulphuric acid to give the sulphato complexes [Sb(304)2]- and
[HQSb(m4)2]+. The proportions of each of the antimony species is shown
in Fig. (4.3); however this diagram is only intended to clarify the

above discussion and caution must be exercised in its use.

Fraction of

Antimony Species
0.8 I

[sb0(08) ;77 Csnoso, T [8b0\23 [sv(s0,), T
0.6 -\ / e EREN
. / N
\ / \
/ \

0.4 L \ . / \\

560 _ _ N/ _ese(so,),T

/” / ~~

, 0.2 &\ K \ 7 AWA

: /

i ,I) \ // \\\

] a 1 i, 1 L A1

o 4 8 12 16
Sulphuric Acid Concentz‘afion

.}

Fig, 4.3 Proportion of Antimo II1) Species in Sulphuric Acid
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Dimerisation of Antimo: II1

The aggregation of cations normally occurs by the formation of
either hydroxe bridges .n/(OH)‘ ¥ or m oxo bridee n’o‘n

~ (om)~ S0

as a result of an increase of the pH of the soclution or an increase
in the concentration of the metal ions. Oxolation or the elimination
of a molecule of water from two adjacent hydroxo bridges ususally
leads to the irreversible formation of M - 0 - M.

Beer's Law was not obeyed at antimony (I1I) concentrations greater
than 1 x 10-4 molar and showed that some form of aggregation of the
ions occurred at these higher antimony concentrations resulting in
the formation of at least an antimony (III) dimer. In dilute sulphuric
acid and perchloric acid the dimerisation probably involved a di-hydroxo
or ox bridge since antimony trioxide is precipitated from aqueaus
solutions. Antimony trisulphate is precipitated from concentrated
sulphuric aeid, therefore as the sulphuric acid concentration increased

the mechanism probably involved a bridged bidentate sulphate hgand

L OH

Y 8 0 -
2 [swolom) )~ ~ E:sni e + B0
0

0

2 [Sb(SO4)2] - [504:81)—304—&:;&)4] + 0,
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Other possible mechanisms could involve the following structures

Sb-Sb : —Sb-Sb-
v N ] t
o 0
.87
0 o
0 (VN
~ Sb Sb - 8b Sb
1 t AN -~
o0 0 0
s’ 5
0% T o o o

and the five or six membered ring structures should have less ring

strain than, for example, the dihydroxo bridge,

~{om)

- 5b_ Sb -
(om)?
Recent X-ray work on the bismuthyl ion(zs) has shown its

structure to consist of six bismuth atoms each at the cormers of an
octahedron which are linked together by a hydroxo bridge on each of the
twelve edges, to give the ion [316(03)1J 6*. Thus some of the dimerised
antimony (III) species studied in the present work could have a more .
complicated structure than,

L0 .OH
0= s ad 80, = sb - 50, - 5b = 50,]
07 ToH
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(v) Antimony (V) solutions
The ultra-violet spectrum of antimony (V) species in sulphuric acid
had only one absorption band, Fig. (3.16) and the position of this pesk
was unaffected by the change in the sulphuric acid concentration.
The Beer—Lambert plot of antimony (V) concentration, from O to
15 x 10_4Holar, against optical density gave a straight line graph
over the acid range .5 to 12 Molar, Fig. (3.17). The antimony (V)
species did not give as strong a spectra as the antimony (111),
Pig. (3.19), indicating that the antimony (V) is probably either
polymerised to a greater extent or containg fewer hydroxyl and sulphate
groups,?than the corresponding antimony (III) species. The spectra
of the antimony (V) species was not influenced by a change of sulphurie
acid concentration over the range 1 to 8 Molar, again suggesting a
stable configuration. It is only in almost concentrated sulphuric
acid that an exchange with the sulphuric acid occcurs probably involving
either a dehydration type of reaction

[sb(V) - oH] + HSO,” = (sb(v) - 50,17 + B0
or the addition of undissociated sulphuric acid. Antimony (v)
was not reduced at the dropping mercury electrode and was not deposited
onto a lead electrode. The ionic migration experiments showed the

predominance of the antimony (V) anion.

In hydrochloric acid solutions, tracer studies have shown the
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existance of a dypamic squilibrium antimony {III) and antimomy (V)
sone'?%) involving the ioas Msuciy] = ant [Spot ] " In sulphuric
acid the lack of an siectren exchange was ascribed to the antimony
sulphate=complexes fomei(%), but due to the lack of experimental
evidence it was not possibdle tc elucidate the structure of the antimony
spezies. The formaticn of a stable complex ion with the antimony held
in a double bridge would restrict the electron exchange and from the
prosent experimental work it is probable that the antimony (V) has

this type of structure,

In the solid state there is no evidence(m) of the finite oxyions
$10,>, 560, ant $b,0,*", Compounds formerly described as ortho, mets
and pyro antimonates all contain antimomy (V)coordinated by oxygen
either as [Sb (05)5] ~ ioms in the antimonates, e.g. K Sb(OH)S, or as
antimony-cxygen groups in the complex oxides, e.g, KSt0 _,,PtﬁbZOG and
Pb,Sb,0,. Thermodyramic evidence {14) snascates that [Sb(OH)s] " is
found in weakly acidic, lsss than pH!, or in alkali solutions.

