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ABSTR.CY

The kinetice of tie oxidation of tin (IZ) by cerium (IV) &n
aqescus sulfate media was studied in the temperature range 0°C, to 25°C,
Three reactien paths were found eorresponding te 1) low sulfate and
tia (IV) fom cencentratioms 2) high sulfate and tin (IV) iom eoncene
tretiens and 3) colleddal tin (IV) present in solution, The first is
independent of ionic streagth and cbeys second~order iinetics with an
activation emergy of 7.59 k,cal, axd an astivation entrepy of -12.9 e.u,
The resciing species of tin (II) was postulated te be the complex, Sns0,,
The second 1s dependent upem the fonis strength and cbeys ssoond-erder
Kinetios, The reasting species of tin (II) was postulased to be
8n(50,)g  and/or [30Sn(30,)¢]". The shird,catalysed by eolleidal wa
(XV), ebeys firet-order kinmeties and could met be eorrelated with the
experimental variables, For both second-erder retes, the mechanisa of
exidatien of tin (IT) se tin (IV) ocoure in a stepdse mammer, The
1denMity of the intermediate can mot be established by the idimetis data
and aight be tin (IIT) in the form of a sulfate or sulfatocerate (III)
cemplex or tin (II) in the ferm of & Aia (II) sulfato-cerate (IV)
oomplex, For the firsteerder rate a similar intermediate probably does
nod exish,
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INTHOLUCT ION

Chemical reactions cocurring inm solution are perhaps the largest
class of reaction with whish & chemist is concerned; elucidation of the
mechanisms involved is one ef the bLiggest prodlems, In this work, a
study of the reastion

1) S(XI) ¢ 2Ce(IV) « sn(IV) « 2 ce(IMX)

ia sulfuris acid medium was made, Of special interest was the mechamism
vhereby tin (II) ws cxidised %o tin (IE), Ximetlcs, the study of
reagtion retes, is ene of the tools available for discerning mechanimms,
There are dravbacks, certainly, for when the rate of a reaction 1s
follewed by measuring shanges in physical or chemical properties of the
solution as & reactant disappears or as & product appears, a gross
offect is obtained, S5imilarly, when the propertics of the solutien are
varied with tempercture, added salts, or changes in the concentration
of the major selute, the gross effect upon the reacticn is measured,
Ia many instanses \lhese ever-all effects rewveal a great deal abeut tle
species present in aquecus solutiens of fenic substaness, partioularly
in selutiens of kigh ismie strength, in equation descriding the rate
proesss may be {reated mathemetioally and the resulis isterpreted en
the basis of existing theeries of vate precessss and of preperties of
ionis speciss ecowriag im sclutiom, Thus this kinetiss study was
undertaken 40 disesrn somsthing of the properties of various tin species
presest in agueocus sulfate media,



THAORITICAL A KI TORIC AL CONSIULRATIONS

Theoretical
The rate of disappsarance ,-% s of & particular species, i, in
a chemiocal reaction may be said to be zero, first or secomd order in A
depending upen whether the rate is independent of the conoemtretion of
A, preportional to (i) or proportienal %o (1)*, The second-erder case
oould result from 4 bimolecular reactiom betweon two molecules ef i,
for widch the rate would be

g) "-:-:o b kx(‘).o

The term "second-order” is alse applied to dimolecular reactions between
the epecies i and B obeying the rate expression

3) | --3-:- e k (a)B),

Expression 3) is scid to be first order in i, first order in B and
segond order ovareall (the overeall ordsr is the sum of the individual
orders), k; and k are second-order specificerate constants, On the
basis of transition state theory (1), the assumption is made that A

and B form and are in equilibriun vith sn interaction complex wbich
possesses & minimum of stability, with respect to reactants and preducts,
I Ahis eritical configeration or activated cosplex, C', mast be

attained befere products can be formed, and the astiveted complex oan

be coneidered te be at the top of an energy barrier, the rate of the

mﬁucbmhmduthcmuot\hmmtmtonofe’w



the frequency with which C¥ crosses the emergy barrier and falls into
the energy well of preducts, These considerations lsad to

B T KT
L) 5 x(c*)(__g_)

where K, tls tranemisaion ecefficient, allows for tie possibility that

c* may decompose imto the origimal reactunts, kB is the Boltzmam

constant, T, the abgolute tenpemtm and h is Planck's eonstant,
Iquating 3) and L) and solving for the spacifio rats censtamt,

| g) ke !(%) (1)(3)

which may be equated to

9 k-x(:%‘:)x*

" where XV 13 the equilibrius constamh for the equilibrium

7) 4+8 = c*.

