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'tie soluliilities of metal bromides in ~ ~ n l i y ~ l i ~ o ~ i s  aliimi!iiiin I)rumide and t 
Irigh conductiT-itier of the resiilting mixtuiw in the fused siatc bavc tieen rqioi 't  r d  

1)y :L numhei, of investigators ( 2 ,  4, G ,  8). These mixt8ures are chai.acterizc.cl 1))- 
lo\\- nieltiiig ~ ~ o i n t s .  Izhekov ( 5 )  and otlicw (1, 3, 10) have dctei,miiied thi. 
cleconipo.~ition potentials of various metal immitlcs tl Aved in iilmiiniini h i w -  

i i i i i lcb alone or admixed nit11 alkali hivmidw. Ilepo 111 potcntin;.< hai-c. :ilso 
h e n  measured. 

I-arious reference electrodes havc b t t r m  used i n  t Ire ineasuremcnt ~i tlepositiori 
iwteiitials in fused halide mclts, among [vhich are the i'ollon-ing : a mei~uiwiis 
chloride electrode (1) in an aluminum hrornitlo-pot assium hromide hat h ; :t. sodium 
electrode (10) in an aluminum bromide-rotlium hromide hatli; and L*. platinum 
electrode (13) and an alumimini electrude (12) in :in aluminum chloride-.odium 
(~hloride-potassium chloride bath. The aluminum reference elect i d e ,  consisting 
of :I rod of pure aluminum, has been shown to lie rei.cidde arid reproducihle. It 
camnot he used, of course, to determine the potrntials of metals mow ::vti\-e t h a n  
duminum. Because the absoliite ~ a l u c  ( i f  tht: potential of this clectrode i.q not 
lmo\vn, the potentials obtained by its n5e are only comparativr:. 

'17ntema and cou.orkers (9. 11, 12, 13) havv determined the clepii,4tion poten- 
t ids of most of the heavy metals 1'1.om solutions of their chloiides in an aluminurn 
chloride-sodium chloride-pot assiiim chltrritlr hat h and  also the tlecomposit ion 
potentials of such solutions. ent I\-ork, also using the aluminum refer- 
ciicc' clcctrode, extends the stiidy t o  ~iri:~logoiis bromitir. Ijatlis arid to  mixed 
chloi'itle-t)romide baths. 

The pi 

.lND 1'IICCJi;DURE 

'I'he apparatus and esperimentai technicpies have heen de 
The bath used as the solvent for the metal bromides cc (12). 

of aluminum bromide (66 mole pel' cent), 6.8ri g.  of sodium bromide (20 mole per 
(wi t ) ,  and 5.55 g. of potassium hi~)mide (14 mole per cent). ?'he,w mole percent- 
agw are the same as those of the coi,reymicling (ahlorides in the prm-ious work. 

1 !;or onrlier papers in this srrie 111. 46, 311--58 (1942). 
'I'his p:ippr cons t i tu tes  n pact ion s u b ~ n i t t e d  by Haip11 IYcl~r~nanii  t o  

lis I - r i ivrrs i ty  i l l  p:trti:iI fu!fiIliiient of t h e  t I I ( S  Pxculty o f  t!ie G:.atluntc School o f  

ta1liii~gic:ii ~ ' o i ~ l ) o i ~ : ~ t  i o n ,  Sort11 ( ' h i c > ~ g o ,  Illinois. 
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FIG. 1. Deposition potentials. I versus E (measured from aluminum reference electrode 
t o  cathode). Aluminum bromide-potassium bromide-sodium bromide bath. Concentra- 
tion of metals, 1 mole per cent; temperature, 218°C.; loxer current densities. 
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FIG. 2 .  Deposition potentials. I versus E (measured from aluminum reference electrode 

t o  cathode). Aluminum bromide-potassium bromide-sodium bromide bath.  Concen- 
tration of metals, 1 mole per cent ;  tcmpernture, 218°C.; !on-er current densities. 
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Frc 3 .  Deposition potentials. I cersus E (measured from aluminum reference electrode 
t o  cathode).  Aluminum bromide-potassium bromide-sodium bromide bath.  Concen- 
tration of metals, 1 mole per cent;  temperatuie,  218°C.; higher current densities. 
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FIG. 4 .  Deposition potefitials. I v e r s u s  E (measured from aluminum reference electrode 
t o  cathode),  Aluminum bromide-potassium bromide-sodium bromide ba th .  Corrcrntra- 
t ion of metalu, 1 mole per cent;  temperature, 218°C.; higher current densities. 
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RE.4 GEXTS 

Anhydrous aluminum bromide \\as pi'epared by direct combination of the 
elements, according to  a procedure described by Iiaveler and Monroe (7). Bro- 
mine, analytical reagent grade diluted with hydrogen or nitrogen, 11 as pas>ctl 
over aluminum a t  400°C:. The use of the diluent gas facilitated the iemovnl of 
the product from the reaction zone. After refluxing in a stream of pure nitro- 
gen, the compound was twice distilled. Tlie final distillation yielded a white, 
crystalline product. 