In the present work, over the sulphwric acid range 0.5 to 12 Molar,
the antimony (V) anion may be satisfactorily formulated as a derivative
of a six membersd ring, since sntimony has a similar electronegativity

as borsn; on the Pauling scale B =2.0, Sb = 1,8
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i,e, AN c.f. 0
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The antimony (V) anion would have an anaslogous structure as the cyclic

tri-meta phosphates and arsenates [P309]5_, EASBOQJB-, reported by

'l'hilo(45).
o0 0 0 0. 0.0
NN N/ \y
(flr .\0- 0’A|s | O
0 0 0, 0
\/ \/
- /As\\
0”0 AN

The values of the molar extinction coefficient indicate that the ion is
stable in 0.5 to 8M sulphuric acid and increasing the sulphuric acid
concentration results in the addition of undisscciated sulphuric acid.
In fuming sulphuric acid antimony (V) species containing S0,
must exist since the spectra of these solutions were cempletely
different from those in aqueous solutions, Figs. (3.20) t (3.23).
Furthur interpretation of the results to completely elucidate the
atructure of the antimony (V) anion was not posgible with the available

information,
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4.2 The Deposition of Antimony from Aqueous Sulphuric Acid into

Pure Lead Blectrodes
4.2.1 The experimental technigue
A preliminary investigation''7?) had shown that the quantity
of antimony deposited on to a small experimental lead electrode
ﬁas negligible compared with the bulk concentration om the
electrolyte and the rate of depoasition depended largely on the
pre=treatment of the electrode, This -preliminary investigation

also showed that erroneous electrochemical and deposition results

were obtained if the electrode was removed from the solution for
counting of the deposited radio-active antimony. The present
continuous monitoring system, which counted the radio-activity
from the deposited antimony and measured the electrode potential,

required considerable development.

Antimony 124 is a strong beta and gasmma emitter, but the
detection of the beta radiation was considered more feasible since
it was difficult to eliminate the gamma radiation originating in
the bulk of the sulphuric acid solution. A Geiger-Muller tube was
initially used as the beta detector but it was found unsuitable
because of the high count rate resulting from the penetrating gamma
radiation. The detector assembly was thez.'efore changed to the

'Nuclear Enterprises' beta sensitive plastic phosphor which had the
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further advantage of its small size, enabling it to be easily

incorporated into the deposition cell, In preliminary experiments,
using the beta detector, the counting equipment consisted of an
*B.C.K.0."' N559D cathode follower, an 'E.C.K.0.' N60OCA amp}ifier
pulse height analyser and rate meter., The count rate then was
recorded on a 'Honeywell Brown' chart recorder. This equipment

was found to be limited in its use due to a lack of sensitivity

i
)
"

in the interpretation of the recorded graph and the majority
of the resulta reported were obtained on the 'Nuclear Enterprises'
counting equipment and print-out unit. Ko correction was made
for lost counts since the resolution time of the scaler and
detection unit was less than 3u sec and the maximum count rate
was 20,000 coupts per minute.

The design of the deposition cell and the lead electrode was

determined from a consideration of (a) the counting and

i

electrochemical requirements and (b) the ease of pre-treatment of
the lead electrode, The detection efficiency (D) of radio-active

counting is given by D = fe fg fb fs fa, where fe = efficiency of

the counter, fg = geometery of the system; fb = back-scatter of

the sample; fs = self adsorbtion of the sample, and fa = adsorption
in the material between the sample and the detector. The beta

detector was approximately 95% efficient and was the same diameter

e W e
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as the lead electrode. The lead electrode was positioned about
0.5 cm from the detector and this was the smallest practicable
distance possible. This arrangement reduced the adsorbtion of
the beta radiation to a minimum and also limited the background
count from the intervening radio-active solution. The self
absorption of the sample was considered negligible since only a
thin film of antimony was deposited. The detector was ‘shielded
from the radiation originating in the bulk of the solution by
the lead electrode and the electrode also provided a good back-
scatter for the deposited radio-active antimony.

The electrode design provided for ease of pre-treatment
and also ensured that only one face was presented to the electrolyte.
The final electrochemical pre-treatment of the lead electrodes at
an anodisation current density of 25 mA/c12 for half-an-hour
was an optimisation between (a) an electrode surface having a
suitable roughness factor to give a measurable rate of antimony
deposition and (v) a lack of reproducability of the results.
Anodisation at low current densities, 0.25 to 10 m.&/cnz, gave
a highly reproducible rate of antimomy deposition but these
deposition rates were small and the self diacharge reaction
quickly converted the lead to lead sulphate., Anodisation at a

higher current density, 50 - 150 mA/cnz resulted in an increase




- 135 -

in the rate of antimony deposition and allowed the self discharge

reaction to continue well beyond 30 minutes., The latter pre-
treatment gave increased deposition rgtes, which unfortunately
were not reﬁﬁoducible; thus although the surface had a large
roughneas factor, the resulting surface area could not be
controlled experimentally.

Corrections for a dilution effect of the antimony during
an experimental run were not required since the apparatus
contained approximately 200 ml of solution and the bulk antimony
concentration was virtual:!.y unaltered. In nitrogen purged
electrolyte no corrosion of the deposited antimony occurred when
the electrode behaved as an antimony electrode and showed that the
electrolyte was oxygen free, indicating that the nitrogen
scrubbing train, sodium dithionite in sodium hydroxide solution,
effectively removed any residual oxygen from the 'B.0.C. white spot!
nitrogen.

4.2.2 The rate of antimony deposition

The rate of an electrochemical process on the surface of an
electrode is determined by two factors; the rate at which the
reactant comes into contact with the electrode; and the rate of
the electrochemical reactions on the electrode. Since the rate of
antimony (III) deposition was dependent on the solution character-

istics the most important factor controlling the depoéition was
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either the antimony diffusion rate through the boundary layer next

to the electrode or diffusion of lead ions from the electrode.
Jonic mass-transfer equations for electrolytic processes under

'flowing electrolyte conditions have been given by Levich(31) and

Hranglen<32).