The tmplications of 5) and 6) are manyfold, If K% msy be cone
sidered amalogous %o & \bermedynanie equilibrium censtamd, guantities
may be defined that are analogous to the functions weed in commecticn
vith ordinary equilidrimm eonstants, Tius, by definmition,

) AF‘ ®e KT 1n rt

9 AR® « %4 anxt
&



10 Ast o« At art
*

were AFY 15 tie free enmargy of activation, Axnt the enthalpy of
astivation, As" the sntropy of activation and R the gas constant,
Substituting &) into 9), 1% is foumd, for reactions in solution, that

11) At o e [dlnk-} - KT ,

The first term on the right is designated as the irrhenive, or empiric.l,
activation energy, Ea, If units of k are arbitrarily selected as
co./mole sea,, AFY, AE' and thus A 5* may be evaluated from the
experinental data and compared with standard valwes, 25% 48 viewed

as an indisation of the probability of activated ommplex formatien,

If 4% is positive, Ahw transitien state is easily reashed and the
reastiion proceeds faster than normalj if negative, the epecies imvelved
mAy require a special orientation or a particular rotationalevibrational
emergy relationship and, thus, formation of the activated complex is
less probadle,

Returning to equation 5), 18 will be moticed that in fairly cop-
centrated selutions, the value for % will not be a cometant for a given
temperature valus because it is dependent upon the concentrations of
A, B and C' and not the achivities of Alese species. By activity ef &
substanes 1s meant its effestive oconcentratiom in the selution, that is,
a% oonosntration, c, it dees not affeet the prepertiss of the selutien
(for example, the vapor pressure) to he extent of concembretiem c but
rather o the extent of a where a, tho activity, 4s equal %0 0§ , or



the product of the trus velume formality and the fermal activity
coefficient, Rearvenging S) then,

Y
12) PR 5. S»

&% fc
madng & clange i.nl standard state suci tlat a°* » Q 1, * and taking
logaritims,
A ®
13) hkoh[xi ].h[u],h( ;'ga

ry ct

A ‘s Q@ c
For a given temperature, the first tor:, designated i kg, will be
sonstant, Changes in In k with variations in dielectrie constunt of
thoudj.m vill be reflected by changes in u{uh changes in

hkadthnmﬁm Lnionic-t mh vﬂlbonfhotodwch-mc
ia 1n c 2 . Therefors the rigor with widch the data can be
analysed depends upen existing theories of aotivity ecefficients and
dlelectric effects of the medium (2),

Tin (1X) is slodly exidised by various oxidising agents in squeeus
80id media whose dieleotric sonstants are uninowmn, 4ctivity scefficients
of the species invalved cun de appreximated only after sstimation of
the mature of these species, BEeocause of the limitations of the tin (IIj~
ceriuas (IV)-sulfuric acid eystem, only a qualitative summary of the

*For a solute, based upon the usual stantard stute, 112 881,
however, in order that reaction rates may be 1ndopo nt of aolwnt
effects, another standard state 1s closen such that a G = a’ , the
concentration of selute vapor above tLs solution, wvhere
rol 34 solute‘ 1.

" .1/2 2: B9, , where my is ths wvuight formality of the lonis
oubohmo, 1, wish charge, v,



effect of alteration of dlelsctiric comstant or ionic strength upon the
activity coefficients as predicted by extended Debye-Huckel theory is
presented in Table I,

TiBLE I

ViKIATION I5 1n k. WITH CHANGING DISLECTRIC COMST.KT AND IONIC
STRONGTR IN FAYRLY CONCHNTRATED SOLUTIONS (1)

- 4fect of Inoreasing -
Jpecies Dielectrie Constant ~ Ioule Strength
Two dipolar molee
cules forming a increase an increase, dependent
polar produch 1&. 1st powe of
Two iomse
a, saxme gign inorease increase do

pendent
upon reoot and/or first
power of ionis strength

b, oppesite sign dearease may decresse, bave peo
effect or increase
depending upon don
charges and elesctro-
static effects

Ion and neutral mdy increass, lave no an increase dependent
melecule effect or decrease upon the lat powr of
depending upons whether the ionic strength,
the fon 4s
sharged or the moleocule
1s highly polar

i M _—

mmum.mmmu(c%%)imzm 13 Table IV,




Historical

Few studies have been made of tle proparties of tin (II) and 4in
(IV) in aqueous sulfuric acid, In general, experimental work oa tim (II)
in this medium has deen performed to shed light on ene of the commercial
spplicstions of in, electreplating, in which 1% is desireble to stabi-
1ise the spscies as tin (II) with various organic eomplexing agents and
%o adjust the preperiles of the plating baths to obtain high-quility
tin plate (3), The potential of the Sa%-n’' eleotrode has been measured
" a8 & funcilon ef the eoncemtretions of tin (IT) and sulfuric asid as
16°C, (L) and phyeieal properties of the aquecus ¥in (IX)esulfuric acid
system have been measured (5,6,7,0), Measurement of the Sn*P-sp’s
potential has mot beem possible (9), Phase studies of the Sn0-50,~HL0
system were made ad 25°C, and 50°C, by Denbam and King (10); the sclid
phases 1sclated oorresponded 4o IS04*2%n0-LH,0, SnS04Sn0 and Sac0,,
Recenily, complexing of tin (IV) in sulfuris acid has besn exaxined (11),
and hydrolysis ef the species inwvolved has beon studied (12), The data
indicate that the total selubility of the tin (IV) species 1s 9,08 x 10™*
v, £, ab 30°%C, and 7.72 x 10™* wt, £, at 18°C, ia 0,9605 W, £, sulfurio
scid, and that the following equilibrium exists:

14) n0p (&) o 2RV, = S0 ** o S0, + 2H,0

for widch Abe thermodynants cemetate are Ky o 5.0 x 107 and KO =
!.8:10". Purther conplexing of tim (IV) appears %o ocowr in solue
tione vith higher a¢id coneentrations,



