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INTRODUCT ION

One of the most extensive chemical applications of
the artificlal radioelements as indlecatore 1lg in the study
of exchange remctions. An lesotopic exchange reaction 1s a
chemical resction in which the atome of & glven element
interchange between two or more forme of the el&@ent.

Generslly, in rediosctive exchange studies the atoms
of an element, in one of itz valence forme or types of
chemical combination, are labeled by admixture with some
radioactive isotope of the element in the same wvslence
form or type of chemical combination. To this eystem 1s
added the element in another etate of valence or type of
chemical combination, containing none of the radioactive
isotope. The exchange reaction is then mllowed to proceed
for s known length of time, the resactants separated by
using & suitable analytical technique, the fractione assayed,
and the rate of appearance of the radlolsotope in the form
of the element formerly free of radlotrscer determined.

The presence of rsadiocactivity in the second chemical
form shows that an effective exchange of atoms between the
two different forms hae tsken place and the rate of appear-
ance of activity in the gscond chemical form glves a measure

of the exchange rate. Complete exchange is attalned when



the redloactivity has dletributed itself between the two
chemical forme in the same ratio as the amounts of the
element in the two forms, that is, when the specifiec sc-
tivities ars the sgame.

In all exchange reactions, regardlesg of the number
of stomic specles participating, the rate varies with time
according to the law for firet-order revereible reactions,
since there is no change in concentration of the reactants.
The rate of exchange reactlons may, therefore, convenlently
be sxpreseged in terms of the half-time, the time necessary
for helf of the activity to be lost from its original
chemical form. It 1s generslly assumed in isotoplc ex-
change studleg that the lsotopes are chemically ldenticsl.

Exchange reactions can provide ugeful information
concerning the nature of chemlical linkages, the strength
and reactivity of chemicsl bonds and the effect of solvents
on these propertieg, the extent and nature of solld surfsaces,
and the reversibllity of oxidation-reduction couples. They
often have 2 unique ayplis&tiah to the study of resction
mechanisme and the mechaniems of catalysis. In addition,
exchange resctions often offer an exc¢ellent and convenlent
mesns for the introductlon of radloactive atoms 1ﬁtm

compounds.



The presgent research wasz undertaken to study the
phenomenon of electron transfer occurring in oxidation-
reduction reactions. It was hoped the resulte might give
some ineight into oxidation-reduction reactions in genersl.
In particular, the cerium({III)-cerium(IV) system, in per-
chloric acid solution, was chosen and the work carried out
with this system was primarily concerned with extending
previous invegtligations and to eludidate further, if pos-
gible, the nature of the ionic specles exieting in the
solution, as well as the factors determining the rate of

exchange.



LITERATURE REVIEW

In general, oxldation-reduction reactions can be
defined as chemlcsl reactiong in which electrons are
donated to an oxlidlzing agent by a reducing agent. On
this basls, the trensfer of electrons between two oxida-
tion states of a single element can be conslidered to be a
very simple form of oxidation and reduction. Such reac-
tions are commonly known ae electronic exchange rezctions
and the posslibility of studying the rates of such exchange
reactlons between various oxidatlon states of the same
element wae recognized soon after the dlecovery of radlo-
activity (1). It hae only been recently, however, that
systematic experimente have been carried ocut to measure
the exchange rates and determine the kinetlce of such
reactions.

This literature review will include not only informa-
tion concerning the cerium(III)-cerium(IV) exchange reac-
tion butkalao information concerning certain other exchange
resctione betwsen cations, that have been observed to be
caetalyzed by simple anlonic complexing agents. The re-
viewed exchange reactions are consldered to be particularly

pertinent to the present investigation.



Cerium(III)-Cerium(IV) Exehange Reaction

Although the cerium(III)~cerium(IV) exchange reaction
has been studled under varlous experimentel conditiones, the
mechanism for the exchange reaction hae not been completely
formulated. Seller, Rubinson and Edwards (2) employing a
chemical precipitation technique to separate the reactants
found the exchange rate to be very rapld and complete.

Linnenbom and Wahl (3), employing an electrical
migration method to partislly seperate the reactants, re-
ported that complete exchange occurred during the separation
time. Gryder and Dodson {4) also studled the exchange
reaction using a diffusion technique, and they found that
complete exochange occurred within two hours after mixing
of the reactants.

Gryder and Dodson (4,5), in an sttempt to atudy further
the exchange reactlion, devised a chemical separation tech-~
nique involving the extraction of the cerium(IV) ion from
a nitric acld solution with dliethyl ether. Employlng this
separation technique, they found the exchange rate in nitric
and perchloric acid solutione to be measurable and of the
order of minutee.

In nitric acid solutions, they found the dependence of

the rate of exchange to be first order in both cerium(III)



and cerium{IV) concentrations, but the rate appeared to be
dependent on the reciprocal hydrogen lon concentration
squared. They found the following empirical rate squation
to be consistent with their data:

Rz [ce(11I)] [ce(Iv)] (X + "ﬁﬁkj:“ﬁ’ (1)

They interpreted the dependence of the exchange rate on

the hydrogen ion concentration as indicating the existence
of an acld dependent path and an acld independent path by
which exchange oceurred, and stated that it appeared that
the acid dependent path wae between an unhydrolyzed species
and a substance containing two hydroxyl groupe or their
equivalent or between two eingly hydrolyzed species. They
alsgo offered an alternative explanetion that & polymerie
form of cerium({IV) involving an oxygen bridge might become
important as the scldity was decreased. They did not formu-
late s wechanism for the exchange reaction nor did they
“gpeculate any further on the epecies existing in the nitric
acid solution. Moreover, they did not study the dependence
of the exchange rate on the nitrate ion concentration. The
apparent energles of activation were determined, in the
nitric acid system, to be 7.7 kcal./mole for the acid inde-~
pendent path snd 24.0 keal./mole for the acid dependent

path.



In perchloric acid, Gryder and Dodson (5) found the
dependence of the over-all exchange rate to be first order
in the cerium(III) concentration, but an order bétwaen zero
and one in cerium(IV) concentration, dependent upon the
cerium(IV) concentration and on the nature of the medium.
They also observed that the rate was & linear function of
the reciproecal of the hydrogen ion concentration, but did
not study in sufficlent detall the dependence of the rate
of exchange on the aocld coneentration to permit an unequlv-
ocal interpretation of thelr resulte.

On the basis of their data, Gryder and Dodson (5,6)
postulated the following mechaniem for the exchange reaction

in perchloric acid solutions:
" ky
Ce(IV) + Ce(IIID) ES? exchange - (2)
in competition with
Ce(III) + 8 = Ce(III) + 8 (3)
3
where C8(III) is an exclted electronic state of cerium(III)

and 5 is any substance in the solution whieh is capable of
exciting the cerium({III) ion upon collision, and



# ; ; ki
Ce(III) + Ce(1V) - exchange (&)
4

where k) 1s much greater than k3. Thie leads to the rate

equatlion:
Rz k [Ce(III)] + %' [ce(1II)] [ce(IV)] (5)

which they found to be consietent with the experimentally
determined rsate ecguation.

There are come spectral data (7) and theoretical con-
sideratione (8) which indicate the existence of an excited
electronic state of cerlum{III). OCryder and Dodson (5,6)
using & simple Boltzman calculatlon determined that 10-3
per cent of the cerium(III) concentration exlsted in an
excited state at room tempersture.

No further attempt was made to elucidate the lonic
species existing in perchloric aclid solutions. The apparent
energies of asctivation were determined to be 19.4 keal./mole
for the cerium(IV) independent path and 16.8 kcal./mole for
the cerium(IV) dapenden; path.