These equations are similar fo those used in

heat-transfer processes and are based on the boundary-layer

theory developed by Prandtl for hydrodynamical studies.
Nranglen derived a more exact equé.tion, although in both

cases the final expressions are basically the same. The equations

given by Wranglen were derived for the flow along a plane plate
and assume that no flow or diffusion occurs perpendicularly to

the length direction of the cell. The following notations were

I . 3
1 used s~
3

distance along electrode from the leading edge cm

———
M
]

- x, = length of inlet channel ' “em

3‘ ,Sd = thickness of diffusion bo.undary layer cm
§. = thickness of laminar hydrodynamic boundary

: L layer cm

$, = thiciness of turbulent boundary layer en

§ s = thickness of laminar sub layer cm

v = velocity in the x - direction cm.,g'1
V = kinematic viscosity of electrolyte enls™!
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k = mass transfer constant ca s~

diffusion coefficient ca? 57!

]
1}

In the present work, k can be determined from the radio active

measurements and is given by

R
k=73
R = rate of deposition moles sec
A = area of the electrode cn2
C = concentration of the reactants in the _
boundary layer moles cm

Diagrammaticaily the laminar boundary layers can be shown as:-

Elactrolyte _ II .L/_, 8,
=

, T—
a0y V2222
— = ;

x

and for the turbulent boundary layer asse.

~1

3
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The number of variables encountered in diffusion-forced

convention controlled electrochemical processes are often large
and are better expressed as dimensionless groups or numbers.

These dimensionless groups involve multiplications and
divisions of the original variables and there is considerable
advantage in expressing the results in the fewer dimensionless
numbers., The dimensionless groups of interest are:

The Nusselt number: Nux = kx
: D

It

The Reynolds number: Rex ¥x
v

The Schmidt number: Sc =

o

The KFusselt number, sometimes called the Sherwood number, relates

- the kinetic mass—transfer constant to the thickness of the
effective diffusion layer at the electrode. The Reynolds number
relates the flow of the electrolyte at the electrode to the
viscous forces, acting on it. The Schmidt number relates the
physical-chemical properties determining (i) the momentum
transfer due to the velocity gradient and its viscous effect and
(ii) the diffusion mass transfer under a concentration gradient.
The resulting mass transfer equations for a cathodic process
under forced laminar and tubulent convection as given by

Wranglen are:-
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(a) Uniform potential (limiting current density)

1 d _ i
(1) NuXIamﬂ = 0.331 ReZ sc? [ 1 (% %] 3

x
1

| ; +

s . 3 3 - =3

(11) Fa_ = 0.143 ReZ Sc [ 1 (xo)o.,9]
turb. T

(b) Uniform current density (normal electrolysis)

2 L £
s s _ - ) 3 - -3
(iii) Nuxl =~ 0,417 ReZ S [ 1 (ﬁ)]
am. x
ja -
(iv) Mu, = 0.170 B Sc=[ 1 -(xgy | ¥
turb. x X

Where Ku and Re are the local Nusselt and Reynolds numbers at
the point x on the electrode respectively.

The above equations were calculated using a linear relationship
between the concentration at the electrode, Co, and the concentration
in the bulk of the electrolyte, Gbo Therefore, the average
concentration in the boundary diffusion layer, C, is ¥ (Cb - Co).

The equation of interest in the present work is (i), which has
been verified by Wranglen from electrochemical measurements on
the electrodeposition of copper from flowing aqueous sulphuric
acid solutions on to a horizontsl cathode in a cell of
rectangular cross-section and also by Bazan and Ariva(jj) from
electrochemical measurements on the electrodeposition of copper

on to tubular stainless steel electrodes.
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The limiting current density equation for the case in which the

hydrodynanical boundary layer is formed simultaneously with the d&i ffusion
boundary layer is

Nu_ = 0.331 Re%Sc%
x  ° x

and when this equation is extended to the whole electrode area it becomes
Fu = 0,662 Re% Sc—;_ .

The parameters affecting the rate of antimony (III) from nitrogen
saturated electrolyte were shown in Figs.(3.26) to (3.33), Section 3.2.
Increasing the antimony (III) concentration resulted in a proporiional
increase in the sntimony deposition rate, Figs. (3.30) and (3.31), whilst
the deposition rate decreased with the increase in sulphuric acid concentration,
Pig. (3.33). The effect of the flow rate was shown in Fig, (3.28) ad
in Pig. (3.29) where linear plot of the rate of antimony deposition against
the square root of the flow rate was obtained. Thus FNu is proportional
to Reo's. The log of the mass tramsfer constant, k, was plotted ageinst
log “Se, Fig. (4.4), and the slope of 0.3 showed that Bu was proportional
to Sc0'3., Thus Bu = k lileo‘SSco'33 as predicted by theory.. The Nusselt
and Reynold nuwbers were expressed in terms of the characteristic length,
dm, since it is easier to equate fluid flow in moo-circular ducts to the
better understood phenomina of fiow in circular pipes by mesns of the

hydraulic mean diameter, dm' vhere

d = 4 x cross sectional area
=

Wetted perimeter
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thus for the rectangular cross section 0.077cm x 2.5cm used, dm = 0.14%cm,