Far more experimensal work has been done in the aquecus tin (II)-
tin (IV)ehydrochleris acid system, Not only have the potentials of tl»
electrode Sn’~5n*’ and the systew So"%2u*® veen studied (4,13), bus
the kinetics of exshange reactions and cxidation-reduction rescticns
bave been examined, In the study of the radicactive exchangs ef tin (II)
and Mn (IV) (1), an intersction complex oorresponding 46 ngllye
was detected spectrephotometrically, and a mechanism formulated assuming
elactron transfer te ocowr in the complesx, Although the rete iucreased
with increasing hydrechloris acid comgentretion, the exast dependence
was not determinmed, In abselute aloohol, and in the absence of Lydro-
ehlerie acid, exchangs took place betwsen the neutral salts, SoCl, and
8nC1g (16), Wo spectral data were reperted,

Interactions between $1n (II) and tle platinua metals in hydro-
chloric acid havs mot besa fully determined but are of interess,
Platimm (II), palladium (II) and rbodiums (II) apparently react with
tin (II) %o give highly eolored producte (16), Data obtained im the
Pt (IX)=Sn(IX) systea (other systems havs mot been studied quantitatively)
indicate that the produsts are (Pt:u.cz..]". and 3n(1V), Kinetics of
tbe reduction ef uraniua (VI) by tin (II) has been studied (17), 4 emall
concentretion of an interaciion oamplex in which the ratle, U (VI) o
fa (1I), 1s 152 was cbhserved spectrephotometrically, The reastion rate
is preportional to the first powers of U (VI) and 3a (IX), increasing
vith increasing hydrechloris acid eoncentration, but is essentially
censtant as (E'] is varied ab censtant [C17], and vice versa,

"M (o), sa (11),



Yo mechanisn has bean proposed, Chlerate ion has been found to oxidize

- tin (II) at & measurable rats, proportional to the first powsrs of
ohlarste and tin (II); abeve 20°C, in the presence of hydrochlaris acid,
ohlorate apparsntly oxidizes shlorida ion {18),

The reaction betwsen iren (III) and tin (II) has been exmuined by
sevoral authors, Data cbtained by Noyes (19) indicats that the reaction
does not obesy second or third-order kinetios exoept in the presencs of
exsess reaction products in which case third-order kinetics are obeyed.
In all instances, the mate i3 & function of the hydrochloric acid cone
gentration, One treatment aof these and subsoguent data (20) has been
offered by Velss (21), issuming She following reactions are involved,
and diaregarding for the moment poseibls cesplexing of the various irem
and $in spsciss by chleride, then '

ka

15) Fe** + on*? == re’? « @
b §

+3

*3 +8 *»

15) h“'&l _’ff_sl'o + 5

and assuming the steady stats eppreximation, d%’ e 0, then the rate

besonss _
' e " Xk ?o” . Sn
11)A 2‘%{"‘" . . -z-‘-‘(-.ﬁ—)-‘—%k.‘(h T are )
'On the basis of the hydrelytie tendenciss of Fe'®, Velss assumed 1) in
acid solutions, k,(h"‘?)> k.2(Fe*?), thus & second-erder rate eomstant,

k,, vould be expected and 2) in neutral salt solutions, or in the
presence of exsess Ye*S, i, (Fe*8) > ky(Fe*?), tius a third-order rate



10

constant, iy, wuld be expected, In general, 1% has been found that
reaction rates inarease in the presence of activated complexss sontaine
ing hydroxyl lens (22), In Ale above reaction, howsver, e rate in
the presence of hydrechleric acid is much faster than the rate in
peutral salt solutions, In spite of the validity of these assuspiions,
k, and kg, if divided by the square of the total chloride concentration,
do nod vary appreciably, More recent work in which eomplexing of iron
and tin is eonsidered (23) indicates that in acid cencentrations from
0.0k %o 0,8 M, k, appears o be proporticnal te at least the cube of
the actual chloride eencentration, Thus the activated complex seens
%o require at lsast three mere ehloride ions than are contrituted by
the ecmplexed frem (IIX) and tin (IT), ivailable data on the somplexity
cemstants for tin (IT) and fron (XTI) (23,2L) fndlcate Ahat there
probably is censiderabls competition for chloride by reagtants, intere
mediates and products, The ever-all mechanism iz still a matter of
imterpretation (23,25,26),

In perchleric acid solutisws wviere, theoretically, oemplexing of
tin (II) and dros (IIT) weuld be at & minimm, the reastion procseds
much mere slovly (25), lydrelysis becomes a major problem (21,27),
The rate appears %o be proportienal te the firet powars of Ain (II)
and irem (I11),



PREPARATION AND ARLYSIS CF MAT:RILS

In the study of the reaction of cerium (IV) and tin (II), fairly
strongly acid media were used %o attain a minimum of eomplications
brought about by hydrelysis of the species involved, Throughout this
experimsntal work, the sulfuric acid used was Dufont C,P, reagent grade
and the 707 perchleris acid was Mallinkrods analytiocal reagent grede,
Aqueous soclutions of these acids were standardized with carbomate-free
solutions of Merck reagent sodium hydroxide wiich, in turn, had been
standardised with Mevek primary standard potassium acid phthallate,
Yor these determimations, phemolphthalein served as indicator, (See
Appendix I for analytical results,)

