
AD—A043 421 COLORADO STATE UNIV FORT COLLINS DEPT OF CHEMISTRY FIG 7/4
ELECTROCHEMISTRY OF NICII) A rC TIE BEHAVIOR OP OXIDE IONS IN CH—EtCCIJ)
AUG 77 B GILBERT • R A OSTERYOUNG N00018—77— C—0004

UNCLASSIFIED T R 4
‘‘T I

ADA
043421.
I



F 0 2 8  1 1 1 2 5

: ~ iiiIi~1 1 ~ IIIII~
____________ 

5

• 
~
*IilhI1~

25 UHI~i1? UL — ~~~~~

NATIONAL BUREAU OF STANDARDS
~ CROG OPY RESOLUTION TEST CHART



-r

/~~~
OFFICE OF NAVA L RESEAR CH / ,~~~

-

Contrac t N00014-77-C-0004

TECHNICAL REPORT NO . 4

ELECTROCHEMISTRY OF N i (II) AND

THE BEHAVIOR OF OXIDE IONS IN

CHLO ROALU MINA TE MELTS

by

Bernard Gilbert and R. A. Osteryoung

DC
C
~~~~~~e~~

d
~~ ~~~~~~~~~~~~~~~

Fort Collin s , Col r~1~ L bO5?~ 
~~

c
~77

Reproduction in whole or in pir f i~, ; r r i  ~~~~~ fu r ~ri1 purpose of the
tin I Ld S ~ ~~ fl o ‘~~en t

r~~~~d ‘c r  Public Re le as e~ O i s t r i f j t  ion ~~r~] l it ed

-~~L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-.



S E C U R I T Y  C L A S S I F I C A T I O N  OF T H I S  P AG E (W?,.n O~ t~~Anf.,~ d)

REPORT DA CIIU~ NTATION PAG E READ INSTRUCTIONS
• . _____________________________________________________ 

BEFORE COMPLETING FORM
- 
/ I 2 GOVT ACCESSION 14Q ~~ ~~~~~~~ I.Z. S C A T A L O G  NUMBER

\ -

I 

Techn ica l~~ep~~t~~o. 4 ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~

I. ~~ T S E  tand SubUft.) -- ~ ‘rv p~~ o F REPORT 6 PERIOD COVERED(
~ Elec trochemistry of Ni (II ) and the Behavior

of Oxide Ions in Chioroaluminate me lts . Inter im
L~~~ 6 PERFORMIN G ORG. R E P O R T  NUUBER

7 A uT ~iOR(a)  6. C ONTRAC T OR G R A N T  NUMW ER(.)

• // Bernard/ilbert ~~1 R. A ./Osteryounq 
‘
~~~ ~~ -7 0004

~ P E R  ‘ORMING O R G A N I  2 A TI O P4 NAME AND ADDRESS t O.  PROGRAM EL EMENT , PR OJECT TA SK ~~~~
• Department of Chemistry A R E A 6  WORK UNIT NuM B ERS

Colorado State University
Fort Col l ins , CO 80523

I I C ~~~ TR O L L I N G  O F F I C E  N A M E  A N D  ADDRESS 12 REPORT DATE

Chemistry Program 1 Au ~~~~Th77 -
O f f i ce  of Naval Research
Arlington , VA 22217 

_______________ ~~~ ~~~~~~~~4 MC~~ j TC R ING A OENCY NAM E  6 AODRESS (U d1110 ‘nr Iron, Confrol l lng Ollici) 5 SECj~TY~~~~~ fLU. ~_1IH~~ r.pofl)

Office of Naval Research
Resident Representative Unclassi fied
Su ite 210, 6740 E. Hampden Avenue IS.. DE C LASSI ,ICATI ON rD O W W G R A O I N G

SCM EDUL EDenve r, CO 80222
‘6 OIS~~RI~3 U T I O N  S T A T E M E N T  (ci 11.1. R.pon)

A pproved for Public Release; Distribution Unlimited 
~~~~~~ ~

) ‘
‘-‘

.

~~
‘ 7  D I S 1  R I B U ’ I O N  S T A T E M E N T  (o l I?,. ab.I,act •nt.red in Block 20, II dI1i.rs~,I i,o, R.perv ) 

\~~
‘
~~ r1 ’TT~~j  ~~ .i L’

c
8 SL , P P L E U E N T A R V  M O T E S

Prepared fcr publication in Ana lytical chemistry

l o u .  or, ,.r.,. . .I d .  II .,.c... .,y and IdantIfy by block nui,.b.r)

mol ten sal ts , chloroa l uninates , electrochemistry , n icke l , acid-base chemistry

A 9S r  H AC 1’ (Ccnllnu. on rac.,.. aId. If n.c....~’y and Id.nlif ,. by block n.,mb.r)

The electrochemical behavior of N i (II) has been investi gated in chioroaluminate
melts between 145 and 2 10°C. Ni( 1I) is completel y soluble in acidic mixtures
where the pCi is higher than 5.5 (r~/i~g

4 scale). A well defined and behaved
reduction wave is observed at 1.2 ~/ vs an Al reference in a NaC l satu ra ted

• reference compartment. When the pCl is decreased , precipitation of N1 C 1 2
occur s, the result which has been confirmed from electrochemical and x-ray
diffraction experiments . The solubilit y product ..pf lO~~2.9 (m lKy T

~~)3 ,w as
found .l~this result is a4~~ in disagreement with thé ~i~écip itation (CONTINUED)

DD ~~~~~~~ ~473 EDITION ~~F N o v 6 5  IS OW S O L E T E  . .Unclassi fie d
S E C U R I T Y  CL A SS IF ICA 1 ’ ION 01 THIS P A GE (II?l~n D. .. ~vit.e,d)

L - ~~~~~~~~~~~~~~~~ 
—

~~~
--—- -

~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
. 