Hornig and Libby (9) investigsted the catalyslie of
the exchange reaction by fluoride. They found a first

order Tluoride catalyels reesction existed and, on this



beele, concluded thet either cerium(III) or cerium(IV) must
form a relatively stable bond with fluorlde lon.

They determined the apparent activation energy of the
exchange resction to be 11.7 kosl./mole, They also observed
that chloride catalysed the exchange reaction, but to a much
gemaller extent than fluoride,

In summery, it has been shown that the cerium(III)-
cerium{ IV) exchange reaction is ocatalyzed by fluoride,
chloride, and hydroxide. In nitriec ascid, the dependence
of the rate of exchange on the cerium{III) and cerium{IV)
concentrations has been shown to be first order, while, in
perchloric acld, the dependence of the rate of exchange has
been shown %0 be first order with reepect to the cerium{III)
concentration, but with reespect to the cerium{IV) concentrs-
tion an order between zero and one. Mechanism for the
exchange reaction has not been formuleted unsguivocslly,
nor have the different specles existing in the reaction

solutione been completely determined,
Iron{II)-Iron{III) Exchange Reaction
The exchange reaction between iron(II) and iron(III)

in seld golution has been the subjlect of many investigations.
Studies (10, 11, 12, 13) employlng a 4iffusion technique to
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gseparate partislly the reacting specles produced two sete
of entirely different and confliecting results. Van Alten
and Rice (10) and Kierstead (1ll) observed half-times of the
order of days for the exchange reaction. According to the
results of Van Alten and Rice (10), iron(II) diffuses about
half as fast as iron(III). Kierstead's pesulte (11), on
the other hand, indicate that iron(II) diffuses about three
times faster than iron{III),

Linnenbom and Wahl (12) and Betts, Gilmour and Leigh
(13) employing the same diffusion technigue found that ex-
change was complete in the hour or so requlred to effect
& partial separation.

Bette, Gilmour and Leigh found that iron{II) diffuses
about twenty per cent faster than iron{III). Linnenbom
and ¥Wahl obtained data consistent with this later value.

Dodson (14) devised a chemlcal seperation technique,
involving the use of dlpyridyl, to faclilitate separsation
of the reacting specises., Sillverman and Dodson (15}, using
a modification of the chemical seperation technique, found
the over-all rate of the exchange reactlon to be second-
order, presumably, first order in iron(II) and first order
in totel iron(III).

They found the over-zll rate constant of the exchange

reasction in perchloric acid solution te be & linear function



11

of the reciprocal of the hydrogen lon concentration. On
this basls, the acld dependence was explained by assuming
iron(III) to be apprecisbly hydrolyzed. The exchange
reaction then was postulated to proceed through two paral-
lel pathe, one independent of the acid concentration and
the other involving & hydrolyzed species, probably Feaﬁ*a,
the concentration of which would be inversely proportional
to the acid concentration,

Bllverman and Dodson aleo found thet chloride catelyzed
the exchange reactlon, but not markedly. They found activa-
tion energles of 9.9 keal./mole for the resction between
the unhydrolyzed lons and 7.4 kecal./mole for the acid-
dependent reactlon.

Hudie and Wehl (16) observed catalysis of the exchange
reaction by fluoride., They interpreted thelr dats in terms
of exchange reactions between iron(II) and iron(1II) com-

plexees containing one, two, or three fluorlde lons.
Europium(II)-Europium(III) Exchange Reaction

Meier and Garner (17, 18) found the exchange reaction
of europiun{Il)-europium({III), in agueous hydrochloric acid
solution, to be first order each with respect to the con-

centrations of europlum(II), europium(III) and chloride.
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This, they concluded, indicated that the activated state
included a monochloro-complexed europlum species. They
aleo found thst varistion of the hydrogen lon concentration
showed little affect on the exchange rate, sand they inter-
preted thls as suggesting that hydrolyzed epecies are of
1ittle importance in the rate-~determining step. The rate-
determining step wes proposed &s belng the exchange between
hydrated europium{II) and a hydrated monochloro-complex of
europium(II1).

¥eler and Garner determined the experimentel asctiva-
tion energy to be 20.8 keal,/mole., The apparent activation
energy includes an unknown contribution from the heat of
formation of the chloro-complexed lon and the true activa-
tion energy would presumably be appreclably emaller after
correction for this factor. Meler and Garner found that
nelther artificial light nor glass wool catalyzed the

exchange reaction.
Antimony(III)-Antimony(V) Exchange Reaction

Bonner (19) studied the kinetics of the exchange
reaction between antimony(III) and antimony(V) in hydro-
chloric acia)amlubicng. He found, in 6 f. hydrochloric
acid, hslf-times in the neighborhood of sixty hours, and
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observed the rate to depend eritically on the hydrochloric
acid concentration.
The following empiricel rate expreselon was found to

describe the rate of the exchange reaction:
s b 8 0. 16 “ gy - 9 F
Rys0q = 8.8 x 10731 [Bu(111)] ©-8 [0(V]] Led* 7]’ (e)

Bonner made no attempt to formulste a mechanism for the
exchange reaction due to the general lack of scourate
knowledge concerning the nature of the lonic species
exieting in solutions of antimony in hydrochloric acid.
He determined the experimental activation energy to
be 27 kecal./mole, and sleo observed that glase beade did

not catalyze the exchsnge resction.
Thallium(I)~Thallium(III) Exchange Reaction

Two groups of workers, Harbottle and Dodson (20) and
Prestwood and Wahl (21), simultaneously reported on the
kinetice of the thallium(I)-thallium(III) exchange reaction
in acid solutions. Further work by both groups (20, 22)
found the rate of the exchange reaction to be dependent on
the first power of both the thallium{I) and thallium{III)

concentrations., They alsoc found the rate, in perchloric
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acld solutlione, decreased ag the hydrogen ion concentration
wag incressed,

On the basls of this Prestwood and Wahl (21) assumed
thet the exchange reaction proceeded via two independent
paths, two electrone being transferred slowly from the
thellium(I) don to the thallium(III) ion and the more rapid
exchange being between the thallium(I) ion and the hydro-
lyzed thallium{III) ion, presumably T10H *2,

Harbottle and Dodson (20) found thelr data to be
coneistent with the ascumption that two thallium(III)
species (e.g., T1*3 and T10H'?) were present, and that
only the more highly hydrolyzed form accepted electrons
from the thallium(I) ion.

Both nitrate (22) and chloride (20) were observed to
catalyze the exchange reaction, chlorlide being the more
effective. It was observed (20) that at low concentrations,
epproximately 0.01 f., chloride inhibited the reaction,
Prestwood and Wahl (22) also observed that platinum black
catalyzed the exchange, but that silleca gel did not.

Prestwood snd Wahl (22) determined the experimental
sctivation energles to be 17.6 kcal./mole for the hydrogen
ion independent path and 10.3 kosal./mole for the hydrogen
ion dependent path,
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METHODS AND MATERIALS
Cerium Tracer

The radioactive cerium(III) (Cel having & 275 day
half-1ife) wag obtained from the Oak Ridge National Labora-
tory on allocation from the U, 8., Atomic Energy Commigsion
through the Institute for Atomic Research, Iowa State
College. The radlo-cerium was incorporated in the cerium-
(III) velence state and measurements made on the transfer
of radioactivity to the cerium(IV) state.

