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Part I

THE ANODIC OXIDATION OF MAGNESIUM IN AQUEOUS SOLUTION

Introduction

It has been known for many yeers that evolution
of hydrogen occurs, in addition to the dissolutlion of
magnesium, during the anodlc oxidation of magnesium in
aqueous salt solutions (1), This behavior is obviously
extraordinary, since the primary electrochemical action
at the anode 1s one of oxidation, and hydrogen must be
produced from the water by reduction, These facts in-
dicate elther that a non-electrolytic reaction ococurs
simultaneously wlth electrolysls, or that an unstable
intermediate, which 1s capable of undergoing further
oxidation, is formed during the anodic electrolytic
reaction, Turrentine (2) assumed the latter of these
alternatives to be the correct one, and suggested that
unipositive magnesium was formed as the unstable
intermediste, The evidence for the validity of this
agssumption, however, is not conclusive,

The present work was undertaken to characterize
the anodlc behevior of magnesium in aqueous salt
solutions, Experiments were carried out to distinguish

between the two alternatives presented above, The



results of these experiments leave little doubt that
during the anodic oxidation of magnesium at least aome

of the metal is converted to the unipositive state.

Historical Rsview

The existonce of lower oxidation ctates of the
Group II elements has long been the subject of con=-
siderable controversy®. The idea has been prevalent
that the Group II #lements, in particular, can exist
in no form intermediate betwsen the metallic state and
that in which they exhibit their maximum oxidation
number of two (3)., However, evidence has been available
for the exigtence, under certain conditiona, of sube
halides of some of the alkellne earth metals (Ca, Sr
and Ba) (4). More recently, evidence hes aceumulated
for the existence of sub-hallides of magnesium and
aluminum (5, 6 and 7), of sub-oxides of other elements
(5), and of lower valence states for the Group III

elements (8, 9, 10 and 11),

¥Since the previous evidence for the lower oxldation
atates of metals other than magnesium has no direct
bearing on the results of the work to be presented
here, a complete bibliography will not be given.
However, extensive blbliographies are to be found in
the following references: Wohler and Rodewald, Z.
anorg, Chem,, 61, 54 (1909); Gomberg and Bachmann,,
J. Kﬁ Chem, Soc., 49, 236 (1927), Schéafer, Chem,
Ttge, 75, 25 (1051)%



Gomberg end Bachmann (12) postulated that "magnesious
10dide" was formed as an intermediate in the reduction
of ketones to plnacols either by magneslium and iodlne,
or by magnesium snd magnesium lodide mixturs, in ether-
benzene mlxtures., Thus, evidence for the exiatencse of
anomalous oxidation states of regular eloments has been
accumulating through the years.

¥odern atomic theory has indicated, 1lnsofar as
ionizatlion energy is concerned, that successive elec-
trons may be removed from an atom one at a time,
Specifically, in the case of the alkallne earth ele-
ments, 1t requires approximately twice as ruch energy
to remove the second electron as to remove the first,
Howover, the ionigzation energy is not the sole criter-
ion for the formation of a stable entity. Other
factors may oppose the effect of the lonization energy
by bringing about conditions under which the entity in
question 1s quite unstable., Nevertheless, one fact
remains clear: that 1s, that it is not the inherent
nature of the elements to utillze under all circum-
stances all avallable valence electrons; rather, the
experimental conditions and enviromment determine
vhether only one or more than one of these electrons

are to be used in the formation of the stable entity.



Exporimental Methods

The electrolyses were carrled out in a cell
consisting of two compartments sepasrated by a sintered
glass plate. Each compartment had a capacity of 25
milliliters, All electrolyses were made with similar
magnesium electrodes cut from the same gross plece of
magnesium, This magnesium, of 99.8% purity, was fure
nished by the Aluminum Company of America through the
courtesy of Dr. P, V. Faragher. The chemicals used
for the preparation of elsctrolytic solutlions wore of
C. p. or Reagent grades. The source of direct current
wag 8 mercury tubo rectifler capablo of supplying up
to 1000 volts.

If a coulometer is placed in serles with the
electrolytic cell, it is found that mors magnesium 1is
dissolved from the anode than can be accounted for on
the assumption that magnesium 1s oxldized uniformly to
the dlpositive stete. A convenlent measure of this
enomaly is to be found in tho mean valencoe number (10),
The initial mean valence number of magnesium in anodiec
oxidation 1s defined as the number of faradays of olec-
tricity passed through the cell per gram-atomic woight
of magnesium lost from the anode. With the use of a



silver coulometsr, this number, designated as Vi, 1s

calculated from the equation

Vs . Wt. of Ag deposited in coulometer x 24.32
1= 107,88 x WEt, of Mg lost from anode

Since gas was evolved at the magneslum anode
durlng electrolysis, a complete and quantitative analy-
8is of the gas liberated was necessary for the charact-
erization of the enodic reaction., A schematic repres-
entation of the gas analysis apparatus is shown in
Figure 1.

The anode compartment A of the divided electro-
lytic cell was seeled into the system, whereas, since
the cathodic reactlon as such was not under study in
this investigation, the cathode compartment C was left
open to the atmosphere, Wlth stopocock 3 open, nitrogen,
from which oxygen had been removed by means of a train
of pyrogallol and chromium(II) sulfate solution, was
allowed to flow through stopcock 2 into bulb By, vhich
contained the slectrolyte to be used in the electro-
lytic experiment. Nltrogen was allowed to flow also
through stopcock 6 into the anode compartment and out
into the atmosphere through stopcocks 7 and 8. This
procedure wag followed in order that all gases other
than nitrogen might be excluded from the system and

the solution., After passage of nitrogen for ons to
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two hours, the electrolytic solution was allowed to flow
from bulb By through stopcocks 2 and 5 up to stopcock 6.
Nitrogen was then permitted to flow for an additional
interval of time through the anode compartment to remove
the air which had been previoualy trapped between
stopococks 2 and S,

After the nitrogen flow had bsen discontinued and
stopcock 8 cloged, the electrolyte was allowed to flow
into the ancde compartment to the desired level. Idente
loal electrolyte was added to the cathode compartment
and electrolysis was started. As the gas was evolved
from the anode it wes allowed to expand through stop-
cocks 7 and 8 into the reservoir S. Approximately
atmospheric pressure was maintained by appropriate
adjustment of mercury bulb M,. At the end of the elec-
trolysis, water was allowed to flow from bulb ¥y through
stopcocks 4, 5 and 6 into the anode compartment. This
action forced all the gas, both evolved and residusl,
into the reservoir S. The water was allowed to flow
until the electrolyte had been forced just through the
bore of stopcock 7.

At this point, all of the gas was contained in
the reservoir S below stopcock 7. The roemainder of the
system to the right of stopcock 7 (except the compen-
sating burette CB) was completely filled with ercury.
By raising mercury bulb My and lowering mercury bulb Mz



and by opening atopcocks 7, 8, 9, 10 end 17, the gas
was forced into the calibrated measuring burette MB,
the mercury being stopped at the end of the bore of
stopcock 10, The measuring burette MB and the compen-
sating burstte CB were enclosed in a water jJacket in
order to malntain a uniform temperaturs., By closing
stopcock 14 and observing the barometric pressure, a
known and conatant refersence pressurs was maintained in
the compensating burette CB., Since the collected gases
wore saturated with water vapor from the electrolytic
coll, no correction for this vapor pressure wes
necessary 1f a small quantity of water was mailntained
in the compensating burette CB,

wWith stopcocks 13 and 17 open, the mercury level
in the measuring burette MB was ralsed or lowered by
appropriately raising or lowsring bulb Mz until the two
mercury levels wore the same st L, The temperature of
the bath, the prossure in the compensating burette CB,
and the calibrated volume of the gas 1in the measuring
burette ¥B were then recorded,

With stopcocks 10 and 11 opensd appropriately,
the gas was transferred to bulb Bp by raising mercury
bulb Mz, Bulb Bp contained & chromium(II) sulfate
solution to absorb oxygen. The gas was allowed to ro=
main in contact with this solution for thirty minutes
with shaking at frequent intervels. The gas was then
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returned to the messuring burstte ¥B by lowsring mercury
bulb Mz until the chromium(II) sulfate solution had
risen to stopcock 11, The gas wag then forced entirely
into the measuring burette MB by sppropriately opening
stopcocks 11 asnd 12 and reising mercury bulb M,, The
volume and temperaturo ware recorded after adjusting
mercury bulb Mz until the mercury levels at L were the
same, The reference pressure set in the compensating
burette CB remsined conatant throughout these oper-
atlions. The gas was agaln returned to bulb By, as
previously, end this procedurs was repeated until there
wag no further change in the volume of the gaa, Any
decrease in volume was due to the absorption of oxygen
by the chromium(II) sulfate solution. If thero wore
no changes in volume, 1t was assumed that no oxygen
was prasent,

¥With stopcocks 10, 11 and 12 opened approp-
riately, the gas was transferred completely to the
combustion bulb C by ralsing mercury bulb ¥y and lowor-
ing mercury bulb M,. Oxygen was then drawn into the
measuring burette MB by opening stopcocks 9 and 10
appropriately and lowsring mercury bulb Mz, It was
necessary to make only an approximate calculastion to
Insure that an excess of oxygen was added over that
necessary to unite completely wlth the hydrogen present,

After the volume of oxygen had been measured, as abova,
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the platinum coil in the combustion chamber was heated
to a dull red heat and the oxygen was slowly forced
from the measuring burette LB into the combustion cham-
ber C., Extrems caution waz necessery during this oper-
ation, since thoe heat of combustion of the hydrogen was
sufficient to destroy the platinum coll if the oxygen
were added too rapidly.