-



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  

•.--

S E C U R I T Y  C L A S S I F I C A T I O N  OF T H I S  PAGE (iTh.n flat. ~ nI.r~ d)

~ —~~of NiO wh ich ha-~--~eeft recently proposed in the literature . As a direct
consequence , the acid -base behavior of oxide ions in chioroaluminate has
been reinvesti gated. Precise t i trations of the basic strength of oxide
ions have been performed in narrow pCl ranges . An equilibrium constant
of~l- -G- lO’ 2 m Kg-1 was found for the general reaction

A 1OC 1 ~ A1OC1 + Cl ~~~~~~~~ ~~~~~~~~~~~~

two orders of magnitude higher than the previously reported value.

• I ~~ C -

:j~ ~~

11< _

S E C U R I T Y  Ci. A S S I F I C A T I O P 4  OF T~ iI5 P AGErW?, .n Data £nt.rad)

~~~~~~~~~~~~~~~~ ‘:-:_r- ~~~ 
—



ABST RACT

The elec trochemical behavior of Ni(II ) has been investigated in chloro—

aluminate mel ts between 175 and 210°C. Ni(lI) is completely soluble in acidic

mixtures where the pCl is hi gher than 5.5 (m Kg~ scale). A well defi ned and

behaved reduction wave i s observed at 1.2 V vs ‘an Al reference i n a Na C 1

saturated reference compartment. When the pCi is decreased, precipitation

of N iCl 2 occurs , the result which has been confirmed from electrochemica l

and x-ray diffraction experiments . A solubi lity product of lO _12 .9 (m Kg 1 )3

was found. This result is also in disagreement with the precipitation of NiO

which has been recently proposed in the literature . As a di rec t conse quence ,

the acid-base behavior of oxide ions in chloroaluminate has been reinvestigated .

Precise titrations of the basic strength of oxide ions have been performed in

narrow pCl ranges. An equilibrium constant of 1.6 iO 2 mKg~ was foun d for

the genera l reaction

A b C] 2 ~ A 1OC 1 + C1

two orders of magnitude higher than the previously reported value .
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ELECTROCHEMISTRY OF Ni (II ) AND THE BEHAVIOR OF

OXIDE IONS IN CHLO ROALU III NATE MELTS

Bernard Gil bert and R. A. Osteryoung

Department of Chemistry
Colorado State University

Fo rt Col l i ns , Colorado 80523

In the course of our investigations in molten chloroaluminates over the

past few years, we have become increasing ly aware of problems associated with

the presence of oxides in these melts and , most significantly, our ina b i l i ty

to determine the oxide content of our melts . The behavior of oxide was studied

in an early paper by Letisse and Tremil lon (1) who reported that OW (0=)

behaved as a tn -base as a result of carrying out base-acid titrations in the

melt. However , such procedures could not be used to determine the oxide con-

tent of a melt of unknown composition.

We have recentl y s tudi ed the beh av i or of sul fur and sulf id es in the

melt and had found considerable acid-base chemistry as sulfide ions interact

with the solvent sodium tetrachloroa luminate melt (2). We concluded that

S activity in the melt varied markedly with melt acidity as a result of an

ac id- ’~ase equilibrium :

A 1C 1 4 + S ~ A1 SC1 + 3 Cl (1)

That is , we found , initially by E.M.F. measuremen ts and then by direct titra-

tion , that S= behaved as a tribase in these me l ts . The relation expressed in

(1) above appears to be valid at pCi values in excess of ca 3.5; in more basic

systems , S appears to function as a dibase, form i ng A 1SC1 2 .  S i m i l a r  resu l ts

h~~e been found for selenide and tellur ide. Experiments indica ted that the

sou b il ity of me tal sulfides and selenides was dramatically dependent on melt

acidity , in keeping with the equilibria given above. .
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However , S and Se= are electrochemicall y active in these melts , and

coul d be studied in some detail. 0= , on the other hand , showed no evidence

of electrochemical activit y and while we could study , via titration (see

below), the O basicity , we could not otherwise determine the amount of oxide

present in these melts.

Recen tly, however , Trem i l l on , Beriiiond and Mo lina (3) reported on the

determination of 0= i n the te trac h loroa b umi na te mel ts . T he bas i s of their

reported determination was the anodic depolari zation of Ni , by 0= in the

mel t, to form NiO. It was stated that over a pCi range from NaC1 saturated

to about 4.5 or so, NiO was insoluble and a diffusion controlled (by 0 ,  or

oxide carrying species) voltammetric wave could be obtained. They also

reported , in contrast to their earlier work (1), that 0= was di- rather than

tn -bas ic.

From previous investigations , it is , however , surprising that Ni( II )

p rec ipit a tes as N i O and not as N iC 1 2. In KC 1-A 1C 1 3 mel ts , Oye and Gruen

have shown tha t an acidic solution of Co~~, when neutralized by KC1 addition ,

under goes a p reci pit a tion of CoCl~ , as shown from the x-ray pattern (4).

Following these authors , low solub il ities of transition metal chlorides in

relts w i t h  KC 1-A1 C 1 3 ratios slightly less than 1 appear to be quite generally

e ncoun tere d. Ver y low so lu bi l iti es of UC 1 3, NiC 1 2 (4) and UC1 3 (5 ,6) have

indeed been observed. By increasing the temperature (up to 750°C) and

making the melt more basic , it has also been shown that NiC 1 2 may eventually

redissolve by forming chiorocomplexes (4,7 ) .

Since we had considerable interest in the determination of oxide in the

relts, anJ s ince our own work on S ,  0 , Se and 1e had indicated these

species to be t,-ibasic,, at least in the neutra l to acidic melt, we undertook

to verif y the experiments of Tremillon , Bermond and Molina. It will be shown

in this naper that i ndeed Ni(I I ) precipitates as NIC1 2 and , consequently, the

previous results related to the oxide behavior have been reinvesti gated.

— ~~~~~~~~~~~~ 
~~~~~~~~~~~