This characteristic length, dm’ was considered to be more informative for
electrochemical studies rather than using a value based on the electrode
dimensions since from experimentsal results on the analogous heat transfer
equations, the mass transfer equation should contain a term ((xi_)n which
relates the electrode size (expressed as the length x) to the l::ell dimensions
(expressed as dm). The design of the deposition cell with its fixed electrolyte
path and electrode size did not allow the value of the term (';'m)n to vary
and it was therefore mot possible to allow for this "apparatus factor” in
the mass transfer equation. The experimentsl results obtained, Tables 15 to
19, were expressed as Nu, against Re; ch— in Fig. (4.5), the value of Fu
used in this graph was 2 x the value of Ku in Tables 15 to 19, simce k, the
mass transfer constant, was originally determined from Ch instead of

-{*(Cb - CO), the average concentration in the diffusion layer. The slope of

the graph, Fig. (4.5), was 0.398. Using an effective length, x = 1.77cm,

obtained fmﬁ assuming a rectangular electrode of area 4 cm2 and having the
seme width as the diameter of the lead electrode, the slope of 0.398 Fig.
(4.5) becomes

(0}

0.398 = 1,09,
(ag)®

This value is 480 greater than 0.662 predicted by theory.




-142-

1.6

log Fu

1.2

3.5 4,0 4.5
Log Sc

Fig, 4.4 log-log Plot of Nu v.s. Sc for a Constmnt Re Number of 24
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Fig. 4.5 The Rate of Antimony (III) Deposition Expressed as a
Bugselt Number against the Reynold and Schmidt Numbers
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The relevant velocity, however, is the meximum velocity at the electrode and
Wranglen(32) has estimated that the maximm velocity will be about 1.1 times
the mean velocity., The disturbances from opposite wall and gsides of the
cell should also increase the mass transfer process, as was found
experimentally,

The spread of results, Fig 4.5, is suggested to be largely the result
of the pretreatment of the lsad electrede which was a compromise between
reproducability and a large surface area. The mechanical polishing tended
to depress the lead at the edge of the electrode whilst the electrochamical
pretreatment raised the overall surface from iis original level. These two
conflicting factora probably contributed the largest error to the resulis,
One other source of error was the calibration procedure adopted for the
determination of the amount of antimony on the electrode from the activity
peasurements although this was ‘":Ln:’unised by employing a number of deter-
minations for each calibration graph, The combined experimental error,
as shown by the resulss, has been estimated %o be £ 10,

The spread of results even from nitrogen saturated electrolyte
aceounted for the difficulty in the determination of the decreased rate

of antimony deposition from electrolyte containing oxygen.
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4,2,3 Electrochemical measurements,

Under open circuit conditions the potential of an electrode
is controlled by the electrochemical reactions taking place at the
electrode and electrolyte interface. Initially the potential of

the lead electrode was =0.35V and was governed by the Nernst

g - g B Ina(PusO
R aSPb‘A; a(so4=$

'Self deposition' of antimohy (III) occurred by an electrochemical

"~ Bquation

A M A Ll 21 1

displacement reaction; e.g:-
25b0% + 3Pb + 4H' + 350, = 2Sb + 3PbSO, + 28,0,
and the deposition continued until sufficient antimony had deposited
3 ' for the electrode to sssume a mixed potentisl of -0.32V,
The electrode potential soon rose to about +0.2V indicative

« of an antimony electrode at which point the deposition ceased and

the lead electrode was considered covered with antimony and lead

| sulphate, there being no lead available to lower the electrode

potential.

In the absence of dissolved oxygen the péfential of the
tantimony electroée' was +0.195V and there was no 'corrosion' of
the antimony. With dissolved oxygen in the electrolyte the
potential of the 'antimony electrode' was +0.210V and antimony

corroded at an exponential rate from the surface of the electrode

1 AL o e 55 s SN 1 LR AR oA
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revealing some of the underlying lead. The potential started 4o fall
until suﬁ'ic:lent‘ lead was exposed for the electrode %o reach equilibrium
with an intemediate potential of about +0.1V, a value between the
an¥imony and the lead-lead sulphabe electrode potential, During the
Ycorrosion' process the electrode potential remained at 40,210V and
started to fall only when the last 5 to 10 of the 'corroding' antimomy
remained on the electrode surface,suggesting that the deposited antimony
was present as multilayers rather than a monolayer,with the thicker layers
of antimonmy corroding first,

Corrosion of the deposited antimony also occurred if the electrode
was made of anodic, Pig. (3.39). Initially the electrode potential was
indicative of an antimony electrode showing oxygen overvoltage, the
corrosion contimied until the majori'l;y of the deposited antimony had been
removed and sufficient lead was exposed for the electrode to be converted
into a lead-lead dioxide electrode exhibiting oxygen overpotemtial, The
removal of the antimony in either the presence of dissolved oxygem or by
anodic corrosion is suggésted to depend on the presence of the oxygen at
the electrode,

Anodi¢ corrosion

S + - = 2 [ 3-
650 +90,+6 e 2 LSb3°9]
Dissolved oxygen

250+30, = 2500,

Sb.0, +28Y = 25w +HO

2
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The Appendix contains the equations considered by Pitman,

(14)

Pourbaix, and de Zoubov in their study of the antimony system
but scme of the reactions have not fully elucidated and none .of the
work reported in the literature has been in the strong acid condit-
ions used in the present work. The potential values o‘btained by
Kolthoff and Hartong (34) on an antimony rod electrode, in the
absence of oxygen showed that it behaved approximately as a hyirogen
electrode with a Ez-H+ equilibrium under 0.01 to 1 atmoaphere
hydroger pressure; this hydrogen was formed at the electrode surface
by minute.corrosion of the metal . Mechanical agitation of the sol-
ution altered the potential, This change of potential with solution

~(35) who observed

movement has alaso been reported by Parks and Beard
that the electrode potential was displaced negatively by stirring
and positively by bubdling oxygen through the solution, a process
8150 observed by the present author (17).