Preparation of tin (II) selutions in sulfuric acid was siailar to
that of Koyes and Toabe (28) in which the displacement reaction

*»

18-a) Cu o n® = u® . &l“

was utilised, It was found thad in sulfuris acid ocencentrations of
2v, f.% 65v, £, and 1in the presence ef excess metallic tin, the above
reactiona ws favored, If dhe mixture were lepd just below the beiling
poiat for one to two hours, the reastion proceeded to esmpletien without
cemplioation, Hydrolysis eccurred as the mixture was heated if the
sulfuric acid concentration was less than 2 v, f,; on the other hand,
hydrogen wvas rapidly displaced from the acid by metallic tim as the
mixture was beated if the sulfuric acid concentration was greater than



6 v, f, The latter situation made regulation of not only the acidity
but alse the tin (ITI) content of the solution rather difficult, Dilute
tin (II) solutions are easily decomposed by oxygen, therefors, all
preparations were carried out in an atmosplers of mitrogen, 4 schematic
diagran of the system ia which the quantity of dissolved oxygen was
mininised in the reagents, tin (1I) solutions were prepared, purified
and stored 4s given in Figure I, Commercial, water-pumped nitrogen was
bubbled through a pyrogallsl towr, F.in order te reduce further the
oxygen eontert of the gas, To prepare the pyrogullel selutien, 15 gas,
of pyrogallis acid, Merck N.F, were added to 250 ml, of water made
alkaline by the addition of sodium hydroxice pellets; in general, &
freshly prepared pyrogallel selution was used for every tin (II) selue
tion prepared, 4 seoond Sower, G, contained either distilled water
vhich was used for dilutien purposes or 5 v, f, sulfuric asid wich
was used to maintain a particular vapor pressure ¢f water in the
nitrogen dubbling through the reagtion mixture, The latéer procedure
was followed when 1% was necessary %o minimise the net loes or gain of
water in the reaction mixture over the course of tle preparation eof
tin (II), I Ahe reaction vessel, i, were placed oalculated volumes
of a solution of Mallinkredt reagent grade copper sulfate and a solu-
tion of abeut S ¥, £, sulfurie aeid, (For specifis details concerning
various tin (II) sulfate solutions prepared see ippendix I, Table XIX),
Fitrogen wus bubbled tirvugh the soclution for about six hours, after
which an excess of C P, Bakers' inalysed )O-mesh tin was added Shrough
glass tubing imserted into the condenser, H, The reaction mixture was
heated and kept Just below the boiling point until flecks of finely
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p A

divided copper, floating on the surface of the solution, were noted,
An 109 bath was used te reduce the temparaturs of ihe mixture befors
an appropriate dilwtlen, For this purpose, distilled water Alrough
which nitrogen bad been bubbled was avallabls either in the towmr, G,
or the reservolr, B, For some experiments, an sjuecus sslution of
1ithium sulfate threugh whioh mitrogen Lhad been bhubbled was availidble
in the reserwoir, B, Excess nitrogen pressure wvas utiliged in trans-
ferring the various solutions from B or G %e the reaction vessel, A,and
in subsequent mixing, Transfer of the %in (II) selution from the
reaction vessel, 4, to the slerage vessel, D, was accamplished by seal~
ing the condeneer, E, evaguating D and adjusting stopoocks 2 through 6
in the proper manmer, s the solution passed through the sintered
glass dise (wedimm), C, the selids, eopper and tim, were retained,
Usually after complete transfer of the tia (IX) solutien inte storage
vesssl, D, the pressure in D was less than atmospheria pressure,
Atmaspheric pressurs was attaimed by bubbling aitrogen imte D, Ia
addition, excess mitrogen pressure was wed to foree the selution into
ground~-glase=stoppered flasks whish ceuld be placed into various
thermostatie bathe for equilidration, For some experiments, exact
dilutions of the tin (II) solution were mecessary, These were effected
in the following mamners burette, £, was flushed with nitrogen for
ond=balf houry a tube from wvessel, D, was commected to the tip; & steady
flov of nitrogen was maintained in the burstte by tube J, inserted in
the top, and the nitrogea pressure in D was raigsed 4o force the tin(II)
solution inte the burette, Onge swfficlient solution had been forced
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into the burette, the tube from D wis discomnected and the selution
transferred from buretts to nitrogen~filled flasly in a standard manner,

irny analyses of the scid oontent of ths tin (II) solutiens must
necessarily consider the amount of tin (II) or $4m (IV) hydroxide that
would be formed dwring the neutralization of the acid with a solutiem
of standard base, However, comcentrations of tin as prepared for tlise
Kinetics study were 107" « 10" v, ., tius 4% vas found that the acid
titer of a freshly prepared tin (II) sclution was essentially equal to
that of a soluvtion tiwough widoh air bhad been pagsed for one hour to
sssure oomplete exidation of tin (II) te tia (IV), (For acidities of
tin (II) solutions see ippendix I, Table XX,)