The metal halides of analytical reagent grade were made anhydrous ljy hca ting 
at IIO'C. in stream of dry nitrogen. 

EXPERIJfIEh71'1L PIZOCEDUIZC 

A11 the data reported in this paper were obtained a t  a bath tempcratui(' of 
218"C., naphthalene being used in thevapor thermostat. The data foi the deter- 
mination of the decomposition potentials 11 ei e obtained by measuring the poten- 
tial drop betn-een cathode and anode a t  \mious cuirent densities. The depoyi- 
tion potentials were obtaincd hy meaiuiing the potential drop hetnecn i lie 
cathode and the aluminum reference electrode. The reference electrode is 
negative with respect to the inoir noble metal being deposited. 

Potentials were obtained by the diiect method; the value3 \\ere taken fiom I 
verszis E plots by extrapolation 1 o zero current. Measurements were made 
through two current density ranges. At lower current densities the current was 
increased hy 0.02 ampere per t l m . 2  increments up to  0.5 ampere per dm.2 At the 
higher current densities the increments w r c  0.1 ampere per dm.2 up to  2.5 
amperes per dni.2 

.'iLCZIINU.\I BROZIIDF,- 11,K L L I  13KOJllDI.  11ATHS (SEE TABLE 1) 
Aluminum: The series of ti~t~Iriniriati(,n; I\-hich Tvei'e made on the bath without 

the addition of a "foreign" bromidp shox the reproducibility of the measurements 
and the reversibility of tlic. aluminum refcrcncc electrode. A value of 1.61 volts 
was found for the decomposition potenti;ll. The \ -due of -0.015 volt for thc 
deposition potential is in good agiecmciit n i th  the, \-due of -0.02 volt reporled 
for the corresponding chloi idc hath. rl'h~l dcI-iation from zero may he expected 
as due t o  polarization effect k .  

At low current densities iniootli : d i e l  ent depoait3 n e1 e obtained and a t  
higher cui rent densitics needle-like crysl als wei c foi med. 

Hydrogcn: The preparation and maintenance of a bath containing 1 riiule pel 

cent of liydi open waq difficiilt TI\ o procedures were attempted: 0.80 g. of 
aluminum chloride hcxahydratc \vai added to  the melt. -1 rather violent reac- 
tion ensued, libei ating consideialJlc quantitics :)f the hydrogen halides so that thc 
actual hydrogen concentration of the colution TI as less than the calculated 1 molc 
per cent. In a second experiment anhydi o i l s  hydrogen chloride IWS buhblctl into 
the bath for 2 hr. hefore potential measurements 11-ere taken. The potential 
values obtained by tlic two metliodq agreed quite closely. The average valiiv 
fo! tlic dcpocition of hydrogcri is + 1.05 volts. The same value is reportctl for thc 
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Copper . .  . . . . . . . . . . . . . . . . . . . . . . .  

Mean. .  . . . . . . . . . . . . . . . . . . . . . . .  

Si lver . ,  . . . . . . . . . . . . . . . . . . . . . . . .  

TAULK 1 
Depos i t ion  potciiticils rcrici r lccumpositiuii  potentials 

Aluininum bromide-sodium bromide-potassium bromide ba th ;  1 inole per cent solutions; 
temperature,  218°C.; a ,  values from measurements at lower current dcnsities; b ,  values 

from measurements a t  higher current densities 
~ ______-~- 

$0.41 a 1.17 a 
0.41 a 1.19 a 
0.41 a 1.17 a 
0.40 a 1.17 a 
0.41 b 1.13 b 
0.42 b 1.15 b 
0.43 b 1.17 b 

-- 
+0.41 1.17 1.58 

$0.36 a 1.23 a 
0.37 a 1.23 a 

ELEYENT 

0.35 a 1 0.35 b 
I 0.41 b 

0.35 b 

Mean . .  . . . . . . . . . . . . . . . . . . . . . . .  $0.37 

Zinc . . . . . . . . . . . . . . . . . . . . . . . . . . .  +0.04 a 
0.06 a 
0.05 a 

~ 22 
Mean. . . . . . . . . . . . . . . . . . . .  _. . . .  I -I-0.05 

l l ean  

1.21 a 
1.20 b 
1.25 b 
1.19 b 

1.22 1.59 

1.56 a 
1.54 a 
1.54 a 
1.58 b 

1.56 1.61 
- 

IIydrogen 

.\lean . 