The work of Tourky and Mousa \3°) indicated that oxygem in
solution app'oared to be an essential component of those antimony
electrodes to which no oxide is added. Perley (37) showed that
solutions containing oxygen progressively etched antimony, but it
is probable that in the conditions used, the antimony was converted

to the trioxide.




Lt 1 A AR 11 o1t

ey

et o S ——— A S T

- 147 -

Since the antimony electrode corrodes in solutions containing
dissolved oxygen, then oxygen must participate in the electrode re-
actions and Kanmkeand Knappsberg (38) found that the antimony elect-
rode responded to oxygen pressure, although slowly, in the manner of
a reversible oxygen electrods,

Gatty and Spooner (39) regarded the surface of the antimony
electrode as two areas, the first, bare metal at which anodic dissol-
ution of antimony takes place to give ions in solution and, the second
metal covered with an oxide film where electrons can be passed to the
oxygen molecules, giving a cathodir area whose potential is deter-
mined by the concentration of oxygen, close to the interface. The
oxygen electrode reaction isstrongly hindered and there is no quesiion
of these areas approaching the oxygen electrode potential. Tourky et
al (36) also considered the antimony electrode as a continuously
corroding system but with the antimony trioxide impermeable to antimony
ions, thereby reatricting the oxide film growth. This, they suggest-
ed an 'overvoltage effect' which hindered the cathodic process. The
oxygen, which would form the oxide, remained adsorbed on the oxide
surface where it provides a population of ‘oxygen doublets', the
electrode may then be considered as a 'metal-metal oxide - oxygen'
electrode.

In highly acidic solutiona, which are oxygen free, the antimony

electrode reaction will be
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Sb+ B0 == 560" + 28" (H,) + 3
but this reaction is restricted and will cause the electrode to

approximate to a hydrogen electrode with the HZ_E+ equilibrium

reported by Kolthoff and Hartong. Addition of oxygen to the system
results in the formation of antimony trioxide, which is unstable in
the acid conditions used, and dissolves to give a soluble antimony
(III) species;

25 + 302 = 28b203,

Sb0, + 2E' = 290" + HO

With a cathodic current flowing through the cell and in the

absence of dissolved oxygen the rate of antimony deposition remained
the same as it was under open current conditions. This deposition
rate was also independent of the cathodiec current density. The
deposition rate due to the electrochemical displacement could, there-
fore, be compared to an electrochemical deposition at the limiting
current denaity. There was no decrease in either the rate of
antimony deposition or the amount of antimony present on the electrode
even at high current densities, 100 nl/cnz, indicating that either
stibine was not produced at the electrode, or the rate of stibine
production was very small as to be undetected Ly the apparatus used.

(40)

By means of a tracer techmique Tomlinson found that current

densities of 4 t0 5 A/cm2 were required to form stibine in appreciable
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quantities at lead electrodes in sulphuric acid solutions containing
antimony. At these high current densities the rate of stibine form-
ation was independent of the current density but was dependent on the
total current fiow through the cell, l.e., the total amount of hydro-
gen produced.

In the absence of dissolved oxygen the electrode behaved as a
lead-lead su;iljfhate slectrode exhibiting inereasing hydrogen overpoten-—
$ial as the amount of antimony on the surface increased, and a linear
relationship of overpotential agsinat the log of the current density,
typical of a Tafel plot was obtained, In the presence of dissolved
oxygen an abnormal Tafel plot below an overpotential of 0,15V to 0,20V
was observed indicating that the dissolved oxygen was participating
in the electrode reactions. The effect of the presence of dissolved
oxygen on the rate of antimony deposited was not fully investigated
because of the inherent experimental difficulties, but the obaerved
rate of deposition was slightly less than the deposition from nitro-
gen saturated solutions, Fig. (3.40). Since the relative rates of
deposition in oxygen free and oxygen saturated solutions are very
similar it is suggested that the most feasible method of assessing
the effect of oxygen would be to measure the rate of removal of
antimony from a lead surface on which radio active antimony has prev-

iously been deposited.
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The results obtained in section 3.3, are briefly discussed here
and the inference from these simple experiments is used in section 4.4.
te clarify the mochanisms which eventually reeul% in ‘antimony poisoning'

of the negative plate,

The product o £ species from antimo! lead
alloy electrodes,

The results shown in Table 25 indicate that antimony (V) was formed
by anmodic corrosion of the positive electrode, whilst antimony (III) was
produced at the negative electrode and the deposision studies showed tha¥
oxygen dissolved in the electrolyte could produce this antimony (III),
The formation of stibine with a subsequent decomposition in the sulphuric
acid probably occurs although the deposition results with a cathodiec
current indicated that the formation of stibine was of negligable importance
under the experimental conditions used., The formation of antimony V) at
the anode is in agreement with the findings of Ruetshi and Angstadt(s) in
their investigation of the self discharge reaction of the positive plate
by the suggested reaction

5PRO, + 2Sb (arid metal) + 6H,S0, = (sw2)2304 + 5P6S0, + 6H,0

The results in Tsbles 26 and 27 indicate that antimomy (III) ecould

be oxidised to antimony (V) in the anode cotipartment of a lead acid bettery
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but it was difficult %o reduce antimony (V) to antimony (III) electro-

lytically .