--  
—~~~~ -~~~~.~~~-- --~—,-



- 

.- .. • -

~~~~~

-- 
‘- -

.
••- -

3

~~perimen ta1

Most of the experiments have been performed with mel ts prepared follow-

ing the general procedure of ref. 8. Fluka (A.G. anhydrous and i ron free)

alum inum chloride is sublimed under vacuum and then mixed with the necessary

amoun t of NaCl (Fisher , certified A.C.S., recr ystal l i zed from wa ter an d dr i ed

for 24 hours under vacuum at 400°C). The mixtures were sealed under vacuum

i n a py rex tu be wi th alum i num metal an d ke p t molten at 250 °C . Wa ter clear

mel ts have always been obtained , even for the more reacti ve acidic melts.

When necessary , traces of im purities could be removed by e lectrolysing the

me lt inside the electrochemical cell , between two aluminum electrodes.

Anhydrous N1C I2 was obtained fol lowing the method described by Taylor

and Car ter (9). It involves heating in vacuum a molecularly dispersed mixture

of hydrated NiC 1 2 w it h s i x  times more NH 4C 1 un ti l the wa ter and ammonium

h a l i d e  a re expelled to leave pur e anhydrous N 1 C1 2. NiO (Baker , A. R .) and

BaCO 3 (99 ., Chem. Services) were dried under vacuu m at 200°C during eight

hours . Na 2CO 3 (Mall inckrodt , A. R. primary standard ) has been dried at

temperatures varying from 25°C to 300°C. Whatever was the drying tempera ture ,

it was found d i f f i cu l t  to obtain complete dissolut ion of Na 2CO 3 , especial ly in

the more basic melt.

The electro chemi cal cell is similar in design to the one described in

ref .  (10) but contains a much smaller volume of melt (~ 20 ml) .  A 3 mm di a-

meter vitreous carbon rod electrode , sealed in pyrex , groun d flat on an emery

wheel and polished to a mirror-like finish using Type B alumina powder (Fisher)

was used as the working electrode . Buttons or wire nickel electrodes , seale d

in pyrex , were cleaned by anodi zation in diluted HNO 3 (0.5 M) or wi th a H2S04-

r” ixture. An Al (mSN , Al fa Inorganics) counter electrode was

c~ par ted from the main compartment by a fine porosity glass fritt. The

re 4 °r-Pnce el~ ctrode consisted of an Al foi l i mmersed in a melt which is

- _____________ — - —
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contained in a very thin soft glass bulb. The resistance through the membrane

was low enough so that the reference electrode can be used directly, even in

cyclic voltammetry experiments. When very precise potential measurements are

not nee ded , the mel t of the reference compartment was saturated with NaC1 .

Otherwise , basic but non-saturated melts , which exhibit a much more repro-

ducible potential , have been use d in the reference compartment. In this latter

case, when the experiment is finished , lar ge amounts of NaC1 were added to the

bulk melt. The solution is then stirred for several hours in order to insure

sa turation of the melt. All the potential measurements are then corrected

for the potential difference between the reference electrode and an Al elec-

trode immersed in the saturated main compartment.

Al l  han d l i n g  of the mel ts , filtration of precipitate , electroc hem i cal

measure men t were per forme d eit her under a purifi ed argon a tmos phere i n a

Vacuum Atmosphere drybox as previously described (10) or under vacuum in

sealed ampoula or in a vacuum line. The x-ray diffraction powder patterns

of the precipitates, collected after filtration and sealed under vacuum in

very thin pyrex or silica capillaries, were obtained with a G.E. X-Ray

diffrac to~’ieter , a Phillips 90 mm Camera and using the K~ Coper line .

Esse ntia lly al l the experiments were performed wi th a PAR Model 174

1olar ogra ~ hic Analyzer. Cyclic voltammogra ms on nickel electrodes , which

involve high current densities , were performed with a multipurpose instrument

described elsewhere (11). A Sargent Coulometric Current Source , Model IV ,

was used for melt acidity adjustments , for titration of 0= and for quanti ta-

tive anodization of nickel electrodes.

~esul ts

In a first series of experiments , we tried to reproduce the results

rb ’ iined by Trenillon durin g the anodization of a nickel electrode in melts

of different compositions (3 ) .