The active cerium was purified (23, 24) by precipita-
tion of the fluorlides of cerium and lanthaenum in the presence
of zirconium holdback carrier. The fluorides were dlssolved
in a solution of borlc and nitrlic acids, oxidlzed with
sodium bromate, and cerium(IV) lodate precipltated. The
precipltate wasg dissolved with nitric acid and hydrogen
peroxide, and cerium{IV) iodate reprecipltated after oxilda-
tion with sodium bromate. The latter step wae repeated
twice. The precipltate wae again dissolved with nitric
acld and hydrogen peroxide, zilrconlum carrier added, and
then zirconium iodate precipitated in the presence of
cerium(III) ion. Cerlum(III) hydroxide was then precipitated
by the addition of sodium hydroxide. The cerium(III) |
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hydroxide precipltate wase dlssolved with hydrochloric acid,
sulfurous acld added to reduce the lodate to iodide, and
cerium(III) reprecipitated with ammonium hydroxide. Finally,
this precipitate was dissolved with hydrochloric acld and
cerium{III) oxalate precipitated by the addition of oxalle
acid. The cerium(III) oxalate was dissolved with perchloric
acld and the solution fumed to destroy the oxslste ion. In
this process some of the cerium(III) may have been oxldized,
therefore, a drop of hydrogen peroxide was a&&s& and this
was decomposed by heating the solution. The resulting
golution was used aes the stock resgent for introducing

activity into the resction materlals.
Messurement of Radioactivity

All readioassays were made on solutione, using & Nuclear
model D-52 dlpping Geiger tube with Nuelear Instrument and
Chemical Corporstion scalers either model 165 or model 183.

The counting tube was held vertically in a teest tube
of such & size that 20 ml. of solutlion exactly filled the
annular space. The test tube was modified by attachment
of & number 2 stopcock at the bottom. This facilitated
emptying the test tube and allowed for permanent positioning

of the counter tube with respect to the test tube so ag to
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glve reproducible geometry. The counting tube assembly
wag housed in a light-tight box. The bazckground count for
this tube was approximately 45 c¢.p.m. The input voltages
of the ecaling unite were held constant with a Sorensen
model 1750 voltage regulator.

S8ince the solutlions to be counted were of conetant
chemical compoeition, absorption and scattering corrections
wére UNNecessary. All the counting rates were below 1000
c.p.m., thus corrections for colncldence were unnecesgsary.

In all cages the samples were sllowed to stand at least
three hours before counting to permit the l7-minute praseo-
dymium daughter to grow into equilibrium concentration. Eaeh
sample was counted at least in duplicate and sometimes in
triplicete to check the reproducibllity of geometry and
esch count wae for & time sufficlent to reduce the statisti-
cal counting error to 1 per cent or lese standard deviation.
The fraction of exchange was obtained by comparing the
observed count with the experiméntally determined counting

rate of an "infinite time! sample.
Chemicals

Reagent grade cerium(III) perchlorate wae obtained

from the @G. Frederick ©mith Chemicsl Company and was used
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without further purification. The cerium(IV) perchlorsate
used wae obtained from two sources. Cerium(IV) perchlorate
in 6 f. perchloric acid was obtained from the &, Frederick
Smith Chemical Company sand was used without further purifi-
cation. Cerium(IV) perchlorate also wae prepared in this
laboratory by electrolytic oxidation of pure cerium(III)
perchlorate. Cerium(III) chloride waes dissolved in dilute
perchlorie acid and the cerium(III) ion ﬁreéipitated with
oxalate. The insoluble cerium(III) oxalate was waghed
geveral times with dilute perchloric acid. The cerium({III)
oxslate preclplitate waes then bolled in excess 72 percent
perchlorlc acld to oxidize the oxalate lon to carbon dloxide,.
The resulting solution was evaporated to near dryness to
expel any chloride formed in the oxidation of oxalate ion.
The resulting solution was diluted snd cerium{IV) perchlorate
wes prepared by electrolytic oxidation., HNo difference was
noted in the rate of the exchange resction when the two
different cerlum(IV) perchlorates were employed. G.
Frederick Smith Chemleal Company vacuum digtilled 70 per
eent perchloric acid was used directly. The acid weae
anslyzed by titration with standard alkall. Commercial
Solvente Corporation tri-n-butyl phosphate wae employed in
the extraction teehnique. All other chemicals were

standard chemically pure reagents.
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The water used in this inveetigation was redisgtilled
from an sll-glees still and the nitrogen used was pcavenged
of oxygen by passsge through s vansdous sulfate solution

(25).
Separation of Reactants

The separation procedure used was essentlally that of
Gryder and Dodson (4, 5), the only change being that tri-n-
butyl phosphate (26) was subestituted for diethyl ether in
the extraction of cerium({IV). An eliquot of the reaction
mixture was dellivered into & 250 ml. separatory funnel con-
tailning 50 ml. of a solution 1.0 f. each in nitric scid and
ammonium nitrate. Then en equal wvolume, 70 ml., of tri-n-
butyl phoephate wse added, extraction of the cerium(IV)
taking plsce., After separation, the solvent layer wae
gecrubbed one or two timeg with 70 ml. of & golution 1.0 g.
each in nitric seild snd ammonium nitrate. The cerium(IV)
was quantitatively recovered from the tri-n-butyl phoephate
by re-extraction with water after reduction of cerium(IV)
to cerium{III) by hydrogen peroxide. This second agquecus
phaee wae diluted to a constant volume of 100 ml. for

counting. It wes found thst the amount of cerium(III)



20

extracted was insignificant, and that the extraction of

cerium(IV) nitrate was essentially complete.
Experimental Procedure

Appropriate volumeg of all component solutions of &
reaction mixture except the active cerium(III) solution,
which in all casee wae lege than a few per cent of the
total volume, were added to a 500 ml. low sctinic glass
erlenmeyer flesk, the exchange vegsel. The reaction solu-
tlon wae allowed to resch tempersture equilibrium, as were
ell solutlions used in the exchange run, by belinpg »nlaced in
& large refrigerated constant temperature bath, the meximum
temperature variatlon of which was £0.05°.

The exchange was started by the rapld additlon of
tegged cerium(III) perchlorate at room temperature to the
exchange vessel. The exchange solution wse agitated by
removal and re-injectlion of an aliguot and further by gentle
rotation of the resction vessel., Approximetely 20 ml.
aliquots of the exchange solutlones were removed from the
resction vessel et timed intervals. Separation of cerium-
(IV) from cerium{(III) was carried out as previously
degoeribed. In each experimental run sampleg were taken at

times spaced evenly over two to three half-timee.
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Two "infinite-time" samples, the speciflc activity
corresponding to complete exchange, were taken in each run.
In each experimental run, after the gix timed samples had
been tsken, four allquots of the exchange nmixture were
collected, and analyses were performed to determine the
total cerium and cerium(IV) concentrations. Duplicate

analyses were run for each and the results averaged,.

Cerium Analyees

Cerium(III) and cerium(IV) concentratione were deter-
mined independently for each exchange run. An aliquot of
the reaction mixture was taken, added to 75 ml. of a 13.3
per cent sulfuric scid eolution, and the cerium(IV) concen-
tration determined directly by titration with standard
iron(IXI) solution.

In order to obtaln the total cerium concentration
another aliquot of the reaction mixture was taken and 10
ml, of concentrated sulfurlc acid sdded. The solution was
diluted to 200 ml, Five ml. of a solution containing 2.5
grame of milver nitrete per liter, and 5 grams of sclld
ammonium persulfate were added. Thils solution was boliled
for 10 minutes, cooled to room temperature and a second

titration made using stendard iron(II) solution. The
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cerium(III) concentretions were determined as the differ-
enceg between the cerium(IV) and totel cerium concentrations.
The standard iron{II) sulfate solution employed wae etand-

dardized using ferrous ethylenediamine sulfate.
Errore.