Total tin concentrations were evalusted by measuring the abeorption
of a dispersien of tin (IT) toluens 3=l dithiclate ad 5.0 am (27),
Thioglycollic acid, Lastman Organic Chemicals' prectical grade, was used
to reduce the tin species in solution to tin (II); a small guantity of
Santomerse )OX, a Monsanmto Chemioal Company surfastant, was the disperse
ing agentj tolusne )=k dithicl, a product of Lastern Chemical Company,
wvas the specific reagent with which tin forms & strawberry-golored come
pound, (For details of tlis procedure and for analyses of tin (II)
selutions see ippendix I,)

For & fov expariments it was degirable to obtain tin (IV) sulfate
and tin (IV) axide, These were prepared by resction of tin metal (30
mosh) with concentrated sulfurie ecid at 190°C, (30), Subssquent fiming
of the solutien almost %o drymess served o coagulate any colloidal
sulfides tlad appeared and tlese were not dissolved (as tin (IV)
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sulfate was) on further additiom of hod, concentrated sulfurie acid and
bence separated frem the 44a (IV) sclfate by fiitration Shrough sintered
glass, Fuming almest to drymess and re-sclution wre repeated tvice
te cbiain %in (IV) eulfate as a white, hygzroscopic solid with ne reduce
ing powsr as indicated by lack of reaction with 4 solutien of potassium
permangsnate, To ebtain & sample of tin (IV) exide, & small amount of
Adn (IV) sulfate 4n a Vyoor" orucible wae placed in a xuffle furnace at
500°C, for Swelve hours, AfWer eooling, the oxide was white, insoluble
in dilute acid and mot hygrescepis,

Lithium sulfate was wiilised to maimtain constant iemis stremgth
of gulfuris acid-Ain solutions whiile She concemtretiess of E*, RSO,
and 30," were obanged, Mallinkredt analytisal reagent 1ithium sulfate
momohydrate was disselved in distilled water, the selution filtered
and evaporated %o recever the memedydrate, Swdesguemily the salt ws
dried at 110°C, for twe bours and then ad 175°C, for L3 hours in erder
o prepare 1% in the seft, white anhydrows ferm,

It has been found that the quality ef ceriwm (IV) sulfate as an
exidising agent and the sAadility of i%e solwiioms depend grestly upom
the purity of the reagswte weed in i%e preparstien, DuPest sulfurie
ssid has been found %o be fairly sstisfaobery in this respest (31,32),
As for any partioular sampls of ocerium salt, Af the sall is tAhoriwm-
free, ene of the bedter mothods of fwrtler purification is the
preparation and recrystalliration of ammonive hexanitreto cerate (1V)
(32). Sinse the resgend grade ealt we readily svailable frem the
0, Fredrick 9mith Chemieal Cempany, & ssmple of this was disselved in

*Trademark, Corning Mlass “orks,
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distilled water, filtered and %o the resulting solution were added

1) DuPont reagemd mitric aeid such that the final retio of acid to water
was 111 and 2) Balers® inalyred ammoniim nitrate such thas the reagent
ws 15% 4in excens of thad required by tlw cerium in solution, Evapora-
Mmﬂtlummldmadondaubnmtmummdwod
the erange ammonium bexamitrato cerate (IV) which was filtered, then
dried at 83°C, fer eight bours, BGubjecting this recrystallised salt
to tests for impurities, 48 was found that 1) 5,6 gms, contaimed 1.8
2.0 mge, of dren or At & salution of 107" v, 7, Ce(IV) weuld comtain
about 2 x 10~ v.r . 7e(II) amd 2) essentially mo thorium was indicated,
which ws satisfactory for the purposss of this kinetics study, (3ee
Appendixz I for tests perfermed,) To the retrystallized ammonium hexae
nitrato cerate (IV) was added as little distilled water as possidle

in order %o dissolve 1% and then Uiis selutien was poured imte & 111
aqueous ammonius hydreoxide solutien, The light yellow precipitate of
hydrated cerium (IV) hydroxide settled, was filtersd, washed With dis-
$111ed water to remcve ammonium nitrate and dried for 30 hours atb 85°C,
Wnder these conditions, Ce(OH), ¢ LE,0 was formed,

In order t0 prepare & standard oeriwm (IV) sulfate selutien, to
20,1278 pue, of \bs hydrated exide were added €5 ml, of consentrated
sulfcric asid and, after selution ws ecomplete, distilled water was
added until the detal volume of the selutien was one liter, ill oerim
(IV) sulfate scluticns used in the kinetiss study were obtained by
sultable dilutions of dids stendard selutien whick was fairly stable
over a pericd of tw years, (See ippendix I for data pertaining %o
standard eerium selutions, 1.0,, soidity, tetal serim and cerium (IV),)
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Corfum (IIXI) sulfate solutions were obtained by bubbling sulfur
dioxide through an appropriate cerium (IV) sulfate solution, Reduction
of cerium (IV) ococurred within 10 to 20 ninutes but 1t was necessary
to bubble nitrogen tirough the solution for one to two hours before
the edor of sulfur dioxide was no longer detectuble,

The reddish, yellow solor of cerium (IV) solutions and the cone
omtration of cerium in the standard solution ( ~ 0,06 v, f,) were
sufficient to make the determination of the sulfuric acid concentration
somevhat difficult by obsouring the coler of the phenolphtlalein end
point and consusing Lydrexide by precipitation of the metal hdrexide,
To obviate this difficulty, before titration with sodium hydroxide solu-
tion, excess Merok reagent, sodium oxalale was added to the solutions
of cerima in erder to reduce cerium (IV) o cerium (IIT) and precipitate
the rathsr insoluble eerium (IIT) exalate (33),