~~~~~~~~~~~~~~~~~ 
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A cyclic voltammogram obtained on a nickel electrode in a basic melt is

shown i n F ig ure 1 , curve A . The oxidation wave at l .lV is characteristic of

the forma ti on of an unsolu b le p ro duc t but the resu l ts  were no t re pro duci b le

enough to verify that the wave is diffusion controlled. Indeed , past the

oxidation wave , the current drops to zero and after successive cycles , the

ox i da ti on wave decreases an d even tua l l y ~anishes . This behavior is typical

of a partially insulating l ayer which is not quanti tatively reduced after one

complete cycle. Anodic passivat ion behavior has already been observed on a

n ickel electrode in molten LiCl-KC 1 and KCI-NiC I 2 melts . Passivation was

surm i sed to be due to the deposit ion of soli d me tal chlor id e or chloro-

complexes (12 ,13).

The shape of norma l pulse polarograms (using a PAR 174) or polarograms

cons tructed from current-time curves using a P.D.P. 12 computer show a strong

dependence on the initial potentia l E~ (Figure 1 , curves 8-0 ). If E~ > 0 .8 V ,

pass ivatio n of the electrode occurs at around 1.6 V. If E~ < 0 .5 V , the inten-

sity of the oxidat ion wave at 1.1 V decreases and is preceeded by a broad wave

at 0.3 V whi ch may i nvo l ve some Al ox idati on. In order to def ine the best

working conditions , experiments were performed using the computer as a pulse

aenerator. Pulse durations between 10 and 50 msec and delay time s between

100 msec to 10 sec were app l i ed to the elec tro de wi th no i mp rovement i n the

reproducibility .

In vie w of the irreproducib le nature of the results compared to those

of Tremi llon and coupled with the complete lack of experimental information ,

we decided to investigate the electrochemical behavior of Ni( II ) mo re thoroughly.

A . ELECTROCHEM ICAL BEHAVIOR OF NICKEL

The elec trochemical behavior of Ni(II) in acidic melt was fi rst investi-

gated. For pCl higher than 5.5 (pCl expressed in ni Kg ’
~ ), solut ions of Ni(II )

L ~__I ~~~
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can easily be obtained by anol izat ion of a nicke l electrode . Identical results

are obtained by addition of N 1C1 2 to the mel t, showing that the species formed

by anodizing a Ni electrode is indeed Ni (II ). Ni( II ) is completely soluble

2(at least up to 10 M) and forms clear , salmon -colored solutions . Typical

cycl i c vol tammog rams ob ta i ned on such solu ti ons are s hown i n Figure 2. A

wcll-defined reduction wave can be observed around 1.2 V with respect to an

Al electrode in a NaCl saturated melt and corresponds to the reduction of Ni( II )

to Ni metal.

The peak height of the wave is proportional to the Ni(II ) concentration

and the corresponding diffusion coefficient equals 3.6 bO
_6 

cm2 sec~~. Because

of the very steep rise in the beginning of the wave , it is , however , possible

that the peak height is affected by distortion due to a nuclea tion effect (14).

E .M .F. measurements obtained on a nickel electrode at different Ni( II ) con-

cen trations lead to a value of E° = 1.445 V at 175°C (Figure 3). On the other

hand , EO can a lso  be ca lcu l ated from the cyc l i c voltammo gram . assum ing a con-

stant overpotentia l and using the following relation (15):

E = E 0 +~~~~l n C ~~~O.854~~~ (2)p nF nF

In t hi s case , E° ca lcula ted f rom E~ vs C plots = 1.33 V and the corres-

ponding nucleation overpotential is then about 115 niV .