As soon as all of the oxygen had been trans-
forred to the combustion chember C the gas was returned
to the msasuring burette MB by ralsing mercury bulb I
and lowering mercury bulb Mz, The volume of gas was
again measured as before. This volume wag then sub=
tracted from the combined volumes of the originsl gas,
after oxygen absorption, plus the added oxygen. The
difference gave the amount of hydrogen and oxygen con-
sumed in the combustion. Since the volumo of water
produced was naegligible, and since two moles of hydro-
gen were consumed for every mole of oxygen in the com=-
bustion, the volume of hydrogen was determined as two-
thirds of the decreass in volume on combustion,

A further check was made by transferring the
measured volume of gas after combustion to the bulb By,
vhere the excess oxygen was absorbed. The remaining
volume plus the calculated volume of hydrogen should
have been equal to the volume of gas measured after the

originel oxygen sbsorption.
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Results and Discussion

The evolution of hydrogen at a magnesium anode
during the electrolysis of aqueous salt solutions was
confirmed, As stated previously, thls phenomenon re=-
quires the assumption either of a non-electrolytic
reaction or of the formation of an unsteble intermed-
late, capable of further oxlidation, The first qual-
itative indication that an intermediate 1s formed 1s
the fact that, vhereas evolution of gas at the magnesium
cathode used instantaneously ceases (except for the very
slow evolution encountered with metallic magnesium in
agueous salt solutions without electrolysis) vhen the
current 1s interrupted, evolution of gas at the anode
continues for several minutes, Experiment has shown
that approximately 40% of the total gas evolved occurs
after the current has been interrupted., This gas, there-
fore, cannot be formed by an electrochemical reactions
As further evidence is presented it will become clear
that the gas evolution is not a result of direct
reaction betwsen metallic magnesium and water,

At room temperature there is scarcely any reac-
tion between pure metallic magnesium and pure water,
Impure magnesium may, of course, evolve gas as a result
of couple action. It is elao well known that the addi-

tlon of sny of several electrolytes causes a noticeable
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reaction between pure magnesium and water. The
extensive literature on this subject (13, 14, 15, 16
and 17) need not be coverad in detall in this discuss-
ion., 1In general, however, any alectrolyte which in-
creases the hydrogen lon concentration by hydrolysis
promotes the liberation of hydrogen {from water by mag-
nesium, and any electrolyte which decreases the hydrogen
ion concentratlion by hydrolysls retards the liberatlon
of hydrogen. These resulta are to be expected; but the
reaction 1s not so simple, since some eloctrolytes which
do not undsrgo hydrolysis promots the liberation of
hydrogen. Tals catalytic activity has never been
satisfactorily explalned.

The significant point, however, 1s the fact that,
since hydrogen 1s evolved at the magnesium anode during
electrolysis, the anolyte becomes definitely basic., Yet
the anode continues to evolve gas in thls basic solution,
although there 1is only extremely slight evolution of gas
from the magnesium cathcde in the basic cetholyte, The
evolution of gas, therefore, cannot be a direct function
of the hydrogen lon concentration, and the delayed
evolution of gas at the anode strongly supports the
postulate of an unstable intermediate,

These ideas will be strengthened by the evidence
to be presented. This evidence 13 centered about the

roduecing action in the anode compartment, and will be
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concernsd with both qualitative and quantitative
agpects of this reducing actlion. Since the techniques
of measuring the varlous facets of this reducing action
differ somewhat, each 1s dlscussed separately in the

following sectlons,
A, Mean Valencs Number Detorminations

A greater quantity of magneslum is disaolved
from the anode than can be accounted for coulometric-
ally on the assumption that magnesium 1s oxidized to
the dipositive state. In other words, the initisl mean
valence number of the magnesium dlssolved from the
anode is somewhat leas than two. Thls mean valence
number can be determined quantitatively by means of
the equation presented in the section dealing with
experimental methods,

Table I shows a series of typleal initisl mean
valence numbors in a varlety of electrolytes. These
values wore all obtained in a divided cell with magnes-
ium anode and ocathode, The current density was approx-
imately 0,05 amp. per square centimeter., 1In sll cases,
there was no detectable loss in weight of the magnesium
cathode, Gas was liberated at both electrodes, but the
cathodic evolution was considerably greater than the
anodic evolution. In most cases, the anode tended %o

acquire a superflcial dark film which turned white on
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Table I

Typical Mean Valence HNumbers

Eloctrolyte Cone. (gm/100 ce. HoD) Vs
MgS04 2.5 1.38
HgS0y saturated 1.33
NapS0y 7 1.41
NaCl 15 1,50
KC10s 5 1.66
K1 20 1,54
caCly 32 1.66

drying. This aspect will be discussed more fully in a
later section. The film caused no electrolytiec passive
1ty, but, in goneral, it could not be completely wiped
from the anode in order to make accurate welghing
possible, On this account, the measured loss in weight
of the megnesium was less than the actual losa by oxid-
ation, and hence the initial mean valence numbers re-
corded in Table I are a 1little too high.

Although there appears to be some variation in
mean valence number with the electrolyte used, it will
be noted that in all cases listed the mean valence
number is significently less than two. The range of

mean valence numbers is from 1,66 to 1,33, which
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indicates that from one to four unipositive magnesium
ions are procduced for every two dipositive magnesium
ions.

The results of a study of tho varlation of the
nean valence number with electrolyte concentration and
with current density are indicated in Table II. These
results were obtained with a divided cell and a

Table I1

Variation of Electrolyte Concontration and Current Density

Approx,
Curront Current Densit
Blectrolyte (amps,) (emps./sq. cm, Vy
Mg80y4 0.2 0,033 1.4
(5 gmas. per
200 cc. HQO) 0.4 0,087 l.44
0.7 0,12 1,43
1,0 0,16 1.40
2.0 0,33 1.38
3.0 0.50 1.38
EgSO4 0.2 0.033 1.32
{saturated)
0.4 0,067 1.31
0.7 0.12 1.33
1.0 0.16 1.57
1.5 0025 1556
2.0 0055 1.54

3.0 0.50 1.65
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magnesium anode and a platinum cethode, The dilute
magnoegium sulfate solution contained 5 grams of mag-
nesium sulfate heptahydrate in 200 cc. of water,

It is obvious that there are no significant
trends in the value of the mean velence number with
variation in elther the concentration or the current
denslty, However, in the case of the saturated mag-
nesium sulfate solution, there is a definite change in
the mean valence number betwasen total current values
of 0,7 and 1.0 amp. The occurrence of the higher value
of the mean valence number at currents above 1.0 amp,
was accompanied by & peculiar cyclic phenomenon. Very
soon after the start of the electrolysis, the anode
turned black., This discoloration slowly disappsared
with evolution of gas. During this time the current
gradually decreased, while the voltage increased.
thenever the current had decreased to approximately
one~half its original value, it would start to increase
again, with decreasing voltage. By this time the
black deposit had completely disappeared from the anods
and the gas evolution had stopped. ‘hen the current
had increased to approximately three-fourths of its
original value there was & flash appearance of black
color over the entire ancde surface, whille the current
and voltage simultaneously jumped to their original

values. The appearance of the black color was
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accompanied by a vigorous evolution of gas. The entire
cycle was repeated over and over again during the
course of electrolysis. Since this cyclic phenomenon
had no direct connection with the ultimate goels of
this work and was not susceptible of simple explan-
ation, it was not investigated further; and the reglon
of ourrent density at which this phenomenon occurred
wag avoided during all subsequent experiments,