8light errors exlet in the determined concentrations
because corrections were not made for volume changes that
occurred with temperature changes and because of the
agsumption thet solution volumes were addlitive, Also in
experimental runs where the cerium(IV) concentration wase
relatively high compared to the cerium(III) concentration
it was necessary in performing the calculation to subtract
two numbere of approximately the same magnitude to obtain
the cerium(III) concentration.

The temperature of the exchange solution fluctuated
every time a sample wag taken, although the temperature of
the bath was constant to 10,059, Even though the exchange
reactlions were falrly rapild, half-timee of 5 to 60 min.,
errors in the rate constante due to inaccuracies in timing
the resctlons were probably no more than a few per cent.
This wase b@nagse aliquots of the exchange mixture were

geparated in a reproducible way go that although the
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exsct time of separation might have been uncertain by flve
to ten geconds, the time interwval between the separstion of
any two aliguots wes known to within a few seconds. The
time intervals between gamples affected the slope of the
exchange curve and therefore the messured rate and rate
constants. Errors in the absolute time of separstion, or
the zero time, merely shifted the exchange curve affecting
the apparent zero-time exchange but not the slope.

One principel source of error was the statistical
fluctuations in the counting rate. As noted previously
all sampl@s'WQre counted sufficlently to reduce this error

to one per cent or lesgs.
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EXPERIMENTAL RESULTS

The following reaction wae under study in this investi-

gation!
¢e(III) + Ce(IV) = Ce(III) + Ce(IV) (7)
The seterieks indicate radiosctive atoms. For this par-

ticular reaction, the exponential exchange law (27, 28)

in ite logerithmic form is:

(8)

The exchange rate, K, 1s the rate at which cerium(III)
becomes cerium(IV) end at which cerium(IV) becomes cerium-
(III). R ie a constant when cerium(III) and cerium(IV)

are uniformly dispersed in the same vhase and all conditions,
except the dilstribution of the radioactive atoms, are held
constant. Further, if any of the reacting chemlcal specles
contain more then one cerlum atom, the atoms must be
chemically equivalent. Bracketed quantities indlcete grose
concentrations expressed in gram atoms per liter of solution,
and t ig the time the exchange of radloactive atoms is fol-
lowed, that is, the time after addition of tagged cerium(III)
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to the rest of the resction mixturé. The fraction exchange,
F, 1s & meagure of the extent of the exchange of radia&cti#&
atoms and it approsches an equilibrium value of one,

Since cerium(1lV) was initislly inzctive, F may be
expressed as?

o= 2 . Bamn - 8(rin, (9)

ﬂco ﬁioo - ﬁ(xv)g

where the specific sctivity, 8, is deflined as the ratioc of
radiocactive to total cerium atoms in the indlcated oxldation
gtate or chemical frasction, subscripte (III) and (IV) re-
ferring to the oxldation states of cerium, and subscripts o
and oo referring to the time the sepeclfic aetivity wase
measured. Ae can be seen from equation 8, the quantity
(I-F) should decrease exponentially with respect to time,
go thet Lf 50 per cent exchange occurred in time t, 75 per
cent exchange would occur in time 2t, ete., and a gemi-
logarithmie plot of (I-F) sgainst time should be a straight
line with sn ordinsete vslue of one at zero time regsrdless
of the resction mechaenism. Flgure 1 shows three typlcal
exchenge ocurves.

If 8ll or some of the cerium(IV) can be separasted free
of cerium(III) and if no exchange occurs during this

separstion, then the specific sctivity of the cerium(IV)



Figure 1.

Typleal exchange curves as semi-logarithmic

plets of (l-Fraction Exchange) egainst time

at concentrations

Curve A: 3.92 mf. Ce(ClOy)s3, 0.770 mf.
Ce(Cloy)y, 5.04 f£. HC1Oy,
= 5.85

Curve B: 2.95 mf. Ce(ClOy)s, 0.550 mf.
Ce(Cloy)y, 5.85 f£. HC1Oy

Curve C and Dt 1.53 mf. Ce(ClOy)3, 1.28 nf.
Ce(ClO4)y, 6.0 £. HC1Oy
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freaction 1s equal to the specific asctivity of the cerium({IV)
in the reasction mixture Juet prior to the geparation, and
this may be used to calculate the fraction exchenge that
occurred in solution. However, if the cerium(IV) fraction
containe some cerium(III) and if exchsnge occcurs during the
separation, the svecific activity of the cerium(IV) fraction
will not be equal to the specific sctivity of the cerium(IV)
in solution prior to the separation., As a matter of faect,
the specific activity of the cerium(IV) will be some
function of the amounts of cerium(IV) and cerium(III) in
the separated fractions, the specific activitles of cerium-
(III) and cerium(IV) prior to separation, and the extent
of the sepsration-induced exchange. The same thing applies
to the cerium(III) specific mctivity.

It has been shown (22, 28) that when separation-induced
exchange and the incomplete geparation effects are reproduc~

ible that the following relationships sre true:

- 8 =-8 F! - F
e A (20)

0

where £ and B, are the specific activitles of one chemical

fraction, contalning essentially one of the exchange
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reactants separated at time t and time zero. Combining

equationg 8 and 10, gilvee:

in (1-F') = -~ [gé%§§1314-£2?x§§j] Rt + 1n (1-F}) (11)
in (8, ~-8) = - Rt + 1n (8,-8,) (12)

Semi-logarithmic plots of (1-F') against time and
(8., ~8) sgainst time should be strailght lines with intercepts
of (1-F4) and (8, ~-S,) at time zero. The slopes and half-
valueg of theses plotes will be the same ap those of a semi-
logarithmic plot of (1-F) sgainet time, Curve D, see Figure
1, 18 & plot of (1~-F) againet time, F having been calculated
using equation 10 from F' and F} velues obtalned from curve
c.

The uncertainty in the time a reaction was started
relative to the times of separation may in part be respon-
gible for some of the apparent zero-time exchange. A very
rigid experimental procedure was followed and in all cases
the apparent zero-time exchange was reproduclible for a glven
run and therefore would not affect the slope of the exchange
curve.

When 50 per cent exchange has occurred, F = 0.5, (1-F)

= 0.5 end t = iy by definition. At this point:
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and since in any given experiment the cerium(III) and
cerium({ IV) concentrations are known, and t} can be ob-
talned from the plot of log (1-F) ageinst time, it ie then
poesible to culculate the value of R, the rate of exchange,
for each experiment.

The speciflc asctivity valués uged in cslculations of
the fraction of exchange were in unite of counte per min./
20 ml. of solution counted and not the ratio of radiocsctive
atoms to totsl cerium atoms as defined. However, sgince
ratios of specific activities are always used in these
calculations, thie gubstitution was Justified provided
the counting efficiencles and compositions of all the
samples from & given run were the same. The agreement of
the dats with the predicted exchange law wae a good indi-
cation that thls procedure was Justified.

The following subsections will contain the experimental
resulte only, while epecific dlscuselon of these resulte

will be found in the subsequent section.
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Heterogeneous Catalysels

A serles of experimente were devised to study the
poeeibllity of heterogenesous catslysls of the exchange.
Exchange reactions were run with the reaction solution
2.23 mf. Ce(ClO4)3, 3.83 mf. Ce(ClOy)y and 6 f. HC1Oy.

An experiment was carried out with the reaction vegsel
packed with soft glase beads. The beads were carefully
cleaned with bolling nitric acid and 1t wae calculated
that they incressed the surfsce exposed to the solution by
g factor of at least three., Simllar experiments were also
run in the presence of a 24 inch length of 24 gauge, 0.02
inch diameter, latinum wire and in the presence of a
eircular plece, 5 inch dlameter, of platinum foil. The
half-timesg for the exchange reactions were in the presence
of glags beads 26.7 minutes, in the presence of platlinum
wire 26.7 minutes, and in the presence of platinum foll
30.5 minutee. Theee vslues may be compered with the half-
time of 26.2 minutes obtainsd under the same condltione in
the absence of s0lld catalysets.