Several methods of amalyeis of cerium (IV) in the standard solu-
tlons were attempled and found somewhad unsatisfactory defore the followe
ing method was selscted (3L), In the pressnce of & phospheric acide
sulfuric scid buffer selution, cerium (IV) may be titrated wdth irom (II)
using sediuva diphenylamine sulfonate as indicater, Irea (II) solutions
in turn must be standardized with & primary standard, potassium di-
chromate, in the presence of the sane bLuffer solution and with the same
indicator as is used in the Fe(II)=Ce(IV) titration, Merck reagemt
ferrous ammonium sulfate hexaliydrate was used for the solutions of
iren (IT); Mallinkrodt analytical reagent potussium dichromate and a
solution of sodim diphenylamine sulfonate obtained from Dr, E, Leininger

vere used,
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Analyses for total ecerium §n the standard solutions gave soms
difficulty, The mothed of Villard and Young (35,36), in which ammoniun
persulfate in the presence of catal; tic quantities of silvsr fon is
used to oxidize cerium (III) to cerium (IV), gave erratic results, It
vas found that oxidation wvith sodium bismutliate was most succesaful and
the remults inlicated that the gerium (TTT) contont of the standard
" solutions was fairly small (34),



20

EFERDENT L PROCIIULLS

In general, chemical reactions may be divided into two categoriess
fast resctions, for which rates must be meammed in a matter of mioreo-
or nilliseconds, and moderate reactions which pernit rate measurements
ever & period of minutes, hours or even days, In sulfuric or sulfurice
pereliloris acid media, the reaction of corium (IV) and tin (II) is
somsvhat between the two extremes in that 1t does nod occwr inm & matter
of milliseconds or hours, but in a matter of minutes, Even though a
reactien ocowrring in minutes would not require as elaborete ejuipment
ummhlﬂnlmndl,mddmnn.mmmm-
required %o follow the ocourse of tle reaction, It was found tlat the
response of the Beclman Model DU Spectrophotomster was fast enough
to permit rapid measwremsnts of the absorbancy of & tin (II)-gerium (IV)
solution, (ibsorbancy = log 1/I4, where Ig is the light imtensity
entering tho salution and I, the imtensity after it has treversed the
sslution, It 42 asswmd that the effect of a silica oell and the
Rive sy present can be cancelled by setiing the absorbemsy of a matched
reference oell plus solvent to be zero,) IV was found that the absorbancy
of one constitusph was msasurable wWith li%tle interference from either
reactants er products in selutism, Purthermere it was possidble teo
regulate the temperature of the cell heusing in which the absorption
cells, eontaining ceriwm (IV) tin (IT) eolutions, were placed for
sbserbancy measurementa,
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In sulfwric and peroliloris acid solutions, an absorption peak of
coriun (IV) occowrs at 315 mm, (35,37), The molar sxtinctlon soceffiscient,
€ 4, Of the cerium (IV) 1s 5.58 x 10® (cf, 36), that 1s, in a one-om,
silioa cell, in 0,05 v, £, to ) v, £, sulfuric acid, the absorbancy of
alx10™ v, 7z, certum (IV) solution 1s 0,558, € « 18 not affected
by a mixture of sulfuric and perchlaric acids in which the retio HC1l04¢
HyS0, 1s 2¢1; 4% decreasss, howver, t0 1,27 x10* ina 2 v, ¢,
perohlorie acid solution in which (H;™n,)/(Ce(IV) e 9,109 . Cerium (III)
sulfate s also found to absorb in this region (Figure II) but the molar
extinotion coefficlent, €., is about 2,7 x 10? so that the comtributien
of cerium (III) te the absorbancy of the solution is negligible in most
instances, (For details of corrections applied, see Section V,) Tin
(IT), tin (1IV) and mixtures of tin (II) and tin (IV) de mot absorbd in
tids reglon, see Figure IV, Simse €, is essentially insensitive to
variations in conocentration of sulfuric acid, one standardization was
made in 1 v, f, sulfuric asid ay 25°C, (Figure V) and used threughout
the oourse of this work, it some ceriuma (IV) concentretions, ¢, is
not canstent; the dotted line in Figure V indioates the abeorbancy thet
would ue ohserved A2 €, uere constant at all eerium (IV) cencentrations,
IN vas assumed that € 4 did mod change with temperature se that the
values cbtained from the standardization were used over a temperature
range of 0°C, te 25°C, (Calfbration duta are available &n ippendix
I, Table IVIL,)

Solutions ware equilibrated dn two separate thermostatioc baths,
one of wirlch was mintained as 0°¢,, 5%., 10%,, or 15%C, = 02°%,
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All reactions were carried oub in the 1 cm, #ilica cells which have &
volume of aboud four ml, To attain a particulir temperature in the
Beciman cell ocompartment, it was possible to circulate through a sed of
thlﬂnqmnu' a 11l glycerin-uater mixture from the lower temperature
bath or wvater from the higher Semperature bath, Tap water (about 18°C.)
was eirculated through the housing of the lydrogen lamp (1ight emergy
source for cerium (IV) absorptiom measurements), Under these cenditions,
the cell compartment was regulated at lower temperatures to within
2 0.2°. (room temperature 20°C, to 25°C.) and te wdthin = 0,5°C,
(reom temperature 25°C, %0 37°C.). Vhen comtrolled by the higher
temperature bath, the temperature variation in the ¢ell compartment was
- 0,2°C, ever the entire range of room temperatures,