. . . . . . . . . . . . . .  

. . . . . . . . . . . . . . .  

-0.02 a 
0.01 a 
0.02 a 
0.01 a 
0.02 b 
0.01 b 
0.01 b* 
0.03 b' 

1.60 a 
1.59 a 
1.61 a 
1.60 a 
1.60 b 
1.60 b 
1.61 b* 
1.65 b* 

-0.02 

$1.06 a 
1.04 a 
1.05 a 
1.04 a 
1.03 a 
1.04 a 

+1.05 

1.61 

0.51 a 
0.54 a 
0.58 a 
0.50 a 
0.53 a 
0.52 a 

0.53 

1.59 

1.58 
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TABLE 1-Contiuued 

ELEXEIiT 

Xercury . . . . . . . . . . . . . . . . . . . . . . .  

Mean . . . . . . . . . . . . . . . . . . . . .  

(Reduction potential). . . . . . . .  

>\lean. . . . . . . . . . . . . . . . . . . .  

Lead. . . . . . . . . . . . . . . . . . . . . . . .  

Mean 

Bisruuth. .  . . . . . . . . . . . . . . . . . . . . .  1 

AIean.. . . . . . . . . . . . . . . . . . . . . .  ~ 

(Reduction potential). . . . . . . .  

>Iean . .  . . . . . . . . . . . . . . . . . . .  ~ 

SO.66 a 
0.66 a 
0.65 b 
0.66 b ___- 

f-0.66 

$1.02 a 
0.99 a 
1.04 b 
1.02 b 

__-_ 
+1.02 

t 0 . 1 7  a 
0.17 a 
0.17 b 
0.17 I, 
__I__ 

+0.17 

+0.32 l1 
0.30 b 
0.32 1) 

3-0.31 

+0.80 a 
0.82 B 

0.85 a 
0.80 t) 
0.82 1, 
0.83 b 

-- __ 
+ O .  82 

* Values from measurements at 15B"(: 

0.99 a 
0.9s a 
1.00 b 
0.99 b 

0.99 

0.58 a 
0.54 a 
0.59 h 
0.57 b 

___ 

0.57 

1 . 4 5  a 
1.44 a 
1.44 b 
1.46 b 

1.45 

1.24 b 
1.28 b 
1.30 b 

1 . 2 7  

0 . i 7  a 
0.73 a 
0.80 a 
0.76 h 
0.73 b 
0.76 b 

0.76 

1 .65  

1 . 5 9  

1.62 

1.58 

1 . 3  

deposition potential of hydrogen iron1 an aluminum chloride-alkali chloride melt 
(12). I n  view of the fact t ha t  hydrogen would not  be expected t o  form complexes 
in either solution, this agreement, is not surprising. 

Copper: 0.48 g. of cuprous bromide was used. Bright crystalline deposits of 
metallic copper were obtained. The current density-potential curw5: extra- 
polated to  +0.41 volt for the deposition potential and to  1.17 rolts for the 
decomposition potential. The 1omr portion of the aluminum reference-cathodc 
cur\-e which extrapolates to  + I  .01 Yolts is interpreted to  represent the reduction 
of cupric t o  cuprous ions. 
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Silver: 0.63 g. of anhydrous sill-er bromide was readily qoluble in the bath. 
Electrolysis produced a crystalline deposit of silver powessing a bright metallic 
luster. Silver deposit, from this bath a t  a potential of +0.37 volt, and silver 
bromide decomposes at a potential of 1.22 volts. 

0 . i 5  g. 
dissolred 7-ery rapidly. The nieawred deposition potential ]vas +0.05 volt and 
the decomposition potential n-as 1.56 volts. Since these baths n-ere rapidly de- 
pleted of zinc and especially so a t  higher current densities, potential nieaqure- 
ments alqo \\ere made with solutions containing 2 mole per cent of zinc bromide. 
These value., 11-ithin the limitq of experimental error, agreed with the results 
obtained from the more dilute solutions. 