An exchange reaction, the reaction solution 2.05 mf.
63(6104)3, 1.79 mf. Ce(Cl0y), and 6 f£. HC1Oy, was run in
* the presence of & 1 ineh by 0.5 inech plece of platinized
platinum, The half-time of the exchange in the presence
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of the platinum bleck wes 17.7 minutes compasred with a
half-time of 18.9 minutes obtained under ldentical condi-

tions in the absence of platinum black.
Effect of Surface Material, Light and Molecular Oxygen

in exchange reaction, the reaction solution 2.23 mf.
Ce(C1l0y)3, 3.83 mf. Ce(ClOy)y and 6 f. HC1O,, was run using
& one pint polyethylene bottle as the reactlion vessel
instead of the ususl 500 ml. erlenmeyer flask. A hslf~tinme
of 26.5 minutes was obtalned using the polyethylene reaction
vescel compared to & h&lf*timé of 26.2 minutee obtained
under the same conditions using the usual reaction vessel.

The effect of daylight on the exchange was briefly
studled. Exchange reactions, the reaction mixture 1.72 mf.
Ce(ﬁlcu)j, 1.83 mf. Ce(ClOy)y and 6 f. HClOy, were run using
as reaction vessels, & 500 ml. erlenmeyer flesk made of
clear glass and one made of low actinic glass. Half-times
of 9.3 and 8.2 minutes were obtalned when the clear glass
resction vessel was used compared to half-times of 7.5 and
8.1 minutes when the low asctinlc glass resctlon vessel was
used.

No effect was observed on the exchange rate when half

of the geparatory funnels used 1in an exchange reaction
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run were made of low actinic glasg and the other half were
mede of clear glaess.

A series of experiments was performed %o ascertain
whether or not molecular oxygen wae & factor in the ex-
change. Two experiments, reaction mixture 1.19 mf. Ge(ClGa)3,
1.74 mr. Ce(ClOy);, and 6 f. HClOy, were carried out with
nitrogen bubbling through the reaction mixture. All rea-
gents, except the tagged cerium(IIl), were added to the
reaction vessel and nitrogen was bubbled through the solu-
tion for approximately ten hours prior to starting the
experimental run. Half-times of 44.0 and 46.8 minutes were
obtained compared to a half-time of 49.5 minutes for the
control run made under identical conditiones, except for the

absence of bubbling nitrogen.

Dependence of the Exchange Rate on Cerium(III)

and Cerium(IV) Concentrations

A serles of experiments was performed to determine the
dependence of the rate of exchange on the concentrations of
cerium(III) and cerium(IV). The ususl method in chemical
kinetlc studies, namely, varying one concentration while
‘holding all other concentrations constant, wae applied to
| determine the dependence of the exchange rate on the

yarious resctants.
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In thig particulsr cese, the rate law is described

by the following equation:
R = k' [ce(1II)]™ [Ce(1v)]™ (14)

where k' 1g the specific rate constant at a given temperature
and hydrogen lon concentration. In theory the concentration
of cerium{III) may be independently varied and m evaluated
from the slope of a plot of log R agalnst log [Ce(III]].
In the same manner, n may be evalusted from the slope of a
plot of log R againet log [Ce(IV)], when the cerium(IV)
concentration is independently varled.

The results of a series of experimente carried out to
determine the dependence on cerium(III) at 0° C are given
in Teble 1, and the data are plotted as log R sgailnst log
[Ce(III)] in Figure 2. The slope of the line in Figure 2
indlcates that the order of the reaction with respect to
cerium{ III) is 0.90. The fact that the determined value
of the order ig approximetely unity will be discussed sub-
sequently.

iIn the experiments to determine the dependence of the
resction rate on cerium(IV) concentration the cerium(III)
concentration wae never held strictly constant because

cerium({III) is almost alwaye present to some extent in
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Table 1. Dependence of the rate of exchange on cerium(III)

[HCi04] = 6.0 r. 0.1° ¢

T el IV) [ce(111)] ty R

£, x 103 £. x 103 min. £. minT! x105
3.76 0.865 28.1 1.73
3.92 1.18 29.2 2,14
3,91 2.09 23.0 4.10
3.80 3.05 19.8 5,92
3,82 b4 18.7 7.65
3,88 5,52 16.9 9.35
3.86 6.26 16.7 9.91
3.82 6.74 15.2 11.1

3.79 7.75 15.1 11.7




Figure 2, Effect of cerium(III) concentration of the
rate of exchange, 6,0 f. HClQ), 0.1° ¢
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cerium(IV) perchlorate solutions. Consequently, it 1e

not poscible to determine the dependence of the rate on

cerium{IV) in the same manner as employed for determining

the dependence of the rate on the cerium(III) concentration.
S8ince the dependence of the rate of exchange on

cerium{III) concentration was determined to be first order,

the rate equation may be expressed as!
R = X' [Ce(III)] f[Ce(IV]] (15)

and hence, £ [Ce(IV)] may be determined by plotting
R/[Ce(III)] ageinst [Ce(IV)]. A representative 1list of
the results of a series of more than seventy-five sxpeﬁ1~
ments, carried out to determine the dependence of the rate
on cerium(IV) concentration at 0° ¢, is given in Table 2,
and the data are plotted in Figure 3,

One of the most slgnificant characterlstics of the
curve in Figure 3 1s that the ordinate value approaches
zero, when the concentration of cerium(IV) vanishes. It
must be conecluded from this that there are no exchange
reasctions, under the experimental conditlons, indevendent
of the cerium(IV) concentration. The fasct that the ocurve
in Figure 3 ies & straight line at low cerium(IV) concentra-

tion suggests a first order dependency on cerium(IV)



39

Table 2. Dependence of the rate of exchange on cerium(IV)

Ecioy] = 6.0 f. 0.1 ¢

Toe(zv)  [Ce(IIIV] %3  R/[Ce(IID)] R/ [Ce(III)]Tge(1y)

f. x103 £, x 103 min. minTi x 102 71 minTd
0.870 5.03 3.1 0.300 3.45
1.17 5.25 29.9 0.421 3.61
1.43 515 26. 2 0.523 2.&8
1.62 .33 28. 2 0.870 12
1.63 3.11 26.1 0.659 Y
1.63 5.17 26.2 0.623 3.89
2.01 5.01 21.2 0.930 k.65
3. 22 3.08 23.9 1.48 4 .60
3.48 1.77 30. 4 1.51 4,33
3.60 0.810  35.0 1.61 4.5
3.76 0.865  35.0 2.00 5.34
3.80 3.08 19.8 1.96 2.04
3.91 2.&9 23o0 1483 ’ 966
b b5 3.48 15.1 2. 57 5.80
5,138 1.05% 17.4 3.49 8.22
6.01 1.09 14,7 4,00 6.65
6.96 1.33 10.5 5.58 7.98
8.08 1.55 10.0 5.85 7.28
8&17 2.68 8079 5099 ?'35
9.1k 1,56 8.60 &.88 7.53
9.86 1.75 6.65 8.85 8.97

10.2 2.97 6. 50 8.65 8.48




Figure 3. Effect of total cerium{IV) concentration on the
rate of exchange, 6.0 f. HC1Q,, 0.1° C
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concentration. Also, the fact that the entire curve ig not
& stralight line indicates that the dependence of the ex-
change rate on the cerium(IV) concentration is not simple
first order but instesd 1t appears to include also a de-
pendency of higher order.