The presence of a sm all oxidation wave (.iave b) following the main oxida-

tion wave (wave x) is typical of a l ayer strongly adhering to the glassy carbon

electrode . Its intensity and position are very dependent on the history of

• t~e electrode and on the initial concentration of Ni (II). Consequently, in

or~er  to obtain reproducible results for the reduction or oxidation waves , it

~~~ ound necessary to strip the electrode completely by applying a potential

of a t leas t 2 .3 V before eac h scan .

If . starting with a lO
_ 2 

M solu tion of N i( II ), the pCl is l owered below

- 
~ - - ~~. r ----— ‘~-~ 
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5.5 by small additions of NaCl , the reduction wave decreases progres sively

and f i n a l l y d i sa ppears . ~ pale yellow precipitate is formed which , acco rding

to the work of Tremillon , shoul d be MiD . The color of the precipitate , however ,

does not correspond to the reported color of MiD (green). In order to char-

ac ter i ze the nature of the precip itate , the following experiments have been

performed:

(1) By measuring the decrease of height of the (II) reduction wave

from cycl i c vol tammetry at known pC l va lues , it should be possi b le to dis-

tinguish between NiC 1 2 and N i O.

As it will be shown below and in agreement with the first paper of

Trem il l on about oxide behavior in chloroa luminates (1), the 0 ions act as

a strong tr ibase in acidic melt and the followi ng reaction is practical ly

quanti tati ye:

0 + A 1C14 A1O C1 + 3Cl ( 3 )

If the solubility product of the precipitate is g iven by [Nj][Xjx 
=

where X = Cl o r 0 , a plot of log [Ni~
’
~] with respect to the pCl should

have a s l o pe of 2 i n c ase of N iC 1 2 an d a slope of 3 in case of NiO .

Since Ni(II ) ions would reactwith an Al electrode employed for pCi

measurement , the pCi has been measured precisely with an alum*ium electrode

only afte r complete precipitation of the insoluble Ni( II ) compound. The oCi

correction due to NiX preci pitation was found to be negligible with respect

to the experimenta l errors .

The resulting curve is shown in Figure 4. The measured slope is 1.98

+ 0.2 and indicates that the precipitate is most probably NiC1 2; the cor-

responding solubility product was found to be l0~~
2.8 (m Kg 1

)
3 at l75eC.

(2) In order to confirm this result, the precipitate was filtered under

vacuum and an X-ray analysis was performed. in spite of the filtration , it

~~ -
- - - 
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was found very difficult to remove al l the solvent and the precipitate was

contam i na ted by NaA l Cl 4~ In Ta b le I , the main lines of the precip itate and

of the poss ib le componen ts , N i Cl 2, 1110 and NaAlC l 4 are su mmar i ze d. NiC l 2
and NiO give strong patterns and can be distinguished very easily. NiCl 2

is characteriz:d by the line at 5.76 A and NiO at 2.08 A. Al 2Cl 5 also gives

a line at 5.8 A but can be ruled out by the absence of the 1.71 A line and

also becaus e the p resence o f Al 2Cl 5 in detectable amounts at such a pCl is

impossible. Several experiments were performed in which , starting from an

acidic melt , N i Cl 2 or N i O was di ssolve d , or Ni was anodized to yield N i( II)

in solution. NaCl was then added to l ower the pCi and a precipitate was

obtained. In each case , even after NiO dissolution , only NiCl 2 w~
. identi-

fied in the precipitate.

Since the bulk precipitate was shown to be NiCl 2, it is reasonable to

conclude that upon anodization of a Ni electrode in the tetrach loroalu m inate

~e lt , liCl 2 is for:~ed on the electrode surface. E.M.F . measurements similar

t c ~ those ca rr ied out by T remil lon were performed; the potential at a 11i

electrode immersed in the melt for pCi values more basic than pCl 5 .5 was

determined as a function of pCi.  Stable and reproducible measurements were

obtained only if the Ni electrodes were anodized s l ig ht ly  prior to use , pre-

su”~thly to obtain i thin layer of NiCl 2 on the electrode surface. Resul ts

obtained under these conditions are shown in Fi gure 5.

The slope of the curve obtained is 91 nV , compared to the 2.3 RI/F va lu~

~f 89 n~V at  175 °C. If the electrode functions as a second-class electrode -

j.n •, as ~i/N iC l 2/Ci , then the potential of the electrode would be given by:

E = E °
~~i~11

+2 + —

~~~~

— lo g K5~ 2 pCl (4)
1 2

From Figure 5, an d ma ki ng use of the E° value of Ni/ N i~
2 o f 1.445 V deter-

mined in acidic melt as described previously, a K5~ value of Ni(. 1 2 can be

— --t~~ • - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-~~
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deter m ined an d was found to be io _ 1 3 
(m Kg 1 )3 whic h i s in  excel len t agree-

ment with the va l ue of io~~
2.8 calculated from the cyclic vo l tammetric data .

Thus, the standard potential for the Ni/NiC l 2/Cl couple would be 0.87 V vs Al.

Furthermore , on the basis of the results which will be described in the next

paragraph , a strai ght line in the range of pCi between 1 and 5 cannot be

expected if the electrode corresponds to the Ni/Ni O system , simply because

the nature of the oxide containin g species changes with the pCl.

Finally, oxide ions were added to the melt by dissolution of BaCO 3.

While BaCO 3 is completely and quickly solubilized , the dissolution of Na 2CO 3
is very slow and always incomplete . Attempts to dry Na 2CO3 a t di fferent

telperatures (from 25°C to 300°C) did not improve its solubilit y. No or

only partial reoction has been reported by Sherer (19) and by Letisse and

Tre mil lon ( 1)  for the Na 2CO 3 dissolution. The potential of an anodized

• nickel electrode with respect to the Al reference electrode was then monitored

as a function of the oxide concentration.

After each BaCO 3 addition , the pCi (measured with a separate Al elec-

trode) was readjusted to its initial value by coulometric anodization of an

Al electrode or A 1C 1 3 addition. In order to obtain reproducible and stable

p otential measurements, the large nickel electrode was anodized for 2 sec at

10 ~ to restore the surface l ayer after each pCi adjustment. The results

are sur~ arized in Table II; the potential was found constant within 2 mV ,

despite a --iari~ tion of the oxide concentration of a factor of 10. This  i s

in ~orV ed contrast to the behavior reported by Tre mil lon.