Some electrolytes caused deviations in the
behavior of the magnesium anode., With potassium fluo-
ride as the selectrolyte, the ancde became passive. It
1s believed that this was due to the fact that a very
adherent white substance, presumably magnesium fluo-
ride, covered the anode. In the case of potassium
cyanide as the electrolyte, a brown flocculent mater-
1al, which qualitatively exhibited the behavior of
paracyanogen, a polymer of composition (CN)x, was

formed at the anode.
B. Anodic Reductions

It 1s agsumed that unipositive magnesium 1s
formed ag part of the primary anodle electrolytic pro-
cess, and that this unipositive megnesium reacts non-
electrolytically with the water to liberate hydrogen.
However, i1f another species capable of being reduced

were present, 1t also could undergo reaction with the
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unipositive magneslum. In such & case there would be
a compotitive reaction between this added specles and
the water, and both the evolution of hydrogen and re-
duction products of the added speocles should be obser-
ved. The qualitative aspects of several such reactions
which have been observed will be discussed 1in the
following sub-sections, All of these experiments wereo
performed in a divided cell with twe magneslium elec=-
trodes, both cut from the seame gross plece of magnes-
ium., In some instances the added specles was used ng
the sole electrolyte, whereas in other cases tho
species were added to magnesium sulfate solution.
This wes deemed appropriate, sinee no reduction prode-
ucts of sulfate ion have ever been detected in the
anode compartment, elither during or after electrolysis.
Likewise, no peroxy compounds, such as the peroxydi-
sulfate 1lon, have ever beon detected in the anolyte,
The magnesium sulfate solutions used contained approx-
imately 10% by weight of this solute,
1, Potassium permanganate with magnesium
sulfate as electrolyte.
A conaliderable amount of brown material was
isolated from the anolyte, This material
dissolved in 6M nltric acld, and gave a
violet color when sodium blsmuthate was

added to the acid solution. The brown
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matorisl could scarcely have been other than
manganese dloxide., No brown materlal was
found in the catholyte, There was some gas
evolution at the enode., A control test
shiowed no loss in weight of a pilesce of mag-
nesium left overnight in pure potasslum
permanganate solution without electrolysls,
Potassium dichromate with magnesium sulfate
as electrolyta.

A dark brown material was formed at the
enode, This materiael behaved qualitatively
like chromium dioxlde, but its composition
was not determined, No brown substance was
formed at the cathode. There was some gas
evolution et the anode, A control test
showed no loss in weight of a plece of mag-
nesium left overnight in pure potassium
dichromate solution without electrolysis,
Potassium hexacyanoferrate (III) with
magnosium sulfate ms electrolyte.

At the end of electrolysls a positive test
was obtained for hexacyanoferrate(II) ion in
the enolyte. No hexacyanoferrate{II) ion
was detected either in the catholyte or in
the originel solution., A control test did

indicate a slow reaction betwoen magnesium
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and the potassium hexacyanoferrate(III)
solution, since hexacyanoferrate(II) ion
could be detected after one and one-half
hours without electrolysis, The electro-
lytic experiments, howaver, lasted only
fifteen minutes,

Magnesium nitrate as electrolyte.

Gas was eveolved at the ancde, but no solid
products were formed, Howover, nitrite lon
was detected in both anolyte and catholyte.
It 1s quite possible that the cathodic re-
duction of the nitrate ion occurred elesctro-
chemically, as evidenced by a marked de=-
croase, in this instance, in the amount of
gas evolved at the cathode, A control test
showed no evidence of nitrite ion when a
plece of magnesium was left overnight in the
magnesium nitrate solution. There was some
evolution of gas, howsver, in the control
test.

Potassium chlorate as electrolyte.

At the conclusion of electrolysis, the ano=-
lyte gave a positlve test for chloride ion,
Gag was evolved at the anode. The catholyte
gave only a faint turblidity upon the addi-

tion of silver nitrate solution., 'The
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control test indicated no trace of chloride
ion at the end of two hours without
electrolysia,

Sodium tungstaete with magnesium sulfate as
electrolyte.

The only detectable effect was a black de~-
poslt on the anode., This product was not
ldentified. The cathode showed no trace of
the black materiel. The control test indic-
ated no apparent effect wlthout slectrolysis.
Ammonium metavanadate with magnesium sulfate
as electrolyte.

The anode developed black scales, and the
original yellow color of the solution grad-
ually disappeared in the anolyte. The solid
product was not identified, There was no
trace of the black materlal on the cathode,
and the catholyte retained its original
yellow color. The control test indicated no

apparent effect without electrolysis,

These qualitative observations indicate that

reduction of the oxidizing species present usually does
occur at the anode, In some cases, it was obvious that
some reduction, possibly electrochemical, occurred also
at the cathods, and others tended to show & very slow

reaction in the control tests without electrolysis,
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These cases, therefore, cannot be used as conclusive
evidence., However, most of the listed observatlons
show unequivocally that reduction of the oxidizing
species occurred solely at the anode during electro=~
lysis. Other observations, which are not listed, were
discarded due to their inconclusive nature as & rosult
of either reaction in tho control test or passivity
effects., Among the oxidizing apecles used in these
tests were uranyl nitrate, sodium arsenate, ammonium
molybdate, 1odine, and potassium lodate., The obsere
vations which have been described are summerized in

Table JIII,
Table III

Summary of Anodie Reductlonas With Mg Electrodes

O0xidizing Reduced Products
Elactrolyte Species Anolyte Catholyte Control
1. MgS0, MnOy4 ¥nOg None None
2. Mgso, Cry0y Sug:gzgce None None
3. MgS0, FB(CN)‘; Fb(CN)g None Slow
4. Ng(NOz)o NOg NOg NOo None
5. KCl0z €103 cl™ Trace None
6. MgS0, WO Black None None
Substance
7. MgS04 Vo3 Black None None

Substance
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Anodie reductions of this nature are not poculiar
to magneslium, Similar qualitative effects of varylng
degree were obsgsrved with aluminum, zinc, cadmium and

copper. Some of thess offects are listed in Table IV,

Table IV

Summary of Anodic Reductions With Various Electrodes

Oxidizing Reduced Products
Electrodes Elactrolyte Spocles Anolyte Catholyte Vy4

Aluminum ENO5 NOz NO5 and NOo -
zas
KC103 Cl03 C1” and  CY 2,00
gas
-3 -
Kz [R(CN)g] M(CK)E Blue ppt. R(CN)g -
and gas
Zinec KC105 C105 c1” None  1.88
KNO NO5 N0, and N0, -
gas
-3 -
Ky [P(CN)g] R(CN)g Blue ppt. R(CN)y -
and gas
Cadmium KX0g NOgz NO5 NO,  1.46
KC105 Cl0z None None 1.08
=3 -
Kz [ (CN)g] R(CN){ Blue ppt. R(CN)y -
and gas
Copper ENOg N0z None None 1,98
KC103 €10z  CI” None 1.73

KCN - None Kone 0.99
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These observations were made in a divided cell with
gimilar metal electrodea. In 8ll cases, the anion of
the slectrolyte served as the oxidizing species under
investigation. It 1s obvious that, in some cesea, ro-
duction to a verying degree has occurred at both elec~
trodes. In other cases, thore was no reduction at
either alectrode, However, in the particular instance
wvhen the hexacysnoforrate(III) ion was the oxidizing
apecies, different products were obtained in the ano-
lyte and catholyte, At the cathods a positive test for
hexacyanoferrate(II) ion was obtained, whereas at the
anode & preclpltate of Prussian blue wes obtained, in-
dicating that not only had reduction occurred but the
complex ion had besn broken down as well,

The initial mean valence number was determined
in a fow cases, and these data are listed, also, in
Table IV, It 1s apparent that, in the cases studied,
whenever a mean valence number lowsr than normal was
obtained, reduction of the oxldizing speclies did occur
at the ancde., T%hoen normal valence numbers were obtain-
ed, no reduced products were formed, A striking ex-
ample of this is furnished by copper. In the presence
of nitrate ion, no reduction occurrsed and a mean val-
ence number of essentially two was obtailned. In the
presence of cyanide 1on, which 1a known to stabillize

the unipositive state, a mean valence number of one
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was observed, However, in the presence of chlorate
lon, an intermediate mean valence number was obtained
and chloride ion was detected 1n the anolyte,

It 1s poasible, of course, that some of these
reactions may proceed by other mechanisms, However,
several cases indicate the validity of the postulate
of an unstable intermediate, It is evident that much
more work needs to be performed in this fleld, a&s no
other data are available at present; and, since this
particular subject was not the original goal of the
present work, such investigations will have to be

left to others,

C. Gas Evolution Studiesn

The purpose of the studles of the gas evolved at
the anode was to correlate quantitatively the amount of
hydrogen evolved with the excess magnesium (baeyond that
required for oxidation to the dipositive state) dissolv-
ed from the anode. Howsever, 1t cannot be determined
from such a study, in itself, whether the hydrogen is
produced by non-electrolytic reaction betwsen metallic
magnesium and water, or by reactlon between a uni-
positive magnesium lon and water. The initial mean
valence number and the amount of hydrogen evolved

would be identical by both mechanisms,
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Irrespoctive of the mechanism involved, the
amount of hydrogen evolved at the anode 1s governed

by tho following equation:

Mg e (2- 2 B - wgT . (2- %) H (1)
2
where x 1s tho mean valence number,

This 1s true, of course, only if the reducing substance,
whether metallic magnesium or unipositive magnesium ion,
1s oxidized solely by hydrogen lon, It would not be
true 1f another oxldizing specles, capable of reaction,
were present. However, since 1t has been shown prev-
lously that metallic magnesium does not resct with the
anion of the saelt which was reduced during electrolysis,
the amount of hydrogen liberated from a direct reaction
between water and metallic magnesium would be expected
to be independent of the presence of the reducilble
anion, Experiments have shown that the presence of the
reducible anion d1d decrease the amount of hydrogen,
Therefore, both by far the greater part of the liber-
ation of hydrogen, as well as the reduction of the
added oxidizing species must be due to products formed
during elsctrolysis,

The gas evolutlon data are llsted in Table V,
The gas measursments were made in the gas analysis

apparatus shown in Flgure 1 and described in the



Table V

Gag Evolution Measurements

Concentration wt. Mg Wt. Ag Vol. Hg Vol. Hg

Electrolyte (gms/100 cc. Ho0) Dissolved Deposited _Vjy Exptl. STP Calc. STP
NagsS0, 7 0.0388gms 0.2431gms 1l.41 11.5 ml 10.5 ml
NRgpS04 7 0,0408 0.2549 1.41 1l.9 11.1
NagS04 7 0.0470 0.2912 1.39  14.2 13.2
Nag804 7 0.0489 0,3074 1.42 14.2 13.1
NapSOy 7 0,0513 0.3260 1.43 14.1 13.5
#KC10z 5 0,0626 0.4479 1,61 11.3 13.2
#KC103 5 0.0642 0.4607 1.62 11.8 12.9

#C1l~ detected in the anolyte.

L3



28
sectlion dealing with the experimental methods. The
results indicate that, in the sodium sulfate solutions
in which the only reduced product ever detected was
hydrogen, approximately one milliliter more of hydrogen
was found than was calculated from the initial mean
valence number according to equation (1) of this sec-
tion., Part of thils slight difference may be attributed
to experimental error. However, in this and other
cases, 1t has been noticed that a small emount of gas
wag liberated on the asnode side of the porous disc
separating the anode compartment from the cathode
compartment., Although this phenomenon has not been
satisfactorily explained, it may account, at least in
part, for the fact that slightly more than the
calculated quantity of hydrogen was evolved,

In the cases whore potassium chlorate was used
as the electrolyte, from one to two milliliters less
hydrogen was actuslly found than was to be expected
from the mean wvalence number of the magnesium dissolved.
It will be remembersd that, 1n the studlies of anodie
reductions, the chlorate ion was found to undergo some
reduction to chloride ion., Chloride lon was detected
in the anolyte after the gas evolution measurement also.
The decrease in the amount of hydrogen evolved is to be
expectad from consideration of the above discussion

concerning reaction between the unipositive magnesium
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ion and both water and chlorate ion. Further

quantitative determinations were not undertaken.
D. Reductlion at a Distance from the Anode

One of the more difficult tasks assoclated with
the present work has been to show conclusively that the
previously discussed phenomena are the result of & re-
action of sn oxidizing species with an intermediate
produced during the anodic oxidation, rather than of a
reaction betwaen the oxidlzing specles and metallioc
magnesium, Practically all of the observations could
be explained, wilth raservations, in terms of either
mechanism, Howsver, if it could be shown, by means of
an experiment in which direoct contact between the oxid-
izing agent and tho anode 1s prevented, that reduction
can take place at some distance from the snode, this
would prove the reducing species to be not metallic
magnesium but somethling present in the solution.

In order to accomplish this goal, & so-called
"sweep" electrolytic apparatus was devised, A diagram
of this apparatus 1s shown in Figure 2, A reservoir R
of onse to two liters capacity, and filled with the
electrolyte to be used, was mounted three to four feet
above the electrode agsembly. The electrolyte was
allowed to flow through the tubs, past the anode A and
into the large beaker B. The added oxidizing species



FIGURE 2. ELECTROLYTIC "SweeP” APPARATUS

30
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was contained in this beaker, so that, so long as the
electrolyts was flowing at the appropriate rate, this
oxldizing species could not come into direct contact
with the anode. A layer of glass wool G, to prevent
any solid material from entering the main beaker,
covered the end of the anode delivery tube, To prevent
any cathods products from entering the mein beaker, the
cathode C was shielded by a porous cup.

In operation, the beaker B was mounted in such
a way that the level of solution was slightly below the
end of the anode delivery tube. Stopcock S was then
opened and adjusted so that the electrolyte flowed at a
fairly rapid rate, After the level had risen to estab-
lish contact, the current was started and electrolysis
was allowed to proceed untll the electrolyte was nearly
exhausted from thoe reservoir. At this point, the
curront was stopped and the beaker removed, The oxid-
izing species contalined in the beaker had never come
into contact with the anode. The solution was then
filtered and any solid products were examined,

It was found possible to effect reductions of
added oxidizing specles by means of this apperatus and
technique. For example, with silver ion as the oxid-
1zing specles contained 1n the maln beaker, a black

finely divided solld waz obtained which on qualitstive
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toest proved to be metallie silver, A series of such

qualitative observations is givoen in Table VI,
Table VI
Anodic Reductions Using a "Sweop" Technique

Concentration Oxidizing
Electrolyto {gms/100 co. HoO) _ Species _ Observations

¥g(NOoz) g 10 AgNOz  Black finely
divided sube
stance which
gave qualile
tative tests
for metallic
sllver,

NaoS0y4 7 Ammonlacal Black finely
AgNOs divided sub-
stancoe which
gave quall-
tative tosts
for metallic
silver.

RapS0y4 7 K¥nOy, Brown sub-
stance which
gave quall-
tatlve tests
for Mnoe.

NaCl 10 KMnO4 Brown sub-
stance which
gave quali-
tative tests
for ¥nOg,

NagS0,4 7 KClOs No chloride
ion detectsd,

Although the actual amounts of reduced products
obtalned by this technique were nacessarily smsll, they
wore nevertholess sufflclont for positive identifica-

tion, except when chlorate ion was used as the oxidizing
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specles. Thils exception can be explained by noting
that, in previous cases, the mean valence number ob-
talned with a chlorste electrolyte was considerably
higher than with other electrolytes. Tho potassium
rermanganate solution was filtered prior to use in the
later electrolytic experiments. The amount of mangan-
0se dloxide 1isolated from the solution after electro-
lyals was definitely greater than the trace amount of
manganese dloxide found when the originel solution was
filterad., Sodium sulfate was chosen as the "sweep"
electrolyte because no reduced or peroxy compounds of
the sulfate ion have ever been detected, However, as
an edditional proof, sodium chloride was used also,
since chloride ion cannot by reduced and there 1is no
possibllity of the formation of peroxy compounds. The
same effect was obtalned as with sodium sulfate as the
"sweep® electrolyte.

The results of this experliment show that the
dasta previously acocurmlated cannot be accounted for in
terms of a non-electrolytic reaction between the met=
allic magnesium anode and the oxldizing species present,
gince the reducing action was found to take place a
short distance from the anode even when the oxidizing
species was never allowed to come into direct contact
with the magneslum anode. The only other possibility
i3 that unipositive magnesium is formed, and that this
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product 1s sufficiently stable in the solution so that
1t can be removed at lesst a short distance from the

anode,
E, Electrolysis With an Intermittent Direct Current

Although appropriate control teats have indicated
that metalllic magnesium undergoes no non-electrolytic
reaction with varlous oxldizlng specles previously dis-
cusged, there has boen some speculation from other
laboratories concerning a sort of "enodic activation",
in which the anode 1s supposed temporarily to ascquire
the ability to react with the oxidizing specles during
and as a result of tho current passage. Such specue
lation would appear to have 1little basis, since most
existing activetion-pasgsivation theories have indlcated
that it is the cathode which becomes activated and the
anode which becomes passive., Nevertheless, considerable
doubt was caat on the anodic activatlon postulates by
8 simple type of experiment, consisting of electrolysis
by an intermittent direct current insteed of the cone
timious direct current. Thls was accomplished by the
use of only a single tube of the mercury tube rectifier,
so that a direct current flowed only during one half-
cycle and no current flowed during the other half-cycle,

If the anode becomes actlvated during the time

when current is flowing so that 1t can react
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non-glectrolyticaelly with an oxidizing specles, this
activation should carry over, at least in part, into
the half-cycle when no current i1s flowing. If this
ware true, conslderably lower mean valence numbers
would be obtalned with an intermittent than with a
continuous direct ocurrent., However, if an intermediate
1s formed, the amount of which 1s dependent, in a given
situation, on the amount of current passed, then the
same mean valence number should be obtalned whether an
intermittent or a continuous current is used. The

results of these experiments are presented in Table VII.
Teble VII

Intermittent Electrolysis

Conc. (gms. per

Electrolyte 100 ce. H20 Current Time Vs

MgS0y4 7 Continuous 20 min, 1,39
0.3 amp.