When a second order term is included along with the
firet order term in the rate expreselon, equation 14

becomes :
R= k! [ce(1I)] [ce(v)] + x* [ce(11)] [ce(Iv) 2 (16)

If this equation is the correct expression for the exchange
rate, e plot of R/ [Ce(IIr)]| [Ce(IV)] againat [Ce(IV)]| should
yileld & streight line. Experimentally determined velues of
R/ [Ce(IIT)] [Ce(IV)] are given in Table 2, and the data

are plotted according to equation 16 in Figure 4,

Dependence of the Exchange Rete on

Perchloriec Acid Concentration

The dependence of the rate of exchange on the per-
ehloric acld concentration is of particular interest. It
wag hoped that the results of the dependence of the exchange

rate on the acild concentration along with the cerium(III)
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and cerium(IV) dependencies might make it possible to de-
termine the lonic species existing in the reaction mixture.

Two different technlgues were employed in studying
the dependence of the exchsnge rate on the acld concentra-
tion. The technigues slong with the resgulte obtalned will
be presented here but detailed dlscuseion of the results
will be reserved until later. The firet experimental pro-
cedure uged was to determine the rate of exchange at various
perchloric acid concentrations, holding the cerium(III) and
cerium(IV) concentrations constant, and msintaining a
constant lonic strength by adding eodium perchlorate.

A serles of expsrimente was performed employing this
technique and the results are given in Table 3. It can
be seen that the rate increases as the asecldity decoreases.
Baped on the previous dlecussion for determining the effect
of a reactant on the exchange rate a plot of log B/[ﬁa(III[]
[Ce(IV)]| againet log [H']| wee msde. The resulting curve
was complicated and could not be eagily interpreted. How-
ever, the results obteined in this geries of experiments
were uged in another aspect wrich willl be presented in the
next section.

The second experimental procedure employed was to

determine the rate of exchange in a series of experiments



he

Table 3. Analysls of the rate of exchange on acld
concentration

M = 5,89 0.1% ¢

[HC104] Tee(Iv)  |[Ce(III)] ty R/ [Ce(III)] Too( 1v)
. £, x 103 £, x 107  min, 7Y mant?

2.04 1.35 0.427 5.79 6.75

3.00 1.38 0.376 9.30 b, 2k

3.97 1.39 0.333 13.8 2.90

.98 1.39 0.345 21.5 1.85

5.89 1.40 0.336 33.3 1.20

at verious cerium(III) and cerium(IV) concentrations, but
meintaining a constant hydrogen lon concentration. Then a
second series of experiments was performed to determine the
rate of exchenge at a different hydrogen 1én concentration,
with cerium{III) and cerium(IV) concentrations again belng
varied. The lonic strength wes held conatant by addling sodium
perchlorate., The results of these experiments ere glven in
Table 4. The data for the serles of experiments performed
with the perchloric acid concentration 5.85 f. are plotted

as curve A, Figure 5. The data for the other ssries of
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Table 4, Dependence of the rate of exchange on acid
concentration

M= 585 0.1°%¢

[ HC104] Tee(1v) L Ce(III)] ty R/ Ce(III)] Too( 1y
f. £. x 103 £f. x 103 min. 7% min’t

5.85 1.97 0.1380 41.3 7.15
2.95 0. 550 27.6 7.20
3.96 0.705 18.8 7.90
3.98 0.740 18.8 7.80
5.95 1.07 10.8 9.15
6.96 1.23 8.75 9.69

5,04 1.94 0.396 27.0 10.9
1.98 0.39% 28.8 10.1
2.99 0,608 16.3 11.8
3.92 0.770 12.1 12.2
5.00 0.875 8.85 13.3
5.90 1.06 6.60 13.1

5.91 1.09 7. 44 13.3




FPigure 5. Analysis of the effect of the acld concentratlion
Curve A: 5.85 £. HClOy.

Curves B, C. and D are celculated using constants

evaluated from equation 31 and curve A.

Solid dote are experimental resulte for the

exeh&nge reaction at 5.04 g. HClOy and
M = 5.85.
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experiments performed with the perchloric acid concentra-
tion 5,04 f. are also plotted in Figure 5, and &n
interpretation of these data will be made subsequently.
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INTERPRETATION OF EXPERIMENTAL DATA

The experimental results obtained in the studles on
heterogeneous catalysls and effects of lizht, surfeace
material znd molecular oxygen on the exchange rate may be
easlly interpreted. In all these studliee, half-timeg of
the exchange reactions are assumed to be ildentical, within
experimental error, to the half-times of thelr corresponding
control exchange reactions.

The gerleg of experimente performed with an incressed
smount of glass surface, using glases beade, was undertaken
to find out Af the gless reactlon vessel, transfer pipete
and separatory funnels had any appreciable effect on the
rete of the exchange reaction. It was concluded from the
resulte thaet no such effect occcurred. No effect on the
rate of the exchange resction wae observed elther by a
change in surface materiasl of the reactlon vessel, or by
the abeence of ordinary diffuse light. It wae concluded,
from the experiments performed with either pure or platinized
platinum, that they did not eatélyze the exchange resction.

Welss (29) suggeeted, on the besls of theoretical
aonslﬁaratimns, that the cerium(III)-cerium(IV) exchange
reaction might occur via & mechanism involving molecular

oxygen. The resulte obtained from the serieg of experimente
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performed with nitrogen bubbling through the reaction mix-
ture indlcated that molecular oxygen was not involved in the
exchange mechanism, under the experimental conditions em-
ployed.

The order of dependence of the exchange rate on the
cerium{ III) concentration was found to be 0.90. The theo-
retical considerstions for determining the cerium(III)
dependence were based on the assumption that the cerium(IV)
concentration would be constant throughout the gerles of
experiments performed. As shown in Table 1 the cerium(IV)
concentration was not maintslined exsctly constant. Thie
was due to the inetabllity of the stock solution of cerium-
(IV) perchlorate as well as posstible pipetting errors. It
appeare that a first order dependence of the exchange rate
existes with raﬁpéct to the cerium(III) concentration. This
conforms with the results obtained by previous investigators
(5).

Determination of the dependence of the rate of the
exchange reaction on the cerium(1V) concentration was found
to be more complicated, The dependence on cerium(IV) was
found to be a combinstion of first order and second order
components. The fact that & second order reaction appeared
to exist indicated that one or more exchange reactions occur

involving two cerium(IV) ione individually, or involving a
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species containing two cerlum(IV) lons. The rate expression,
in order to be consistent with these facts, must take a form
gimllar %o equation 16.