Ii-~~\~ E BEH .’V IOR OF 0= IONS IN CHLO ROALUM INATE MELTS

The :-~~ • re.ul ts show clearly that the nickel electrode is a good

F r j n 1 i c~~t~~ ~~j ;  ~ pCi 5) electrode , but is insensitive to the oxide content.

a di ’ • °~~~~~ u~ ’ -ce , the oxide ion behavior in chioroa l umi nate melt which

n :t: . u ~I. n:: ~:TT - - r . - . i T -~~~, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1: - Ti - . • -~• .. — .‘- —1 - .~~~:
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had been proposed (3) was reinvesti gated . For instance , it had been assumed

that the oxide conta ining species A lOC l~ stays unchanged from pd = 1 to pCi =

4 on the basis of the lineari ty of E.M.F. plot of an anodized nickel electrode

versus pCi (3).  If the precipita te is in fact NiCl 2, that conclusion i s no

• lon ger valid and more accurate measurements of the basi city of 0= ions are

needed.

Prec ise titration of 0 basic strength has been performed as a function

of pC l as follows. The melt was first adjusted to the desired pCi which was

continuously monitored with a separate Al electrode . A weighed amount of

BaCO 3 was then added . Because the 0 acts as a base , the pCl drops and so

does the potential of the monitoring aluminum electrode . When al l the BaCO3
is completely dissolved , the melt is progressively readjusted to its ini tial

pCi by coulomet nic anodization of another Al electrod e. The resulting titra-

tion curves are shown in Figure 6 for an acidic ielt and in Fi gure 7 for a

basic melt. From the equivalents of Al ox id ized in order to restore the initial

pCi exact ly ,  the basic strength of t he 0 ion can be ca lcu la ted f ro! the fo l low—

in~ relat ion :

= ~ e~uivalents of Al x 4 / 3  -equ i valen ts of BaC O 3 added

and the ratio of number of C1 ions produced to the number of O~
added

Because the amount of BaCO 3 added can he very small ~ 10 mgs) , the

titration can be performed in narrow pCi ranges and ~ can be fol lowe d as a

function of the p CI. Such a procedure is much preferable to a titration of

a known amount of Al 2Cl~ by 0 addi t ion because the value of n may change

dr a stically along the titration curve and only an average valu e is obtained .

As it i s  sho wn i n Ta b le  I I I , the 1) ions behave as a tribase as long as

the melt is kept acidic. This result is in very good agreement wit n the first

_______ - -
~~~~ - 

—— ~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
i_~~ -~ ~
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experiments of Tremi llon but disagrees with the newest results . When the

basicity is increased , the value of q decre ases marke dly and trends towards

2. Such a behavior is very similar to what has been observed for 5, Se an d

Te (2). In the case of oxide ions , however , the pCl range in which such

titrations can be performed is limi ted in the low pdl region by the precipi-

tation , apparentl y of BaCl 2.
In order to explain the decrease of r~ as a funct i on o f pCl , we w i l l

retain , as a first hypothesis , the species proposed by Tremillon; i.e.,

AiOO ~ an d A1OCI 2 but the ran ge of the i r ex i s tence w i l l  be quite d i f feren t.

One also has to remember that electrochemical measurements do not really say

very ‘~uch about the structure of the oxide containing species , especially

about solv ation by A 1C1 4 an d tha t o ther me tho ds wi ll be necessar y to even-

tu a l v  confirm the proposed species.

The 0 ions may then react with the melt as follows :

+ A l C 1~ A lO Cl + 3C1 (6)

0 + A lC l 4 + Al 0Cl~ + 2Cl (7)

with the corresponding equilibrium constants:

= 
[AlOCl][ C 1 ] 3 and K2 

= 
[AlO C l~ ][Cl ]2 

(8)

r 0i [AlCl~~ [0 ][AlCl~ ]

In a first step, the dissociation ~f the ox ide con ta i nin g s pecies A lO Cl

and Al 0Cl~ was supposed neg ligible or , in other words , the free 0 content

i s ve ry low . T he only ot her equil ib r i um to consider is then:

A iOC l~ A 1OC1 + Cl (9)

K EA 1OC 1][C1 ]
an d K = 1~- = ——-——-- ( 1 0)

2 [AloCl 2i

In t h i s  case , the stochiometric balance can be written as:

— ~0= [A 1OC 1] + [A1OC l~] (ri~~ . 
= mole number of oxide (11)

added)

i_~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • —1 • i•—=~~
- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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= 3 [AlOCl ] + 2 [AlOC1~] (rl Cl = mole number of Cl (12)
produced)

and n =

By solving these equations , one obtains:

• log (
~

-
~
) = log [Cl] — log K (13)

Simple calculations show also that the preceeding relation is also valid,

whatever the initial oxide content of the melt is. In such a hypothesis ,

a p lot  of lo g (-
~

- -
~
) asa  funct ion of pCl should be a stra i ght l i ne  wi th  a

slo pe equal to 1. The experiment al results lead indeed to a straight line

but the measured slope is close to 1.5 and the hypothesis made cannot then

expla in the results.

In a second step, we have assumed that the reactions (6) and (7) are

not com p le te and that some free 0= can ex i st i n the solu ti on , most p robab ly

i n ver y basic  mel t. In th is  case , rela tion (11) has to include the amount

of free ox ide :

= [A1 OC 1] + [A lOC l~] + [0] (14)

an d because of that amount comes from the dissociation of AlOCl and A 1OC 1~ ,

we can wr ite:

- [A 1OC1][Cl] 3 [A 1OC 1 ][Cl] 2
[O] = + 2 