HgS0y 7 Intermittent 20 min, 1.37
0.3 amp,

MgS04 7 Intermittent 40 min, 1.38
b 0.15 emp,

NagS0, 7 Continuous 20 min, 1.40
0.3 amp,

RasS0y 7 Intermittent 40 min, 1,37
0.15 amp,

These results indlcate that essentislly the same

mean valence number was obtained regardless of whether
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the current was continuous or intermittent. Another
indication that there was no non-electrolytic reaction
with metallle magnesium is given by those instances in
which the electrolysis was carrled out for a longer
period of time. Any direct non-electrolytic reaction
between the magnesium and water would have resulted in
a lower mean valence number in the cases in which the
anode was in contsct with the solution for a longer
period. In other worda, the degree of non-electrolytic
reaction should be dependent, to somo extent at least,
on the time of exposure to the solution., On the other
hand, the amount of an intermodlate produced by elec-
trochemical meana should be dependent only on the
current and the efflicliency of the process, and not on
the time during which the anode is in contact with the

solution.

F.. Unidentified Substance

It was mentioned in a previous section that the
anode tended to develop, under certain conditions, a
dark film which turned white on drying. Moreover, in
certain cases, black particles of varylng size wore
observed to fall from the anode, At room temperature,
moat of these particles scon disappeared, leaving a
white solid which proved to be magnesium hydroxide,

Gas bubbles were obsgserved coming from the larger
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particles which fell to the bottom of the anode
compartment., It seemed of interest, therefore, to
attempt to obtain this dark colored product in quantity,
and, 1f possible, to identify 1it.

Bestz (1) also reported the formation of a black
substance during electrolysis, but Turrentine (2) re-
ported no evidence of such a subastance, Faivre (18)
reported the x-ray diffraction analysis of a black
product obtained by slow oxidation of metallic mag-
nesium in a moist atmosphere. H1ls conclusions were
that there was no significant difference between this
product and ordinary brueite (magnesium hydroxide),
although the black compound contained excess magnesium
which would not react with ethyl bromide, This paper
repudiastes the earlier one by Falvre and kichel (19),
in which they reported that the exceas magnssium did
react with ethyl bromide, and that the x-ray analysis
indicated the black material to be magnesium hydroxide
with magnesium atoms inserted in the lattice, Such
evidoence as this is, at best, indecisive,

Frary and Berman (20) reported a black material
which they characterized as a sub-oxids of magnesium,
This materlal was formed at the cathode during the
electrolysis of molten }MgClo*KCle6HpoO if magnesium
oxide were present, The material reacted with water,

and this action was shown not to be due to finely
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divided metallic magnesium by the fact that the black
material would not react with a solution of anhydrous
nickel chloride in absolute alecohol, whereas powdered
magnosium liberated nickel from such a solution,

Sti1l1l other instances have been reported in
which a black product containing magnesium has been obe
tained. Baborovsky (21) repeated the work of Beetz (1)
and obtained a black product which he conoluded had to
be either & sub-oxide of maghesium or magnesium oxlde
and motallic magnesium, Christamenos (22) reported tha
formatlion of a black product when magnesium ribbon was
burned in contact with cold glass. He reported the
substance to be a sub-oxide of indefinite composition,

It is interesting to note that, 1n every case
reported except one, the black materials were formed as
the rosult of oxidation of metallic magnesium. Frary
and Berman cculd obtain thelr black product only by
cathodic reduction, and the presence of magnesium oxide
was necoessary for its formation, They belleved that
their product was not the same as those formed in oxid-
ation procosses. However, it 1s only reasonable to
assume that, 1f the black products do contain uni-
positive magnesium, they could be formed by reduction
of dipositive magnesium ag well as by oxidation of
metallic magnesium; provided only that the appropriate

conditions existed,
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In the present work it was found that the blsack
material was formed in greater quantities, and did not
disappear so qulckly, when the selectrolysis was carried
cut at the temperature of an i1ce bath with sodium
chloride as electrolyte. However, the black material
formed even under these condltions still turned white
if the woet material was allowed to warm to room temp-
erature, Various methods were tried to remove the bulk
of the water from the black material while it was main-
tained at 0°C., The only suitable technique in which
the material remained falrly black was to wash the mat=-
erial with water at 0°C., to remove traces of electro-
lyte, and then wash two or three times with a cold 95%
alcohol solution., After this treatment the materisl
could be allowed to warm to room temperature and the
drying process could be completed in a desiccator,

The dark gray to black product obtained ag just
described liberated hydrogen from acid solution and
roacted with potassium permsnganate solutlion to give
manganese dioxide, This reducing property might bve
accounted for either on the sssumption that the dark
substance was colloidal metallic magnssium or on the
assumption that it was & colored compound of uni-
positive magnesium, Although 1t had been detsrmined
previously that bulk metalllc magnesium does not react

with pure potassium permanganate aolution, this fact
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does not lnsure that very flnely divided metallie
magnesium might not do so. Yet, from the evidence to
be considered in the ensulng discussion, it sooms 6x-
tremely unlikely that the black materlal can be finely
divided metallic magnesium. For one reason, simple
anodic oxldation 1s not a general method for the prep-
aration of colloidal solutions of metals, The usual
electrochemlcal method requirss that an are be struck
betwean two electrodes under a liquid.

Then observed under an ordinary microscope, the
black material appeared qulte inhomogensous. The mat-
erlal consisted of irrsgular black masses surrounded
by a colorless layer, presumably magnesium hydroxide.
Upon the addition of a drop of aclid, the colorless
layer dlssclved falrly rapldly, whereas the black
masses dissolved more slowly with the liberation of
gas. As will be brought out later, chemical snalysis
did indeed show that the bulk of the material
consisted of magnesium hydroxide.

The following procedurs was employed for the
analysis of the black material., The reducing powsr
was determined by measurling the amount of hydrogen
evolved from 8 weighed sample. Hydroxide ion was
determined by dissolving a welghed sample in standard
acid and titrating the excess acid with standard bess,

Obviously, for thls determination, the number of
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equivalents of reducing power must be subtracted from
the total number of equivalents of standard acid usod,
since hydrogen ion 1s involved in both reactions.
Magnesium was determined by the pyrophosphate method.
Since the black material was obtalned from a sodlium
chloride solution, chloride ion was determined by the
standard Volhard method, A typlcel analysis of a
sample of the materlal, driod as described above,
follows:

Total Mg = 32.77%

OH™ - 36.67%

€1 - 5,117

Mgt - 6.76%

from reducing power.

{or metallic lig - 3.38%
Undoubtedly, the remainder of the materlsl was water,
although it was not determined as such, Attempts to
dry .the black materisl indicated that it could be dried
at 105°C, without apperent change in properties, Even
at this temperature, however, not all the water was
loat, This behavior was to te expected from the
presence of magnesium hydroxide.

The percentage of chloride ion may have no
significance, since later experimonts indicated that
the chloride ion content could be reduced to sbout 2%
by grinding and re-washing the black material with

water, The reduclng powsr 1s expressed alternatively
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as percentage of univalent magnesium and as percentage
of metalliec magnesium,

when heated at 300°C.,, the black material turned
whlte within two or three minutes., Also, all of the
chloride ion was lost, a behavior which parallels the
famillar hydrolysls of magnesium halidses at higher
temperatures, After the materisl had turned white,
1t no longer had any reducing properties,

All attempts to analyze the black material by
means of x-ray diffraction technlques were of no avail,
Control investigations were made on magnesium hydrox-
ide, on metallic magnesium, and on & physical mixture
of the two. If the reducing property of the unknown
black material were due, to metallic magnesium, the
above analysis would requlire that the metalliec magnea-
fum be present to the extent of about 3,4% by weight,
The x-ray diffraction psttern of the control mixturs
of magnesium hydroxide and powdered magnesium (3.41%
by weight) indicated that metallic magnesium could be
detected at this concentration in magnesium hydroxide,
since the three most intense metallle magnesium peaks
were distinguishable in the x-ray pattern of the cone
trol mixture, However, for the black substance, in
every case, the x-ray dlffractlon pattern showed only
two broad, ill-defined psaks, as is characteristic of

emorphous substances.
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The bleck material obtained in thls work was
also subjected to a tost similar to that of Frary and
Berman (20). The work of Gomberg and Bachmann (12)
showed that magnesium reacts quite vigorously with
lodine solutions in ether, The black materiasl did not
underge reaction with the lodine solution 1n ethsr and
was recoversd unchangsd. A control test with powdered
megnesium gave a vigorous reaction, ILikewlse, the
black matsriel did not resct, as does filnely divided
rragnesium, with ethyl bromide,

Obviously, the structure of unipositive
magnesium ion is unknown., However, even as Turrentine
{2) suggested, the structure may involve a magnesium
to magnesium linkage in which the effective valence of
the magnesium is unity. This would peir the o0dd slec-
trons and might account for the observed stabllity of
the unknown compound. Such behavior is already well
recognized in the case of the mercurous ion.