The analysle of the results on the dependence of the
exchange rate with respect to the perchloric acid concentra-
tion was found to be complicated. The resulte in Tables 3
and 4 indlcate that the over-all rate constant of the
reaction in perchloric scid solution increases as the acldity
decreases. Recent evidence (30, 31) suggests that in per-
chloric acid, cerium{IV) exists as several hydrolyzed species
poseslibly including a polymer. On thie basie, the following
equilibria exlst:

Ce(IV) + Hz0 = CeOH™ + HT (17)
CeOH™ 4+ H,0 = Ce(oM)3? + HY (18)
Ce(0H)}” + Hp0 = Ce(OH)y + HT (19)
2 CeOH” - Ce0Ce'™® + Hy0 | (20)
2 CeoH'3 - HOceoCe'® + H™ (21)

2 CeoH™ + Hp0 = ﬁacwﬂeazi”* + 28? (22)
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S8ince these equatlione represent equilibrium resctions,

the followlng equillbrium constant expreseions are obltalned:

Kl = (23)
kK, = (24)
Ky = (25)

ceCet 6
4 [ceont3]

Imoceoce 5] [n™

K5 = E}Qaﬁ+3] (27)
J: g +g] e +
; HOCeOCeOH lé E
Kg = [CeoR 312 (28)

In a 6.0 f. perchloric acid golution of cerium(IV) the
predominating specles are Ce(IV) and CeOH ™ ione, in fact,
calculations show these two long conetitute more than ninety-

nine per cent of the total cerium(IV) concentration. The
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total cerlum(IV) concentration then may be approximated

by
Tﬁﬁ( v) - [G@( IV):I -+ [Ge@ﬁ+3] (29)

The first order cerium(IV) dependency component of
equation 16 ﬁay be expressed in terms of the unhydrolyzed
cerium(IV) ion alone, a hydrolyzed monomer of cerium{IV),
or a combination of the unhydrolyzed ion with one or more
hydrolyzed monomers. Similarly, the second order cerium(IV)
dependency component of the same equation may be expressed
in terme of one or more of the hydrolyzed dimers of cerium-
(IV). The general rate equation upon inclusion of the

unhydrolyzed and the hydrolyzed forms of cerium(IV) becomes:

rieass RS [m(zvﬂ + k2[630H+3] + k5 [c:e<0ﬁ)§2]+
ky| Ce(OR)] + ky[ceoce*®] + kg[Hoce00s?S] 4+ (30)
k7[ﬁoewawﬁ+ﬂ

When the verious unhydrolyzed end hydrolyzed terms

are expreesed in terms of the total cerium(IV)
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concentration and sppropriate equilibrium constants,

equation 30 becomes!

R k:[?+jTﬁe$IV2 sz%Tcgngz
i;ﬁ e‘i III; i = E{ + Kl:l + H + Kl]

(31)
+ + E@E‘f“ﬁ%&( Iv)
T+ ]2
+

Equation 31 was analyzed termwise 1in order to determine
which, 1f any, of the inciluded unhydrolyzed or hydrolyzed
forme of cerium(IV) are involved in the rate determining
exchange reactions. The specific rate congtant or pseudo-
réta constant for each term representing first order
dependency with resvect to the cerium(IV) concentration
was individuslly evaluated from the intercept of curve A4,
Flgure 5, neglecting ell the other first order dependency

termg. Similsarly, the pseudo-rate constsnt for each term
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representing second order dependency with respect to the
cerium{IV) concentration was individually eveluated from
the sglope of curve 4, Flgure 5, neglecting &ll the other
sscond order dependency terms.

The pseudo~rate constants must be eveluated aes such
because each pseudo-rate constant contains a specific rate
congtant and eguilibrium constants, all of which are un-
known. Hardwick and Robertson (31) have determined the
equilibrium constant Ky, of equation 1€, to be 0,52.

Usging the individuslly determined valuee of the
gpecific rate constant or peeudo-rate constants for the
Tiret order dependency terms, corresponding values were
evaluated for the intercepts wlith the hydrogen lon con-
centration equal to 5.04 f, These values are plotted as
X's on the ordinate of Figure 5. The value of the inter-
cent incresser progresgsively s2s the hydrolysls of the
" monomer incresses., The ardihate value of 8.88 corresponds
to the hydrolyzed form ﬁ@{ﬁﬁ)§ and 1t was concluded that
this ordinsate value best sgrees with the intercept of a
plot of the experimentelly determined reésulte, which sare
also plotted in Flgure 5,

By using the individually determined values of the
peseudo~rate constants for the gecond order dependency ternms,

corresponding values were calculated for the slopes, with



58

the hydrogen lon concentration equal to 5.04 f., Three
curves are obtained using the Ce(@ﬁ)g hydrolyzed mononmer
and one each of the three hydrolyzed dimer forms, These
are plotted as curves B, C, and D of Figure 5 and corre-
spond to the dimers Ceﬂcé+ﬁ, Hﬂﬁeaﬁe+5, and HGG@OG@OH+4
resnectively. The experimental reeulte might fit any of
the caloulated curves, but it was concluded that they best
fit curve €, corresponding to dimer HOCeOCe™3. On thie

baslie, equation 31 msy be simplified to:

R . KKK K4Tae( 1y) ¥ g+ 2K TR ( 1V
TSN F e + 81 57Ce(IV) (32)
N T I T S

Results, obtalned from the study of the exchange rate
2t varying hydrogen ion concentration but at constant cerium-
(III) and cerium({IV) concentratione, are given in Table 3
and are plotted as R/[Ce(III}] Tce(1y) againet hydrozen ion
goncentration in Figure 6. At a constant total cerium(IV)
concentration the total concentration of asll the hydrolyzed
forme of cerium(IV) incresses ae the aclidity decrecses.
Qualltatively the curve in Figure 6 indicates that at low
acidity the exchenge rate is very fast due firet to the

relatively large total concentrstion of hydrolyzed specles,



Figure 6. Analysie of eguation 33 with respect to acld
concentration at M = 5.89
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and second, to the posesible existence of cerium{IV) forms
whiech are more highly hydrolyzed or more highly polymerized.

Ag the curve in Figure 6 is extrapolsated the rate
spproaches zero or & velue near zero at higher hydrogen lon
concentrations, A%t high scld concentration the total con-
centration of hydrolyzed specles approaches zero. This
indicates that the rate of electron transfer between cerlum-
(III) and the unhydroclyzed ilon of cerium(IV) ie very slow
compared tc the rate of the resctione invelving various
hydrolyzed spscles., Thle compares favorably with the re-
sult that the rate of exchange involving uncomplexed
europium{III) is very slow compared to rate of the chloride~
estalyzed resctions for the europlum(II)-europium(IIl)
exchange rezction in hydrochloriec acid (18).

On ths'baais of the resulte obtalned from the acld
dependency studleeg, the reletive reactivity of various
hydrolyzed monomer forme of cerium{IV) with respect to
electron exchange ocsn be predicted to lncerease in the

following order: Ce(IV) << CeoH™ <C Ce(0H)3? < Ce(OH)3.



DISCUESEIOR

The cerium(III)-cerium(IV) exchenge resction vae
gtudied. In particulsr, the effect on the rate of ex-
change by pure and platinized nlatinum, gless and polyethyl-
ene surfaceg, diffuse light and the absence of molecular
oxygen hag besen studled. Tha'éegendanca of the exchange
rate on the concentrations of cerium(III), cerium(IV) and
perchloric acid hae been determined under the experimental
conditions employed. As s result tentatlive conclusions
caen be made concerning the resction mechanisme and the
ionic specles involved in the exchange reactions, and sug-
geastions for future investligsations c¢an be proposed.

It wes found that nelther platinum, pure or platinized,
nor diffuse light catalyzed the exchange reaction. It was
also observed that different construction materisls for the
reaction vessel employed had no effect upon the rate of
exchange. The poesibility of the exlstence of an exchange
bubbling nitrogen through the reaction mixture during the
experimental runs.

Géyder end Dodson (5) found, in the perchlorate system,
first order dependency with respect to the cerium(III) con-

centration and a combination of zero order and firet order



63

dependencies with reepect to the cerium(IV) concentration.
In comparison, resulte of this investigsation 1indicate first
order dependency with respect to the cerium(III) concentra-
tion and a comblination of firset order and second order
dependencles with respect to the cerium{IV) concentration.
It was determined on this basls that a study of the kinetics
of the exchange as & funetion of the coneentration of per-
chloric acid should give an indication of the complexes
formed and the reactivity of these complexes from the
standpoint of sbility to give up or recelve electrone,

Such an approach was carried cut in order to gain a better
knowledge of the nature of the lonic specles existing in

g cerium(IV)-cerium{III)-perchlorate syetem. '

The fact that cerium(IV) complexes with wvarious anions
has been known for some time (32). As an indication of
thie the formal electrode potentiale very from -1.2 to -1.7
volts, depending upon whether the solution contains hydro-
chloric, sulfuric, nitric, or perchloric acid., Cerium(IV)
migrates to the anode in 1 f. sulfuric acid {12) and in 6 f.
nitric acid, but it migrates to the cathode in 1.8 f, ver-
chloric acid (31) and in 2 f. nitric acid.