~~~~ (15)
[AlCl ~ ] K 1 [AlCl~ ] K2

and n0 
= [AlOCl] + + [A1OC1 21 ~l + (16)

wi th  K ’ 1 
= K1 [AlCl~] and K’2 

= K2 [A l C l~ ].

Equation (12) is still val id and the system can be solved and lead to

the following relationship:

~
-
~

-
~‘
- [Cl]3 = -K ’

2 (-
~

-
~

-) [Cl] + K’ 1  
( 1 7 )

_____________________ 
- -
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A p lot  of 2~[Ci~
3 

vs F~
? [Cl] is shown in Figure 8 and the corresponding

values of K1, K2 and K are summarized in Tab le IV . By using the K1 and K2
values , the n p lot as a func tion of pCi , can be recalculated in order to check

the validit y of the hypothesis. The calculated curve is shown in Figure 9

together wi th the experimental points .

Knowi ng the stoichiometric constants K1, K2 and K , it is then possible

to calculate the distribution of A 1OC1 , A 1OC 1~ and 0= as a func ti on o f the

pCi and this is shown in Figure 10. As one can see, the amount of free 0

is only important at very low pC i values and decreases drastical ly when the

pCi is increased. In order to emphasize that effect , we have plotted the

log f~-~J- as a funct ion of pCi (Figure 11). It can be seen that, above
tota l

a pCi of 3, the quantity log f~J1]~ sim ply corres ponds to the rela tion:

[0] K1 [AlCl 4]-log — = log —
~~

—— = -4.35 + 3 pdl (18)
[0]

~ 
[Cl]

The most important point of these measurements is that a l thou gh the

precision obtained on the equilibrium constants is not very high , even an

error of an order of magnitude will not change the main conclusion that the

amount of free oxide ions is definitely very small , especial ly in acidic

mel t .  For instance , at a pCl of 5 , if the total amount of oxides is io 2 m

Kg ’ , a solu te a t a concen tra tion of 10~~ will only precipitate as an oxide

if its solu b ility product is <io~~
5.

• The very high affinity of aluminum for oxygen resulting in a very low

free oxide content can then explain why , exce pt for Trem i l l on ’ s work (3),

no oxide precipitation has been reported in chloroa luminate melt.

I

-
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•~ - - - 

~~~~~~ 
- -



- — - 
~~~~~~~~

-

~~

- -

~~~~~~~~~~~
-

~~~~~~~~
-- -

14

ACKNOWLEDGMENTS

This work was supported by the Office of Naval Research under Contract

N000l4-77-C-0004 and by the Air Force Office of Scien tific Research under

Grant AFOSR-76-2978.

• Hel pful discussions with Dr. James Robinson and Dr. Thomas Santa Cruz

are also acknowl edged .



15

— — — — _% —~- CD 
~o c’~ N- N-CO 0i CD .— (‘4— — — — —4-’ aD ..o o~ ~a ~~ c’-i ~~4-) .— aD N- LC) CD U~) ~~) U)

CD ~~ (‘4 (‘4 0’ O~ CO
(‘4 C’4 ~~~~~~~~ C D C D Q

—
CD CD CD Lfl CD CD
CD ~~ C’) (‘4 C’4

-o ___ ___ _ — — ‘.— — — —(‘4 LI) If)
o LI) 

~~ L.O CO C’) ‘.0 C’) (‘44- CD CO N- LI) CD LI) ‘
~~ CD ~~ C,) (‘4 O~ O~ at)

4-)
C .—.

N~E .— CD CD U~) CD C) LI) CD ~~~
-

LI) 14) N- C) CD N- .— C’) —,.- .—
a)  .— — — _

__
_ .— —

a. — 4-’
)< LI) 4-) CD ~~ If) CD ~~ N- ‘.C)