The deposition studies showed that antimony (V) was not deposited
electrochemically onto a lead=lead dioxide electrode, The rates of
adsorption of antimony onto lead dioxide and lead sulphate, Figs (3.42) to
(3.47), indicated a slow chemisorption altering the surface of the solid,
together with a physical adsorption on the altered surface. The process
was apparcntly dependant on the nature of the ions being adsorbed since

antimony (III) was adsorbed more readily than antimony (V),
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4.3.2 Antimony in the lead-acid battery

The overall mechanism of 'antimony poisoning' was discissed
briefly, 1.2, but it has never been considered in detail. If the
results of previous antimony tracer studies on lead-acid

(10)(11)

batteries are used in conjunction with the present work a -
more comprehensive mechanism, involving the production, transference
and deposition of antimony, can be presented.

A critical assessment of the only published data(1o)
relating to the amount of antimony produced from positive and
negative grids leads to the following conclusions. The majority,
90 to 95%, of the antimony released into the battery comes from the
positive grid. Overcharging of a battery, resulting in anodic
corrosion of the positive grids,‘causes & higher proportion of
the total positive grid antimony to be found in the negative plate
material, 26% after continuous overcharge as against 5% after
cycling. Although the amount of antimony released from the
negative grids, was only 5% to 10% of the total antimony released,
it can be a significant proportion of that found in the negative
plate material, €% after formation, 20% after overcharging and 56%
after cycling. With no separator present(1o), during formation,
72% of the antimony released from the negative was found on the

positive plate; whereas with a wooden separator present a smaller
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proportion of the negative grid antimony released was found on the
positive plate, 15% after overcharging and 27.5% after cycling.

If the separator had been restricting the antimony diffusion from
the positive to the negative than a greater proportion of the
positive grid antimony should have been found in the geparator. A

(14)

later publication showed that the influence of a good separator
can be reduced in its effectiveness since the design of certain
batteries allows the diffusion of the antimony round the sides of
the separator.

The present work has shown that the antimony released into
the electrolyte by anodic corrosion of the positive plate alloy is
present as the antimony (V) anion. Adsorption of antimony (V) onto
lead dioxide also occurs and this rate of adsorption is greater than
the rate of adsorption of antimony (V) onto lead sulphate. Using a
tracer technique, Zehender et 31(11)' observed antimony
fluctuations in the positive compartment electrolyte; duriné
charge, antimony was removed from solution and was released again
during the subseguent discharge cycle. It would now appear that
these antimony fluctuations, involving antimony (V), arose from
the different surface properties of lead dioxide and lead sulphate.

During charging of the battery, lead sulphate is converted

to lead dioxide and as such can adsorb more antimony (V)o




Discharge of the battery converts the surface lead-dioxide to lesd

sulphate thereby releasing the adsorbed antimony. Although anodic

grid corrosion produces antimony in the electrolyte, lead dioxide

in the plate can retain antimony (V) at the positive plate, and T3

0 95% of the antimony released from the positive grid of a car

battery was found in the positive plate material (10)9 The char=
ging current will also cause ionic migration of antimony (V) to the

positive plate.

It is thought, at present, that both the antimony of the neg-

ative grid and the antimony deposited onto the negative plate are

released by the formation of stibine. The deposition studies

indicated that the production of stibine may not be totally respon-

sible for the removal of antimony since antimony was removed from

the experimental electrodes only in the presence of dissolved

oxygen or hydrogen peroxide, Ruetschi and Angstadt (5) have shown

that dissclved oxygen, produced on charging of the positive plate,

can diffuse through the electrolyte to the negative and cause self-

discharge. It is suggested that a reaction involving dissolved

oxygen might be largely responsible for the removal of antimony from

the negative of the lead-acid battery. Antimony (III) is formed,

however, from the negative plate antimony, independent of the

reaction.
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Antimony (III) and antimony (V) zan both diffuse through the

separator (10)e The diffusicn of the antimony (III) from the negé—
tive will invelve ionic migration and the concentration gradient
across the separators, whereas the anionic antimony (V) diffusion
will be due to the concentration gradient.

Antimony,(III) diffusing into the positive plate compartment

gf will be oxidised, either during the charging period or on adsorptiomn
on the lead dioxide., When no separator is present, during forma-
tion of the battery plates, 72% of the antimony released from the
negative grids was found in the positive active material (10).

The present experiments have shown that antimony (V) must be
reduced before it deposits onto sponge lead.

The antimony transference and reaction paths discussed above
f . are shown in the schematic diagram, PFig. (4.6), for convenience

these ions are shown in their simplest form.
43.3 The Limiting of 'Antimony Poisoning',

From a survey of the literature available it became obvious

that previous workers in this field had not considered the chemi-
3 cal nature of antimony in aqueous sulphuric acid when they studied
; the technological problem of 'antimony poisoning's The effect of
different separator materials on battery performance is well known,

! but experiments designed to siudy the influence of these materials
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on the diffusion of antimony from the positive compartment must use
antimony (V) solution; as shown in previous discussion on the tran—
sference of antimony.

Although in the present work the size of the antimony (V) ions
were not determined, indications were that these ions should be

(10)

larger than the antimony (III) ions. The results from
batteries dosed with antimony 124 and containing good wooden separ-
ators apperently limited the migration of the antimony (II1) from
the negative to positive plate rather than reducing the diffusion
of the antimony (V) to the negative.

A suitable separator material, as well as being inert te
chemical attack, should be impermeable to antimony (V) ions whilst
being permeable to sulphate and antimony (III) ions. To be effec—
tive the separator should have an envelcpe construction to complete—
ly contain either the negative or positive plate, If the separator
¢liminated all the antimony diffusion, a certain amount of self-
discharge would 8till occur because of the antimony released from
the negative grid being redeposited on the negative plate.