It 1s unfortunate that the characteristics of
the roported black products are such es to prevent
isolation in a form pure enough for chemicael analysis,
Because of thia fact, 1n order to support the hypoths-
sis of the presence of unlpositive magnesium, one must
clearly demonstrate that the properties of the mater
1al cennot be explalned by any alternative hypothesis,
It 13 believed that the fallure of the black material
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to undergo certain reactions characteristic of metallic
magneslium strongly indicatss that the material does not

contain finely divided magnesium,

G, Liquid Ammonla Elsctrolyaes

Since, in elsctrolysis in aqueous solutions,
water l1ls reduced at the magneslum anode, it is obvious
that data obtained by the use of non-aqueous solvents
would be desirable, Proliminary investigations were
undertaken with liquid ammonia as solvent. Since
1iquid ammonia 1s more difficult to reduce than water,
the unstable intermsdiate enccuntered in the previous
work might be expocted to oxzhibit greater stablility in
liquid srmonia than 1n water,

Del Boca (23) raeported that magnesium did not
dissolve and no gas was evolved from a magnesium anode
in 12quid ammonia solutions. HKowever, he used a
potential of only 12 volts. By means of the mercury
tube rectifier used in the present work much greater
potentials could be applied, Bergstrom (24) found
that only a trace of magnesium amide was formed from
the action of pure llquld ammonla on magnesium ribbon
over a period of fivoe months, Howsver, he did find

that magnesium reacted slowly with liquid ammonia
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solutions of salts of the alkall motals to form
magnesium emide., This behavior parallels that 1n
aqueous solutions,

Techniques involving the use of liquid ammonia
83 a sclvent heve been wall established and need not be
considered hera, The electrolytic apparatus used 1n
the present work consisted of a simple cell equipped
with a reflux condenser cooled by means of a dry ice-
isopropyl alcohol mixture., Flatinum leads to which the
magnesium electrodes were connected were sealed through
the glass cell, Armonla gas from a cylinder of anhyd-
rous ammonia was condensed in the cell by mesns of the
cooling mixture. No speclal precautions wore taken to
dry the ammonia gas prior to use., The electrolyses
wars performed at the bolling polnt of liquid ammonia,
the reflux condenser preventing loss of emmonia,

Three salts were used in the prepsration of the
electrolytic solutions. Sodium chloride, which was
found to be sufficlently soluble in liquid ammonie to
give appreciable currents without the use of excessive
voltages, was pulverized and dried at 1109 C. for 24
hours prior to use, The sodium chloride was trans-
forred to the electrolytic cell, and, after the cell
had been connected to the condenser, emmonis gas was
allowed to flow through it for two hours In order to

remove air and moiature., Ammonla was then condensed
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and electrolysis started., In a separate determination,
magnesium lodlde was used ss the electrolyte. Since
magnesium 1ocdide 1s relatively unstable in the presence
of light and molisture, the salt initially had & yollow
appearance and appeared to contain some moisture,
Eovwever, after ammonia gas had been passod over the
magnosium fodide in the elsctrolytic apparatus for two
hours the salt turned completely white, Some ammonia
wag then condensed on the salt eand allowed to evaporate
to facilitate the removal of molsture, After this
treoatment, ammonia was condensed and electrolysis
started, Nagnesium nitrate was treated similarly to
magnesium iodide, In this instance, however, 1t is
uncertain whether or not all the water had been removed
prior to electrolysis,

Since the investigations were of an exploratory
nature, the only quantitative data obteinad were the
initial mean valence numbers. These wore detoermined
by means of the equation given in the section dealing
with experimental methods. The mean valence numbers
obtained are prosented in Table VIII,

Vith sodium chloride as the electrolyte, the
mean valence number was greater than two, indicating
that an electrochemical oxidation in addition to the
dissolution of magnesium occurred. A blue color

developed at the cathode and diffused throughout the
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Table VIII

Yean Valence Numbersa in Liquid Ammonia Solutions

Ve, ¥g wt. Ag
Electrolyte Dlssolved Doposited V-
MaCl 0,0259 gms 0.2753 gms 2,39
MgIy 0.0443 0.3625 1.84
¥g{NO3) o 0,0235 0.2249 2.16

ontire solution. The blue color persisted until after
the conclusion of electrolysis. The anode was unie
formly coversed with a white deposit which was washed
off before the final welghing. There was no dotect=-
able loss in weight of the magnesium cathode,

with magnesium iodide as electrolyte, a mean
valence number significantly less than two was obtained.
The anode started to turn dark at the beginning of
clectrolysis, and somo black flakes feoll from 1t during
electrolysis, The black deposit was eesily removed
from the anode, leaving a shiny surface of magnesium,
The black flskes on the bottom of the cell turned
white when warmed to room temperature in the ammonia
atmosphers., A non-persistent blue color developed at
the cathode surface during electrolysis, There was no

detectable loss in waight of the magnesium cathode,
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With megnesium nitrate as the electrolyte, a
mean valence numbor greater than two was obtalned.
However, in thls instance, a black deposit developed
on the anode snd could not be removed, sc that accurate
wolghing vas impossible., The black flskes which fell
to the bottom of the cell retalned thelr color when
warmed to room temperature in the ammonia atmosphere.
No blue color developed at the cathode surface, and
again, thare was no detectable loss in weight of the
magnesium cathode,

From thoese preliminary Investlgations 1t appears
that the use of liquid ammonia as sgolvent might offer &
possible means of 1solating a black product froe from
magnesium hydrozide, slthough 1t might be contaminated
with magnegium amids,
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Summary and Conclusions

Magnesium dissolves anodically in aqueous salt
solutions with an initiasl mean valence number signifi-
cantly less than two. Thls behavior is accompanied by
an evolution of hydrogen which quantitatively corresg-
ponds to the oxidation of the mean valence "state" to
the dipositive state., These facts indicate that either
metalllc magnesium reacts non-electrolytically with
water, or that an intormediate 1la formsd as part of the
anodic process. The intermediate in the oxidation of
metallic magnesium to the dipositive state can only be
unipositive magnesium,

then any of & variety of oxidizing agonts is
added to the elsctrolytic system, the amount of hydro-
gen aevolved is decreased, and the added oxidizing
species undergoes reduction. Appropriate control tests
have indicated that these oxidiging apecles do not re-
act non-electrolytically with metallic magnesium,
although magnesium does react slowly with wator in
aqusous salt solutions. This type of behavior would
indicate that an intermsdiate is formed which 1s cap-
able of further oxidation in a competitive reaction
with water and the added oxidizing species. Similar
behavior, in varylng degree, has been observed in the

cases of aluminum, cadmium, and zinc,
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The intermediate has been shown not to involve
any product of the elsctrolyte used; the same general
effect can be produced in a variety of electrolytes,
such as sodium chloride, in which the anion is incap-
able of further reductlion, and sodium sulfate, in
which no reduced sulfate products or oxidized species
(peroxy compounds) have ever been detected,

Farther evldance that the observed behavior 1is
not due to a non-alectrolytically occurring reaction
between metallic magnesium and an oxidizling speciles
1s provided by a "sweep" electrolytic method in which
oxldizing specles have been reduced by the anolyte at
a short distance from the anodlc surface, VWithout
direct contact, there can be no poasibility of a
reaction between the added oxidizing specles and the
magneslum anode, regardless of whether or not the
metallic magnesium becomes "activated" in some fashion
by the current passage.

Data obtained with an intermittent direct
current also have indicated that the hypothesis of
activation of the anode while the current is flowing
cannot be valid., Any activation would tend to be
carried over into the part of the cycle when no current
1s flowing, and hence would result in a mean valence
number loweor than that obtained with a continuous

direct current, The data obtained in this work,



51
however, have shown thet essentially the same mean
valence number is obtained whether an intermittent or
a contlnuous direct current is used.