An obvious marked color change occurs when nitric or
sulfuric acid ie added to a perchloric acld solution of

cerium(IV). Cerium(IV) nitrate is not precipitated when
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nitric acld 1le sdded to & concentrated solution of cerium
nitrete, but cerium(IV) ammonium hexsanitrate 1s precipitated
when ammonium nitrate 1g added. All theee observations

slong with steblllity estudles of the various scld solutione

of cerium(IV) seem to indicate that chloride and sulfate

form rather etrong complexes with cerium(IV), while nitrate
forms & wesker complex, and, even though perchlorate com-
plexes have been postulated (33), it appears that perchlorate
probebly does not enter into complex formatlion with cerium-
(1v).

The nature of cerium{IV) solutions ie undoubtedly very
complex, and it appears likely that no single specles pre-
dominates. On the other hand, complexes of cerium(III) are
not well known and in moet instances have been assumed not
to exlst. Yost, Russell, and Garner (32) suggest that in
nitric scid hydroxyl ion tekeg part in the complexing of
cerium( IV)., Recently (31) considerable evidence has been
presented that suggests that in perchloric ascid cerium(IV)
undergoes conslderable hydrolysis and probably exists to

+6 or a similar

gsome extent ag a polymer of the form CelCe
gtructure.

The kinetic date, which sre well represented by the
rate law glven in equation 32, indicate that in 5-6 f. per-

chloric acid solutions the exchange between cerium(III) and
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cerium( IV) proceeds via two independent pathe. The following
eimple mechaniem ig conslstent with the sxperimentsl rate
law,

In path 1, part of the cerium(IV) is hydrolyzed as a
monomer, and an elsctron is traneferred between the
hydrolyeis product, Ge(ﬁﬁ)g, and the other reactent,

Ce(III):

cHIID) + Ce(0M)] ~3 ce(IID) + celom))  (34)
(rate-determining)
ce(om)y + 3 E' = GlIV) + 3 Hyo (35)

(rapid following reaction)

In path 2, & small fraction of the cerium(IV) is
hydrolyzed as & dimer and an eleetron is transferred be-
tween the hydrolyels produect, H@Ge06e+5, and the other
reactant, Ce(III):

] %
c&(III) + Hoceoce™ 6, ce(IIT) +HoCe 0CS™S (or HOCeOCe)(36)

(rate-determining)
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HOCE0Ce 2( or HoCe0Cd™S) + 3BT —>c&(IV) + Ce(IV) +2 B0 (37)

{rapid follow reaction)

The experimental activation energies for the above
rate determining reactions were not determined in this in-
vestigation. Ewven 1f apparent activation energles had been
determined, comparison of the energles and entroples of
activation for the rate determining reaction with that pre-
dicted from sbsgolute rate theory for reactions between ions
of this charge type would not be pogeible st present as the
experimental rate constants and sctivation energles lnclude
unknown assoclation constants and heats of formetion for
the hydrolyzed specles.

This explaine to some extent, the rather large apparent
activation energies obteined by Gryder and Dodson (5). Pre-
sumably, the true activation energies would be appreclably
smaller after correction for these factors. Hardwlek and
Robertson (31) have observed that two of the hydrolyzed
specles, 6@0&%3 and Ga@égﬁ, have very large tempersture
coefficiente, and on this basie, correctione of 5-6 kecal./
mole would bring the activation energlee found by Gryder
and Dodson into the range of values which have been observed

by other workers for one electron transfer systems.
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The mechanlsms of electron transfer reactions end the
relative importance of factaﬁﬁ which determine the rates of
such reactions are not well understood (3%, 35). This
investigation of the cerium(III)-cerium(IV) exchange does
little to clarify this important subject. Shafrer (36) and
Remick (37) have proposed that oxidlzing end reducling agents
which gain or loegs the game number of electrons should react
rapldly. The slowness of the cerium(III)-cerium(IV) exchange
and many other exchanpge resctions do not substantiate this
particular theory.

Gorin (38), Welse (29), and Duke (39) have suggested
that if the rescting specles have like charges, coulomble
rerulslon should cauee the reaction to he glow, or the re-
action might take plsce through neutral, nearly neutral, or
'O@pmaitely charged intermediates. The slowness of the cerium
exchange reaction and the decrease in m&gnxtuée of the posi-
tive cherge in the predicted order of reletive reactivity
of the verious cerium(IV) species in the exchange are con-
sistent with thie theory.

Duke (35) hae suggested thst when the producte of the
reaction have no effect on the rate of the reaction, the
reaction mechanism may involve & bridgze type intermediate.

Fluorine has been found to catalyze the cerium exchange
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reaction (9), and fluorine mizht in thie case substitute
for water in the formation of a bridge.

At the present time there 1ls etlll too little informa-
tion available concerning the cerium exchange reaction to
determine whieh mechanism or mechanisms of exchange actually
are important.

In proposing future work to be done on the cerium(III)-
cerium(IV) exchange reaction it muet be remembered that the
mechanism of exchange msy alter as the acldity 1s varled,
Therefore, more of the type of experimente carried out in
this investigsation, namely, experiments in which the cerium-
(III) and cerium(IV) dependencies are determined at various
acid concentrations, are needed. FHowever, a new separation
technique will be necessary, particularly at low acidltles
because of the short half-times. Another phase of interest
is the effect on the exchange rate of certain complexing
agents, such as 1, 1l0-phenanthrolline, ethylenedlaminetetra-

acetete, and others.
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SUMMARY AND CONCLUBIONS

1. & technique wes employed and found to be very
satisfactory for the separstion of cerium(IV) from cerium(III)
by means of & tri-n-butyl phosphate extractlon from nitrie
acid solution.

2. Helther platinum, pure or platinized, nor diffuse
light were observed to catalyze the exchange resction.

3. It waes found thaet the various construction materials
for the resction vaéaels employed hed no effect upon the
rate of exchsnge.

4, The possibility of the existence of an exchange
mechanism involving molecular oxygen wae eliminated.

5. The derendence of the exchange rate on the cerium(III)
concentration was found to be first order in 5-8 f. perchloric
acid solution. .

6. The dependence of the exchange rate on the total
cerium( IV) concentration was found to be a combination of
first order and second order in 5-6 f. perchloric scid
solutlon.

7. The over-zll rate of the exchange resction was
observed to increasge as the perchlorie¢ scld concentration
decressed with the lonic strength meintained constant by

the addlition of sodium perchlorate.
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8. From studies of the dependence of the exchange rate
on cerium(III) and ceriom{IV) concentrstions carried out in
5.85 £. and 5.04 f, perchlqria gcld eolutions, the over-all
rate of exchange can be explained on the basis of two ex-
change reactions occurring simultaneously, one involving
cerium{II1I) ion and the hydrolyzed cerium{IV) monomer C@(OH);
and the other involving cerium{III) ion and hydrolyzed cerium-
(IV) aimer EoCeoCe'?.

9. On the basle of experimental evidence, the relative
reactivity of the wvarious hydrolyzed monomer forms of cerium-
{(IV) with respect to electron exchange may be predicted to
incresce in the following order: Ce(IV) < CeOH™ 1<ZG@(QH)§2

< ce(0H);.
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