The present work shows that ion exchange materiale could be
used to advantage in this technological problem by utilisation of
the chemical difference between antimony (V) and antimony (III).

(41)

Other workers have produced cellulose separators containing




- 158 -

kieselguhr and coated with resins, which reputedly reduced the rate
of ‘antimony poisoning‘, presumably by reducing the rate of antimony
diffusion, although the actual mechanisms involved were not known.

(10)

Since approximately 3 gm of antimony are produced from the
positive grids of an 84 Ahr car battery, after 100 charge-discharge
cycles the removal of antimony (V) from the positive compartment
electrolyte by an ion exchanger would be impractical, due to the
amount of antimony involved, and the lead dioxide of the plate
already adsorbs an appreciable gquantity of antimony.

(10)

The amount of antimony found in the negative plate mater~
ial was 0.6 gms, therefore, a suitable cationic ion exchanger could
remove the antimony (III) from the negative compartment electrolyte,
especially if used in conjunction with a good separator material and
design. The ion exchange material could be introduced, for example,
on a glass wool mat support placed between the negative plate and
the separator, The feasibility of separating antimony (111) and
antimony (V) in dilute sgueous sulphuric acid solutions on a

(24) and the

zirconium phosphate column has already been established
development of a suitable ion exchange material for use in the strong
acidic conditions encountered in the lead-acid battery could prove

advantageous in limiting the antimony poisoning of the negative plate.
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Conclusjon,

Tonie migration experiments, ultra-violet absorption spectra and
polarographic determinations on aqueous sulphuric acid containing less
than 1 x 10~%M antimony showed that antimony (III) was present as the
1ons - Spo*, [328b(804)2] * |:(Hzo)2 Sv. (03)2] * [sw(on)a',

EX: so;l’, [sﬂso‘)z] " and [510,]". The cation [(520)235(03)2]"'
occurs in solutions with a sulphuric acid concentration less than 1,58 and
S10" was the only cation found in the acid range 2 - 12M sulphuric acid,
The ions [3b(804)2:l = amd [BQSb(SO 4)2] * predominate above 14M sulphuric
acid, and [Sb 4] (OH)ZJ ~ was the anion found in dilute acid below
2M sulphurie, The maximm concentration of the sulphato complexed anion

[svoso 4] = occurred at 7M sulphuric acid and the anion [sw&'l 1
suggssted to occur in 10 to 14M sulphuric acid. Above an antimony (III)
concentration of 1 x 107 M these ions dimerised to give other species, for
example, 0 =Sb-SO4-S’b =0,

In 0.5 to 8 M sulphuric acid and from O to 10 x 10™*M antimony, the
antimony (V) was shown to exist as a stable complex anion containing a
double tridge structure and can be considered aa [Sh309:| > a
sulphurie acid conc@ratiom greater than 8Molar there was evidence of _
complexing of the antimony (V) with the undissociated sulphuric acid.

The tracer technique developed to determine the rate o.f depos=—

ition of antimony from aquecus sulphuric acid onto the pure. lead
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electrodes showed that antimony (III) deposition is a diffusion
controlled reaction. The deposition rate was found to be independ-
ent of the hydrogen overpotential of the electrode and was ascribed
to the electrochemical displacement reaction
2500 + 3P + 48T 4+ 330, 77 = 25b 4 3Pb S0, + 26,0
In oxjgen free electrolyte and under the forced convection
conditicns of electrolyte flow used, the deposition rate was govern=
ed by the equation V
1 i
Bu = K Re 28c°
Where Nu and Re are the Nusselt and Reynold numbers at the electrode
respectively and Sc is the Schmidt number. These dimensionless

numbers include the properties of the electrolyte and were given by

Bu=kx 3 Re = vyx s Sec = V¥
D v D

Where k, the kinetic mass-transfer constant of the deposition

reaction equalled the rate of antimony deposition (mol or € equiv.
cn=2 sec ’1) divided by the antimony concentration in the electrolyte
(mo1 cmas) or (g equiv, cmﬂj), X a characteristic length, for
example, the electrode height or the hydraulic diameter of the

electrolyte flow (cm)

D = the diffusion coefficient of the antimony (III), (cm? ;4)
v = the velocity of the electrolyte (cm s"") and
V = the kinematic viscosity of the electrolyte (em® 551)
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The constant K was dependent on the characteristic length chosen
for determining the Nusselt and Reynolds numbers.

The temperature coefficient of the kinetic mass-transfer
process corresponded to a heat of activation of 1.96% 0.1 X cal mole=1,
as determined from an Arrhenius plot of log k vs %,

Under open circuit conditions, antimony (III) deposition
continued until the electrode was covered with antimony and lead
sulphate, the electrode then behaved as an antimony electrode. In
the presence of dissolved oxygen corrosion of the antimony occurred,
whereas in oxygen free electrolyte no corrosion occurred, a phenomina
which can resolve the conflicting theories of the behaviour of the
antimony electrode in acid solutions, In oxygen free electrolyte,
the electrode potential remained constant at + 0.195 volts, whereas
in the presence of dissolved oxygen the potential of the electrode
fell to that of a mixed lead-lead sulphate, antimony electrode potential
ofx+ 0.012 volts, after sufficient antimony had corroded from the
electrode surface. Antimony (V) was not deposited onto the lead
electrodes but required reduction to antimony (III) before deposition
occurred. Neither antimony (III) or (V) were deposited electrolytic-
cally onto lead-lead dioxide electrodes. Tracer experiments showed

that antimony was adsorbed onto lead dioxide and to a lesser extent

on to lead sulphate.
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The results obtained were assessed in conjunction with publish-

ed data, and a comprehensive picture of the various antimony reaction

paths occurring in the lead-acid battery has been presented.