Vhen the electrolyses were performed at room
temperature, varying amounts, depending on the electro-
lyte, of & dark deposit were formed on the anode, When
the electrolyses were carried out in an ice bath with
sodium chloride as electrolyte, larger amounts of the
dark material were formed, and, by the appropriate
technique, quantities of black material adequate for
analysis were isolated, Thils substance appeared to
consist of a mixture of magneslum hydroxide and a
black product which had reducing properties. It failed
to undergo reactions characteristic of powdered magnes-
ium metal, X-ray analysis gave a pattern character-
istic of an amorphous substance, whereas & control
analysis of a physical mixture of magnesium hydroxide
and finely divided magnesium metal in proportions
corresponding to the reduclng power of the black mater-
jal indicated that metallic magnesium could still be
detected at this concentration in magnesium hydroxide,
Although these results are not completely decisive,
they strongly indicate that the black product does not
contain finely divided metellic magnesium,
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In summation, the evidence presented strongly
indicates that unipositive magnesium ion 1s formed as
part of the anodic process, Thils unipositive magnesium
18 ordinarily oxidized to the dipositive state either
by water or by enother oxidizing specles, but under
sultable conditions, it can enter into & dblack solid
which can be isolated in an impure form, Vith the
appropriate technique, the unipositive magnesium ion
in solution may be removed & short distance from the
anode, so that 1t may exhibit 1ts reducing action

away from the anode surface,
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Part II

THE OXIDATION OF MAGNESIUM BY TRIIODIDE ION

Intreductlon

Part I of this work has been concerned with
ovidence for the possible existence of unipositive
magnesium lon, derived from astudles of the anodic oxid-
ation of maegnesium, Other expsriments have indicated,
however, that valuable informatlion might be gained also
from atudies of the chemical oxidatlon of magnesium,
Thus, it was discovered in thils laboratory that met-
allic magnesium is rapidly oxidlzed by an agueous
solution containing triiodide ion. This oxidation is
accompanied by a vigorous evolution of hydrogen and
by a pronounced liberation of heat., From the fact
that hydrogen 1s evolved, 1t 1is evident that the re-
action cannot be a simple oxidetion-reduction reaction
between metallic magnesium and lodine. Since there is
at least a possibility that unipositive magnesium
might be formed by chemlcal oxidation of motallic mag-
nosium, this reaction betweon metallic magnesium and

trilodide ion was subjected to further study.
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Historical Review

In the course of the work to be described,
evidence for the production of some form of magnesium
polyiodide was obtained, Purs aolid polylodides of
the alksline earth metals have not been 1isolated; this
fact 1s generally attributed to thelr high solubility
in water, However, phase studlies of the barium i1odide-
jodine-water system show thet at 90° C. a solution
saturated with respect to barium 1odide and iodine
contains these constituents in amounts corresponding
to the formula Ba(Iz)g (25). Yo solid polyiodides
wors isolated,

The most common polylodides are the trilodides,
although higher order compounds are known (26), The
stability of solid trilodides 1s apparently related
to the cationic size. Cesium, the largest alkall
metal, forms the most stable solld trilodide, The
atomic sizes ere still appreciable in the alkeline
earth group, and these elements " show a tendency to
form polyiodides™ (27)., Extensive studies of the
alkall metal trilodides and other polylodides have
been made; this literature, however, noced not be con=-
sidered here. A complets dlscussion and bibliography
is contained in Gmelin-Kraut (28),
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In general, ths polyhallides are water soluble,
although "dissolution 1s often complicated by hydro-
lysis" (29). 1Iodine can be extracted from solid tri-
iodides by msens of carbon tetrachloride, although
the amounts extracted are small and equilibrium is

roached only very slowly (30),
The dlasoclation constant of triiodido ion in

aqueous solution has been measured in a variety of
ways. Gmelin (28) reports &n average X value of 725

at 25° C, for the following expressions

" [I‘J[I-[Iel

From this, it 1s evident that conditions for equilib-
rium definitely favor the formation of trilodide 1ion,

particularly when excess lodide ion is present,



Experimental }Methods

The magnesium metal, of 99.8% purity, was
furnished by the Aluminum Company of America through
the courtesy of Dr. P, V. Faragher, All other
chemicals were of C., p. or Reagent grades,

Two types of aqueous solutions containing
trilodide ion were prepared; one consisted of a po-
tassium lodide-~1odine solution, the other of & maeg-
nesium lodide-1odine solution. With the potassium
jodide~iodine asystem, the starting solutlion wes 1 M
with respect to potassium 1cdide and 0,5 M with
respect to 1odine. At thils concentration of iodide
ion, iodine would not dissolve in a quantity equi-
valent to the potassium lodide, However, 1in certain
cases, 1t was desired to keep the solution saturated
with respect to iodine throughout the course of the
reaction, This was accomplished by the addition of
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excoss i1odine to the original aolution, The magnesium

1odide-1odine solution was 0.5 M with respect to mag-

nesium 1odide and also 0,5 M with respect to 1odine,

In this case, also, the solution could be kept satur-

ated with 1odlne throughout the course of the resction

by the addition of excaess lodine.

Since the reaction between magnesium metal and

trilodide ion, 1f not controlled, proceeds very
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vigorously, the constituents wore mixed with caution.
The general procedure for carrying out the reaction was
as follows, MNagnesium in the form either of rod or of
filings was introduced into the appropriate triiodlde
solution. Vvhen magnesium filings were used, small
quantities were added successively to the solution as a
means of controlling the reaction. The reaction was
allowad to proceed eithor until all the magnesium was
used up, as evidenced by cessatlon of hydrogen evolu~
tion, or, in the instances in which it was desired to
keap the solution saturated with 1odine, until only &
few crystals of solid iodine remained on the bottom of
the reaction vessel, In some cases, the rate of the
reaction was controlled by immersing the reaction
vessel in an 1lce bath, At the conclusion of the reac-
tion, the solution was filtered by means of a suction
filter and the solid product was washed with distilled
water until the washings were colorless,

In some cages, the wet product was analyged
directly in a menner to bs described below. In other
instances, the materisl was drled before analysis,
either by heating at 110°C. or by prolonged evacuation
at room temperature. The extraction experiments con-
sigted of succeasive extractions of either the wst or
the dry product with 100 ml. portions of carbon tetra-
chloride until the carbon tetrachloride was only
slightly colorsd.
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Methods of analysis. (a). Analysis of the wet

product. The wet solid was dissolved in sufficlent
standard sulfuric acld soclution teo yield three 50 co,.
aliquots, The three portiona were withdrawn by means
of a pipette., One of these portions was titrated
directly with standard sodium thiosulfate solution to
determine the free lodine content. In the second por-
tion, the free lodine was reduced to iodide ion by
sodium sulfite solution, and the resulting solution
treated with an excess of standard silver nitrate
solution. After titration of excess sllver nitrate
with standard potassium thlocyanate solution, total
1odine was calculated. It was found that excess
sulfite ion 4id not interfere with the silver nitrate
titration, In the third portion, the free iodine was-
reduced by means of sodium thicsulfate, and the ro-
sulting solutlion was titrated with standerd bame to
determine the hydroxide lon content, Ths sodium thio-
sulfate solution did not interfore with the hydroxide
ion determination. The resulting solution was used
for the magnesium determination by the pyrophosphate
me thod.

(b), Analysis of the dried product. In those
instances in which the product was dried according to
one of the previously discussed procedures before

analysis, the method of analysls was sltered slightly,
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A weighed sample of the material wams dissolved in a
known amount of standard sulfuric acid solution., The
free lodine was tlitrated directly with standard sodium
thiosulfate solution. The excess acld was thon titrat-
ed with standard sodium hydroxide solution and the re-
sulting solution uged for the magnesium determination
by the pyrophosphate method. A second welighed sample
was dissolved 1n sulfuric acid solution and the free
1odine was reduced by means of a sodium sulfite
solution, The total lodine content was determined by
titration with standard silver nltrate solution in the
usual msnner., Both of the above methods of analysis
wore checlted against known solutions of iodine and

1odide 1on and were found to be satisfactory,.
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Results and Discussion

The qualitative characteristics of the reaction
botween metallio magnesium and triiodide ion in aque-
ous solution are rather strliking, Vhen a plece of mag-
nesium rod 1s lmmersed in & solution of potassium
iodide in watsr, there 1a a very slow evolution of gas
which, as described in Part I, is characteristic of the
behavior of magnesium in aqueous salt solutions. How-
ever, if solid iodine is added to this solution, the
solution quickly becomes colored by the formation of
triiodide ion, and a vigorous evolution of hydrogen
commences, At the same time, the solution becomes
quite warm., If an insufficlent amount of 1odine is
added, the trilodide ion color eventually disappears
from the solution, leaving a white solid. However, if
fodine in excess of that required to react with the
magneslum is added, the metal 1s soon used up, Then
the resulting solution is filtersd, a dark brown to
black so0lid 1is 1solated,

Tho order of addition of the constituents is
immaterial., If a pisce of magnesium rod is immersed
in a saturated solution of iodine in water, there is
only a very slow reaction., However, as soon as po-
tassium 1odide is added, the reaction proceeds vigore

cusly. The same general behavior is observed if
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magnesium filings are used instead of the magnesium
rod, although, in this case, the various reactions are
somewhat more rapld,

Changes in pH were recorded during the course
of the reaction between magnesium and an aquoous
solution of triiodide lon. These changes are shown
in Taeble IX, where they are compared with pH changes
observed in reactions betwoen magnesium metal with

1odide ion and aslse with lodine solution.