The essentials of the experimental procedure were as followst into
& particular volume of a ceriwmm (IV) solution in a spectrophotemetric
oell was foreed rapidly by means of a pipette, & particular volume of
a tin (II) solution, The %otal volume of the resulting solution was
Jorkhul, Inthe case of 1 v, £, %o 1, v, £, 1ithium sulfate and/or
2 v. . %0 3 v, f. sulfurle acid at 0°C., the viscosity of the solution
was uppreciable and some adiitional stirring with a glass rod was
neocessary to assure good mixing, <Zero time for ths reasiion wus talsn
%o So the time at which pipettiing bezan, By presetting the trans-
mnission dial of the speetrophotometer at various absorbancies and aligne
ing the electric timer = with the dial, it was possible to observe tle

“Beciman attachment #2021,
*4
Precision Soisntifie Cempany, Time-It,
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time at vhich the reacting solution possesses a particular absorbancy
to vithin = 1 sec. The reaction was followed clesely for about S mimutes;
after 50 minutes it was found that the reaction had proceeded to com=
pletion and final measurements were made at that time, Thus, when
cerium (IV) was steichiometrically in exscess, the final absorbancy was
taken to correspond to the excess ocrium (IV) value after tin (II) lLad
been completely oxidized to tin (IV), (If cerium (III) concentrations
were appreciable, this value was cerrected acoordingly,) ‘'hen tin (IX)
‘was in excess, weights of the initial cerium (IV) solution and the
solution of cerdum (IV) plus tin (II) were obtained, To this soluticn
was added encugh cerium (I7) such that the original excess tin (II) was
oxidised to tin (IV) and an expess of cerium (IV) remained, After 50
ninutes, the absorbancy of the solution was measured and the weight
roc'ordod. Knoving the absorbancy of the original osrium (IV) solution,
and the densities of both the cerium (IV) and $in (II) solutions,

in conjunction with the above data, the concentrations of cerium (IV)
and t4n (II) 4n the original solution may be obtained, (Sample calcue
lations will be found in the following sectdien,)



ANALYSXIS OF DiTi
IZvaluation of Spectroplictometrioc Data

The eriginal data (ippendix II) consist of absorbancies of various
solutions as a funstiion of time, Plots of these uncorrected values
versus time indicated selutions in vhich there was poor mixing or
instances of erratic performance on the part of the spectrephotometer
and, en this basis, tlese data were discarded, The remaining data wers
correctad for any absorbancies contributed by the absorption cells
themselves and then, from these valuss, concentrations of ceriwm (IV)
were cbtained as & funstion of time, In order to determine the
serium (IV) concentretien of a selution containing oerium (III) and (IV)
frem specirophetemetric data cbtained at 315 mp, 1% 45 necessury to
maks a suitable eerrestisn for the amount of cerium (IIT) presemt, The
measured absorbamsy, A, of & solubien 1is equal to é €4 04 d, vhere
€, 1s tbe molar extinetion coefficlent of the 1B a:ouorbing species
whose cendsntratien 1s o4 and d is the length of the path of 1ight
going through the selutiem, Bemoe, for a solutdon in which ceriwm (III)
and IV) can be considered the enly abscrbing species, the absorbancy
at a parucd.w tine, ¢, 4s

18) i, = €4 LC.(IV)]td ¢ €, [Ca(m)]td .

Cq and €5 are the molar extinction coeffiocients of cerium (IV) and
(III) respectively,
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In the reaction between tin (II) and cerium (IV) 4% is poseible
te determine the initial ooncentration of cerium (IV) in the follewing
mannert 1) Af cerium (III) s absent at the beginning of & reactien,
the abserbansy cbserved in the first 20 to 30 secends is essentially
that of corium (IV); a good graphical estimate of the {nitial cerium (IV)
comoentration, [Ce(IV)]o, 1s made by plotting log (Ce(IV)], versus time
and extrapelating te t = o) and 2) if & idown amount of cerium (III) is
presemt in the reaction mixture, the corresponding abeorbancy is sub-
tracted from the obeerved absorbancy and the resulting velues are
treated as in the oase of esrium (IIX) « O, Ceriwm (III) end (IV)
sencentrations at time, ¢, may be related te the imitial ooncentrations
at t « 0 by sebting

1) iCe(IN)], = (Ce(IV)]g = X

200 {ce{mID)], = (Ce(ND)], + ¥,

" wheve X s £, wts,A, of cerimm (IV) that have reacted, Substituting
these expressions into 18) and letting d equal 1 om,,

21) ‘\‘ - €‘ {C.(Iv)lo + e, [CQ(UI)]. - (e‘ - e,) X

and, solving for X,

22) xe €q (Co(IV))g + €5 (Co(IIT)]o = A .

€Eqg =~ €3

Further substitution of this expression into 19) and rearrangement
yleld
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4, = €a i(Ce(IV)]g . iCO(m)]og .