The removal of antimony from the negative plate and grid
results in the formation of antimony (III) in the electrolyte and
probably involves the production of stibine. From the present work
however, it would appear that dissolved oxygen, produced at the
positive plate is also respomsible for the dissolution reaction. This
antimony (III) can be re-deposited, although some is adsorbed, with
oxidation, on the positive plate.

Anodic corrosion of the positive plate releases antimeny (v)
into the electrolyte; the majority of this antimony is adsorbed om to
the active material of the positive plate.

Antimony (V) ions which diffuse into the negative electrolyte

compartment are reduced to antimony (111) prior to deposition om to

Ry

the negative plate. The requirements of a separator material are
that it should be impermeable to antimony (V) ions whilst allowing
the giffusion of antimony (III) and sulphate joms. The placing of

a suitable cationic ion exchange material between the separator and

the negative plate, to remove antimony (III) is suggested as a feas-
ible method of limiting the problem of ‘antimony poisoning® of the

negative plate.

w
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6. Appendix.
6.1. Electrode Potentials.

Unless stated otherwise, the electrode potentials were measured
againat a ﬁhydrogen electrode in sulphuric acid of the same conceatra-
tion as used in the particular experiment.

The standard electrode potentials quoted in this thesis have
the sign convention adopted by the 'International Union of Pure and
Applied Chemistry'. On this convention of the potentials are (a)
reduction potentiala (b) positive for noble metals (c) identical
with the 'Buropean' sign convention.

The electrode potentials of interest are (42) g
4 E
Po / Pb0,, E
(14)

v

Pb / PbSO -0.365 V

H.T7V

o
Antimony reactions

1. Homogeneous reactions without oxidation

HSb0, + B = ot

log (HSbO2 ;
Sb

sb(0m) .~ + om*

log (gb(on){; = 0,54 + 2pH
2

with oxidation

+ HLO (1)

]

-0.87 + pH

sb0," + 48,0 (2)

SWop* + 2B* + 267 = SbO” + Hy0 + ' (3)
E = 0.720 - 0.0591 pH + 0.0295 log %—a?—}é?, 2
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sb (om)g™ + 4" + 207 = 500" + SH,,P {4)

? z B = 0,704 = 0.1182 pH + 0.0295 log (Sb(0H)<™
] ssw' g

2e Beterogeneous reactions involving two solids,

with oxidation

+ -
Sb,0, + 6H" + 6e” = 25b + 3H,0 (5)
(cubic) E = 0.152 = 0.0591 pH
{ortho) E = 0.167 — 0.0591 pH

+ -
Sb,0; + 4H' + 4o = b0, + 2H0 (6)
(cubic) B = 0.671 = 0.0591 pH

(ortho) E = 0,649 - 0,0591 pH
3 Heterogeneous reactions involving one solid
without oxidation
. + +
Sby0, + 2B =, 25007 + H)0 : (71
(cubic) log (Svo*)} = -3.05 - pH

(ortho) log (Sb0*) = -2.32 - pH

EEr et

Sb0; + 28" = 250" + H0 (8)
log (Sb02+) = -4.70 -pE

2sp(oB)” + o = 05 + THO (9)
log (Sb(OH)G_) = -4.16 + pH

Sb+ 38 + 3 = SbHgas (10)

B= -0.510 = 0.0591 pH = 0.0197 log P SbH3
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sbot + 2B + 3¢7 = Sb+ HYD (11)

E=0.212 ~ 0,0394 pE + 0.0197 log (Sb0*)

- + -
2 Sb (08)6 +6H + 4e = 5> 0, + 98,0 (12)

(cubic) E 0.794 = 0.0836 pH + 0,0295 log (Sb(on);)

(ortho) E

0.722 - 0.0886 pH + 0.0295 log (Sb(on)s““)

+ 6" + 8¢~ = 250t 4 38,0 (13)

Sb205

E = 0.581 - 0,0886 pH - 0.0295 log (Sbo’)

Until recently the accepted mechanism for the Sb/Sb203 elec-
trode was that suggested by Roberts and Fenwick (43) which involved
the intermediate Sb™*¥ -

28 = 28" + 6e”
2sp7t 4+ 60B" = Sb0, + 3E0
273 2
but equation (5) is more likely in the pH range 1-10.

Pitman ot al \1%) demonstrated that in acid solutions the
solid phases involved in the antimony electrode system are stable
only under the following conditions,

(1) Aotimony metel - by equations (5) (11) and (10}

(1) Antimony trioxide - by equations (11) (5) (6) (7) and (12)
(i41) Antimony pentoxide = by equation (6) (8) and (9)

Antimony tetroxide is never thermodynamically stable at 25°C. in the

presence of water.
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Stibine can be produced by equation (17) but is unstable in the
presence of aqueous solutions and decomposes with the formation of

antimony ( 21) and hydrogen.

6.2. Diffusion Coefficients of Antimony ‘ 2]}.

8.C. H,%0, M. 1,80, ?i:r.azgef . Viséoﬂty (centipoise=)
1,150 2.51 3,84 x 107° 0.7143
1.200 3.40 3.35 x 1070 0.6132
1,255 4.41 2.65 x 1070 0.5089
1.300 5.26 2,22 x 1078 0.4292
1.340 6.08 1.62 = 107° 0.3636

The values of the different coefficients were calculated from
limiting current measurements on an antimony electrode in antimony

(111) « sulphuric acid solutions.
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