UJ • •.- C’) LI) CD 0’ CO LI) 
~~~ N-

C’) •
C II LL~ C’) C’) (‘4 (‘4 (‘.4 (‘4 .—
O .—

L)
a-

N CD CD C) CD C) C) C) CDC) CD CO ‘.0 CD ~~ - C’)
•0 ‘.~) ,— —
O .— C ‘•— -.-- -•--- _

__ — ‘— —
C Cr

— .~~ 0 LI) 0) C’) 0) (‘4 (‘1
4- CD N. 0) LI) N- C) ~‘) ,-o LI)

.,
~
. (‘4 LI) Ct) 0) CO N- LI) N- 

LI) C’) C’) C’) (‘4 (‘.4 (‘4 ,- _

a)
4-,

— r.. ..-~~~4-’ ‘.0 CD CD C) ‘.0 (‘4C)
a.

U
a) 4-) s_c)

4.) ‘.0 CC .
~~ ‘.1)

a. CC 0’. N- ‘.0
a) LI) (‘.4 C’.) — r
4-)

1._ U r. — — .
O ~

.- CD CD CD C) C)
CD C’~) C) ‘.0 C’)

>)
to C — — — -•--

0 ‘.0 C’)
>< 4- ‘.0 ‘.0 N- C’) ‘.0N- 0’.

(‘4 (“4 — — —a) C) C) C) CD CD CD CD C) CD CD C) CD
4-’ CD ‘.0 N- LI) C’) ‘.0 ‘.0 1’) LI) ~~to

— ~~~- — %__

u C’) 0) 1’) CO ~~ 0’ CD 0’. CD
a) C CD ‘.0 ‘.0 CC ~~ N- 0) ~~ ~.0 ‘.0 C’) ‘..QN- C’.) LI) C) 0’ CO N- LI) ~~~ i N- N- ‘.0a. , ,

‘~- t  LI) LI) C’) C’) C’.) (‘-4 C”) (‘4 (‘4 -

-I—---— ~~~~~~~~~~~ :~~ 
—— • 

- ~~~~~ ~~~~~~~~~~~~~~~~~



16

TABLE II

I = 200°C

pCi = 3.49

added (m Kg~~) i~E Ni /Al (NaC1 Saturated Melt)

0 1.220 V

1 .14 ,o 2 1.2205

2.9 io
_ 2 

1.221

5.2 io 2 1.2225

8.5 io 2 1.219

11 10-2 1.218

= 1.220 ÷ 0.0015

TABLE III

Evolution of n as a function of pCl

3.01 3 .46
2.99 3. 34
2.92 2 .64
2.87 2 .61
2.73 2 .26
2.63 2.1
2.65 2 .03
2.48 1.97

2 .47 1.9 1

2.38 1.84

-~~~ —4
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TABLE IV

Stoichiometrjc Equilibrium Constants
“ II

K1 
= (8.4 + 1.1) 10~ (m Kg 1 )2

K2 
= (5.2 + 1) 10~~ (rn Kg 1 )

K = (1 .6  + 0.5) io 2 (m Kg~~)

~~~~~~~~~~~~~~~~~~~ 
_
~~~~ -~~~~~~~ • _ •~~L. . • -
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-
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FIGURE CAPTIONS

FIGURE I A : Cyclic voltauvnograms obtained on a nickel electrode

at 175°C .

Scan rate = 0.200 V sec’
~~; E 1 

= 0.8 V.

B-E: Pulse polarograms obtained on a nickel electrode with

d i fferent in i ti al potentials.

Scan rate: 5 m V sec~~

Delay time : 5 sec

= 175°C

FIGURE II Cyclic voitammog rams obtained from solutions of Ni (II ) in

acidic melts (pci = 5.6).

Glassy carbon electrode , surface area = 0.070 cm2

Scan rate = 100 mV sec

T = 175°C

Ni (II ) concentration of the solutions:

Curve A: 1 ,215 lO~~ m Kg~~

Curve B: 7.3 1O~~ m Kg’~
Curve C : 0

FIGURE III E .M.F. plot as a function of the nickel (II) concentration .

Slope = 0.045 V (theoretical 0.0445); Intercept = 1.445V ;

(I° = 175°C) pCl : 5.8 (in Kg 1 ).

FIGURE IV Plot of the peak current of the reduction wave as a function

of the pCl .

In itial concentration of Ni( II ) = 7.3 l0~~ m Kg~

FIGURE V E.M.F. plot of an anodized nickel electrode as a function of

pC i. T = 145°C.

The reference is an Al electrode in a NaCI saturated melt.

•

~

L ~~~~~~~~~~~~~~~~~~
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FIGURE V I Titrat ion curve of 0 in an acidic melt (T° = 200°C).

Starting potential (S.P.) = 286.5 mV (pCi = 3.46)

added = 156 io 6 moles

~4equivalent of current passed through the Al electrode (ic) = 353

r~ measured 3.01

FIGURE V II Ti trat ion curve of 0= in a basic melt (T° 200°C)

Starting potential (S.P.) = 116.0 mV (pCi = 2.1)

ri~~~ = added = 82.6 io 6 moles

~ equivalents of current (pc) = 163

~ measured = 2.63

FIGURE VI II Plo t of ~ LL~ [Cl]
3 as a function of ~~

- -
~~

- [Ci].

FIGURE IX r~ plot as a function of pCi.

• experimenta l points 3K’1 + 2[cl] K’2
—calculate d curve from n = 

K’ 1 + K’
2 [Cl~J 

+ 2 [Cl]3

FIGURE X Distribution function of Ab C], Al 0Cl~ an d 0= as a function

of pC i .

100 = percen tage of the oxi de co n ta i ning species under

the form X.

FIGURE XI Plo t of the fraction of free oxide ions as a function of pCi .

_ _ _ _ _ _ _ _ _  

_______ -~~~ 
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