23) {co(xv)]t - ” -
¢ ” 3

€. @ 3 €, 20, .
I €ee5.58210 I'If;&.-m. sd €5 027 x1001 /f,vt.-cu.’

thea 23) becomes
2k) {Co(IV)]‘ e (1,083 x 107 Ay = 0,0508 S{Ce(IV) Jo + [Ce(IIT) ]og .

This sxpression was used in connection with all reactions in which
(Co(IV)1g > 2 [M(IT)]g . The quantity of tin (IX) present under
these conditions is determinable if the cerium (IV) comcentration at
t » oo 1s known, TFrem equation 19) at ¢ = oo ,

25) u:e(n,')j,6 oo " [Ce(ITV)]g ® Xoe
and from the relatiocns

26) 2 (Sn(IX)]y =2 [a(1D))e = X

27) 2 3(IN], = X, ¢ (Ca(IV)], - [Ce(IV)]g ,
the concantration of tin (IX) at time, t, is

28) {Sn(n)]‘ . (Ca(IV))L; (c-(rv))n;_ .

In this work, t oo 1s SO wimtes,
vhenever 2 [Sn{II)]q > [Ce(IV)]q, absorbancy measurements ab
NS mp indicate the carium species present but do not establish the
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quantity of tim (II) present, Since the absorbancies of tia (II),

tin (IV), cerium (III) and cerium (IV) overlap in the regiom 200 %o
260 mp, additional measurements at these wavelongths were not practical
(Figures II, III, and IV), Thus a chemical method was chosen to
deternine (sn(n)]t. fappess that, originally 2 ml, of cerium (IV)
(containing 2 x 10™ meq, Ce(IV)) was added to 1 ml, of tin (II)

(containing 2.7 x 10™* meq, 8a (II)) to forn a resstion mixture of

I ml, After suffisismd reactien, an additieomal milliliter of cerium (IV)
was added and, a8 (4,),, , the absorbancy of the L-ml,-volume was
weasured, Lot (Co(IV)]q equal the ceriuwm (IV) present initially in

the 3-ul,-velume snd 1ot [Ce(IV)], ® % [Co(IV) Jo oqual Ao concemtrae
tion of cerium species in the Leml,evolume, If the initial coneem~
tration of cerium (III) 1s sers, then from equatiom 22), in thw L.ml,.-

volume ,

29) x, - €4 (Co(IV) 14 = (&) .
€ P &'

fince 13 in ths 3-ul,-volune is L/3 (X,), tlen

30) I"lg-—é‘ Co(IV } . b(agdo
: -4 €4 "€y { ( )). 3(6.‘ e‘).

If the extinoiion coefficients are evaluated as defore, 30) bLecomes
N) ¥, e 15762 (Cel(IV)]g - (2511 x207Y) (&) ,

where X, is equal to twioe the ooncentration of tin (II) present in
the original Jeml,volums, 2 {3n(II)]e, Using equations 19) and 26),
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tie concentration of tin (II) in the rcactien mixturs at tine, ¢, is

32)  (w(m)), - "U""(Iim«--w;(ﬂ‘n.~lc-(xv>1i .

If the total tin concentration of the v:iction mixture 1s nown, tho
concentration of tin (IV) may be obtuined by differsnce,

Kinetio Treatment

Cnce concentrations of cerlum (ITI) and (IV) and tin (II) and (IV)
ars detarmined, kinetic treatment of the data 1a falrly straight formard,
It was found that, depending upon the expsrimomtal conditions, the
reaction ebeys either a sscond-order rate law or a rate law first order
in tin (I7) bus Indepandant of the concentration of corium (IV), In
the evard that a second-order rate is observed, if the initial concun-
trations of cerium (IV) and tin (I7) aéog ard b respectively and, at
time ¢, the concentrations are (a=x) and (b=3), then the decresse in
certus (IV) with tima, g.g , i3 found to bs (38)

m £ B laed (@) = xlaen) (-2,

The sscond-order rats constant is k in units of 1,/rale sec,
*hen a # 2 b, integration of 33) and evaluatien of the irtogreties
constant at ¢ « 0, yleld the rate equation

W W G [%} .

IZ the rats firsteoerder in tin (II) h.obnnad, 1.8, th? rets no
longer depends upon the cerium (IV) concentration, then the decrease
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4{n osrium (IV) with time is found %o de

¥ R = (@D e (e,

where k, {8 the first-order rate constant with units of ses, ., The
integrated rate equation is

3¢) In (5—2%-;) e kt,

Values of k were grephically determined by pletting log i-:_i_} -

leg [%Igr ]‘ versus time, FRowever, a better pioterial represen~
tation of the data is cbiained if mr:‘-'r%mnn: {_u;
E %)}J 1is shown as & function of time as is done in Figures
VI %o VII} the slope 4s equal to _k__ | ‘here the first-order rete
applies, log [MII)]‘ is plotted ;crzul time (Figure IX); the slepe
is oqual %o Kk, |

Results

AS 0°C, the majority of experiments were performed wader experie
mental conditions such dhat the oxidatiom of #in (II) by oerim (IV)
cbeyed a seocndeorder rate law, Over a range ef [Ce(IV)]o/[5n<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>