X e r c u r y :  1 mole per cent (0.93 g. )  of mercurous bromide n-as readily soluble 
in the anhydrous salt melt. Globules of metallic mercury were obtained by elec- 
trolyzing in 110th current density ranges. Xlercury shon-s a reduction potential 
a t  +l .02 yolts and a deposition potential a t  +O.GG volt; the decomposition 
potential of inei curow bromide is 0.99 volt. 

1 mole per cent solution n-as obtained by adding 1.20 g. of lead bro- 
mide to  the solvent. Solution Jvas rapid and electrolysis liberated dark colored 
deposit. of the metal. The average deposition and decomposition potentials 
Ti-ere +0.17 and 1.45 volts, respectively. 

Bisnwtlz: Bismuth oxide was found to be insoluble in the bath. Potential 
meawrements \\-ere made with baths containing 1 mole per cent (0.87 g.)  of bis- 
muth oxychloride or 1 mole per cent (1.02 g.) of bismuth osybromide. The 
observed depo>ition and decomposition potentials were +0.31 and 1 .2 i  volts, 
respectively. I t  is believed that the lower portion of the aluminum reference- 
cathode curl-e which extrapolates to a value of +OS2 volt represents a reduction 
potential of bismuth. A loosely adherent powder was obtained a t  the cathode. 

Zinc: Zinc bromide was the most soluble metal bromide studied. 

Lead: 

i L u m s n i  CHLORIDE-ALI~ALI BROMIDE BATHS (SEE TABLE 2)  

In order to  determine the effect of large concentrations of chlorides in the sol- 
vent, baths consisting of 58.66 g. of aluminum chloride (66 mole per cent), 13.72 
g. of sodium bromide (20 mole per cent), and 11.11 g. of potassium ljromide (14 
mole per cent) were also investigated. 

*4h?ni?z I ~ T K  By electrolyzing the solvent containing no foreign metal, smooth 
adherent cleposits were obtained at low current densities. At higher current 
densities ciyqtalline deposits were obtained. For both current density ranges the 
average of the extrapolated values for the deposition potential of aluminum and 
the decompoaition potential of the aluminum halide were -0.02 and 1.71 volts, 
respectively. 

Silver: 0.96 g. of silver chloride or 1.25 g. of silver bromide u-as added to the 
bath. Theqe salts dissolved rapidly. Small variations in the chloride-to-bro- 
mide ratio in the bath had no measurable effect on either the deposition potential 
of silver or the decomposition potential of the bath. The values found n-ere 
+0.58 volt and 1.12 volt.. 

J f e r c i v y :  Baths were prepared by adding 1.57 g. of mercurous chloride or 1.87 
Silver v a s  deposited as crystalline metal. 



ThBLE 2 
Deposition potentials and  decomposition potentials 

.Iluniinum chloride-sodium bromide-potassium bromide ba th ;  1 mole per cent solutions; 
temperature, 218°C.; a ,  values from measurements a t  loner current densities; b, values 

from measurements a t  higher current densities 

ELEMEST 

.Iluminum : 
.41C13.. . . . . . . . . . . . . . . . . .  

I Iean .  . . . . . . . . . . . . . . . .  

Silver : 
AgC1. . 

Mean. . . . . . . . . . . . . . . . .  

AgBr . . . . . . . . . . . . . . . . . .  

Mean. . .  

Mercury : 
HgCl. . . . . . . . . . . . . . . . . . .  

Mean. . . . . . . . . . . . . . . .  

(Reduction potential) , . 

Mean. . . . . . . . . . . . .  

HgBr . . . . . . . . . . . . . . .  

- 

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

-0.01 3, 

0.02 a 
0.02 a 
0.01 3. 

0.02 b 
0.02 b 
0.02b" 
0.02b* 

-0.02 

SO.58 a 
0.59 a 
0.58 a 
0.58 b 
0.59 b 

1.68 a 
1.70 a 
1.70 a 
1.71 a 
1.70 b 
1.73 b 
1.72b* 
1.70b' 

1.71 

1.10 a 
1.10 a 
1.11 a 
1.15 b 
1.13 b 

+0.58 

S0 .58  a 
0.58 a. 
0.59 a 
0.57 b 
0.58 b 

1.12 

1.09 a 
1.13 a 
1.12 a 
1.17 b 
1.10 b 

+0.5s 

SO.84 a 
0.86 a. 
0.85 b 
0.85 b 

+0.85 

+1.03 a 
1.05 a 
1.04 3. 

+l .04  

+0.8-1 h 
0.87 11 
0.85 b 

1.12 

0.57 a 
0.87 a 
0.89 b 
0.88 b 

0.8s 

0.62 a 
0.65 a 
0.66 a 

0.64 

0.92 b 
0.88 b 
0.85 b 

1.69 

1.70 

1.70 

1.73 

1.6s 

266 
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TABLE 2-Continued 

ELEUEST 

I I1 

I 
1 

I 
0.85 b 0.84 h 

I 
I 

. . . . . . . . . . . . . . . . . . . . .  Mean. +O.  6.5 0.87 
I i (Reduction potential) . . . . . . .  i +1.0G a O . G O  a 

I 
1.07 a ~ 0.Gl 3, 
1.09 a 1 0.62  a I 

1.72 

1 I 
Mean. . . . . . . . . . . . . . . . . . . . .  -1.07 I 1.6s 

* Values froill measurements at  1.56T. 

g. of mercurous bromide. 
and the decomposition potential to be 0.88 volt. 
indicated by the graphs a t  +1.04 volts. 

The deposition potential n-as found to be +0.85 volt 
There is a reduction potential 

DISCCSSIOX 

In  previous n-ork on aluininuni chloride-alkali chloride baths, the anode com- 
partment consisted of a glass tube x i th  a constricted lower end packed with glass 
wool upon n-hich a layer of granulated aluminum was placed to prevent diffusion 
of free chlorine into the cathode conipartment. When this device was used 174th 
bromide baths containing copper or bismuth bromides, the aluminum became 
coated with the foreign metal. I t  is probable that both copper and bismuth 
were present in anion complex< IT hich migrated to the anode compartment. 
d correlation pointed out in an  earlier paper (12) may also be noted in this 

work. The cleconiposition potential of the aluminum bromide-alkali bronlide 
bath n-as found to be 1.61 T-olts. The sum of the deposition and decomposition 
potent& for baths containing other metals is 1.61 i 0.04 volts. The close 
agreement among the data also indicate.: to us that the procedure described and 
the \*dues reported are trustworthy. The correlation betn-een deposition and 
decomposition potentials also applies to the reduction potentials and to the po- 
tentials ob,-ei ved for the mixed aluminum chloride-alkali bromide baths. 

When ch!3iride i.; wbstituted for part of the bromide in the bath, values for the 
potentials are obtained n-hich are intermediate between those obtained n i th  a 
chloride and n Srornide hath. 

SCJIJIARP 

1. The aluminum reference electrode is shown to be applicable for the deter- 
mination of deposition potentinls of metal.; from a fused aluminum bromide- 
alkali bromide bath. 

2. Deposition potentials determined from baths in which the aluminum was 
introduced as the chloride n-ere considerably higher, of the order of 0.2 volt with 
mercury and silver, than those obtained from the all-bromide baths. 
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3. The deposition potentials as measured n-ith the aluminuni reference elec- 
trode of the metal tudiec! are as follon-s: aluminuiii, - 0.02; zinc, +0.05; lead, 
+0.17; bismuth, t 0 . 3 1 :  silver, + 0 . 3 i ;  copper, +0.41; mercury. + O . G G ;  and 
hydrogen, + I  .05 volts. This order of deposition ip  the same as the T-oitaic series 
for the aqueous sulfate solutions of these metale, except for the interchanged 
positions of copper and silver and the location of hydrogen at the nolile end of the 
series. 
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This communication extends prerious studies (9, 11) on the depobition poten- 
tials of metals from solutions of their chlorides in an aluminum chloride-alkali 
chloride bath. The data for a number of additional elements are pre*ented to  
complete the list of those that can be studied by the procedure. 

APPARATIJS A S D  PROCEDCRC ; REAGEXTS 

The apparat'us and experimental procedures used n-ere the same 3 s  those pre- 
.i-iously described. All reagents 17-ere of -4.R. or C.P. grade. The chlorides were 
dehydrated, n-hen necessary, by heating in a current of dry h>-drogen c5loride. 
Certain compounds ivere prepared 12)- standard methods, as indicated. 

The elect'rolysis bath consisted of 58.68 g. of anhydrous aluininuiii chloride (66 
mole per cent), 7.78 g. of sodiuni chloride (20 mole per cent), and G.9G g. of potas- 
siuiii chloride (14 mole per cent). -1 bar of pure duminum served a? reference 

1 Present acltlress : Failsteel l \ Ie tn l lury ica l  C'orpor::tiuii, \;ortli C h i c a g o ,  I l l i i ioi- .  