Table IX

Keasurements of pH

Time KI sol, Iy gol, KIx sol,
{min,) (1 M) (sattd) (1 M KI, 0,5 M Ip)
0.0 7.35 6.41 7.00
0.5 10,00 10.45 9,18
1.0 10.13 10,57 9.29
2,0 10.27 10,68 0433
3.0 10,34 10,70 9.34
4.0 10,38 10,71 9,34
5.0 10,41 10,71 9.35

Distilled water - pH = 6.55

Sat'd solution of Mg(OH), in distilled water - pH = 10,21
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In each instance, an excess of magnesium filings
was added to the solution, The pH values were constant
after five mimutes. With the 1odine solution, the
l1odine color disappesred, but thers was no detsctable
evolution of gas, In the caso of the trilodide
solution, there was a vigorous evolutlion of hydrogen
and the solution bvecame very hot. It ls evident, from
conslderatlion of the pH of the 1inltial sclutions, that
the evolution of hydrogen from the trilodide solution
1s not a function of the hydrogen lon concentration,
since there was no detectable libsration of gas from
the lodine solution which was more acidic than the
triiodide solution, MNorsover, the liberation of
hydrogen from the trilodide solution c¢ontinues une
abated, even in the basic solution, so long as mag-
nesium and trijiodide ion are present. Therefore, ths
reaction cannot be a simple oxidation - reduction
reaction between magnesium and 1odine, but must in-
volve an intermediate which 1s capable of liberating
hydrogen from water. This intermediate is postulated
to be the unipositive magnesium ion,

The rate of the reaction is apparently
dependent on the concentration of the triiodide ion,
ag would be expected if the reaction involved this
componsnt, thenever excess magnesium ig present, the

reaction in the trllodide solution gradually slows
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down, However, as soon as more solld lodine is added
and the triiodlde ion concentratlion thus increased, the
reaction rate lmmedistely increases. If solutions more
concentrated in potassium lodide and 1odine are used,
the reaction proceeds almost violently., This same type
of behavior was noted in the ceses vhere magnesium
lodide was used inatead of potassium iodids.

As indlcated previously, a dark dbrown to black
s0lid wes 1solated from the solution after completion
of the reaction betwoen metallic magnesium and tri-
icdide ion, This solid conteined hydroxidse lon, mage
neslum, 1odide ilon and titratadble iodine., In soms
cases, the solld was subjocted to prolonged evacuation
and to hoating at 110° C, without removal of apprece
lable titratable 1odine, Carbon tetrachloride slowly
extracts 1odino from the solld, but as many as thirty-
nine extractiona have fsiled to remove all the 1lodine
from the originel solid, Therefore, thls solid must
contain some form of a magnesium polylodide, since
analysis has shown that, vhon the sample i1s dissolved
in acid solution, froe 1odine 1s liberated. Experi-
ments have shown also that ropsated washing of the
original solid with water willl eventually decolorize
the solild, particularly whon the product is obtained
from the magnesium lodlde-lodine system, Howaver, the

washings are colorless and, when acidified, liberate
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small quantitlies of fodine. This can be satlsfactorily
explaeined on the esssumption that, in the washing proe
cess, the hydroxide lon reacts with i1odine to form
lodate lon, or a comparable speclns, and lodide ion,
Indesd, evidence was found for the pressence, in many
of the solids, of some component vhich contains 1lodine
in an oxidation state of +1 or higher. Unfortunately,
this component, when present, interfered with the sube
soquent analysos for the remaining constituents of the
solld, No satisfactory proceduro wag devised for the
enalysis of i1odide ion end lodinse in the presence of
the component containing iodine In & positive oxidetion
gstate,

Irom consideration of the mathods of enalysis
doscribed in the sectlon dealing with expsrimental
methods, it 1s evident that the effect of the presence
of the component containing iodine in a positive
oxidation state would be to make both the hydroxide ion
and the free 1odine percentages higher then their true
values, Thesge affects were observed in the analyses
of several of the solids obtained, Re-washing of the
solids failsed to remove the interfering component
because the washlng process regenerated the interfering

component,
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Some typleal empirical compositions of the solid

ware ag follows:
(a)s 5.9 Mg(OH), * Mgy * Iy g
(b). 15,1 Mg(OH)y * Mgy gTp * I, ,
(0)s 30.3 Mg(OH)p * Mgz ,T5 * Iy, 6

Sample (a)} was obtained from a solution which was 1 M
with respect to potassium iodide and 0,5M with respect
to lodine. INagnesium filings were used in the reaction,
The solid was not extracted with carbon tetrachloride
and was anaslyzed according to the wet product analyt-
ical scheme described previously. It is evident that
there 1s insufficlent free lodine for the complete
formation of magnesium trilodide and that there is no
evidence for the presence of the interfering substance.
Sample (b) was obteined from a solution which was 1M
with respect to potassium iodide and saturated with
respect to lodine. Magnesium filings were used in the
reaction. The solid was extracted thirty-nine times
with carbon tetrachloride and was analyzed according
to the dried sample analytical scheme described pre-
viously., In this inastance, the results indicate the
presence of a small quantity of the component

containing lodine in a positive oxidation atate,
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Sample (¢) was obtained from a solution which was 1M
with respesct to magnesium lodide and saturated with
respect to iodine. Magneslium rod was ussd in the re-
action, The solid was drled by evacuation at room
temperature, In this instance, the results indlcate
the presence of a considerable quantity of the
interfering substance.

It ia interesting to note the behavior of the
dried samples upon dlssolution in acid solution. The
solution begina to turn brown as the solid dlssolves,
At first, the solution 1g clear, dbut, after a short
time, the solutlion becomss turbid and fine, feathery
particles of solild 1odine separate., These particlos
do not dissolve until thiosulfate solution 1s added.
The thiosulfate reduces some of the lodine to lodide
ion, which 1s capable of causing the dissolution of
more 80lid iodine by formation of the trilodide ion.
These observatlions are in accord with the fact that,
in dilute solutions of magnesium iodide, not even
equimolar quantities of lodine will Qdissolve. There-
fore, 1f the iodine 1s present in the solid as mag-
nesium triiodide, much of the iodine will be pre-
cipitated when the polyliodide 1is brought in contact
with water.

It 1s unfortunate that the solids obtained

contained the hydroxide ion, the presence of which has
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been indirectly responsible for the faillure to obtaln
accurate quantitative anslyses, Experiments were
undertaken to provide conditiona under which magnesium
hydroxide would not be obtained, One such experiment
consisted of keeping the solution definitely acidic
throughout the course of the reaction, In this case,
howaver, ne¢ solid product of eny kind was obtalned,
Another experiment was performed in a saturated benz-
oic acid solution. Here, again, no solid product was
obtalined.

No reference dealing with phsss studles of the
magnesium 1odide-~iodine-water system has been found,
However, 1t was detormined that, at room temperature
and in a solution saturated with respect to magnesium
iodide and iodine, no solid trilodide was obtained,

In fact, the solution does not even contain sufficient
lodine to correspond to the formula Mg(Iz),. There-
fore, from this consideration and from the results of
the experiments carried out 1n acid solution, it is
apparent that the hydroxide 1on 1s necessary for the
formation of the solld which has been deseribed in

this work, The exact function of the hydroxide ion has
not been determined, but there is clearly no definite
relationship between the hydroxide 1on content and the

1odins content,
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A dark solid product was also obtalned by the
addition of carbonate-free sodium hydroxide solution
to a triiodide solution containing magnesium ion., This
product had properties similar to those of the product
obtained as described asbove,

X-ray diffraction patterns were taken of two of
the dried samples. No concluslve evidence regarding
the structure of the solid was obtalned, The patterns
obtained gave no pesks corresponding elther to mag-
nesiun hydroxide or to magnesium lodide, (Fo data on
g0lid lodine were available,) The ebsence, from the
observed pattern, of the moat intense pesk of magnesium
hydroxide 1s especially noteworthy, and appesrs to
confirm the hypothesis of the formation of a hitherto
unknown compound,

On the besis of the evidence presented in this
work, the reaction may be assumed to proceed according
to somo combination of the followlng sequence of

reactions:
Ig +2Ng = I +2MgI

2MgI + 2I3 + 8Hny0 = ¥g(Ig)g + ¥g(OH)p + Hp + 21°
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Preliminaery investigations on the reaction
betwean mstallic magnesium and the magnesium bromide-
bromine~-water system have indlsated that a phenomenon
ocecurs vhich 13 gimilar to that observed in the 1odlide-
1odine system., 1In this instance, 2 yellow so0lid,
which contained titratable bromine, was obtained,
Hydrogon was also liberated in the reaction, This

reaction, howsver, was not further investigated.
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Surmary and Conclusions

An unusual reaction occurs between metalliec
magnesium and aqueous solutions contalning the tri-
iodide 1ion., The metallic magnesium dissolves with a
vigorous ovolution of hydrogen and a pronounced libor-
ation of heat, The evolution of hydrogen is not de~
pendent on the hydrogen ion concentration, since pH
meagurements have indlcated that the initial solution
containing the triiodide ion 1s less acidic than a
solution containing lodine in which the above resaction
does not occur, Morsover, although the solution be-
comes bagic as a result of the liberation of hydrogen,
the reaction still proceeds so long as both metallic
magnesium and the triiodide ion are present, There=-
fore, the reaction must involve an intermediate which
is capable of liberating hydrogen from water., This
intermediate is postulated to be the unipositive
magnesium ion,

The rate of the reaction has been found to be
dependent on the concentration of the triiodide ion.
This is evidenced by the fact that the reaction is slow
in dilute solutions of triiodide ion and becomes almost
violent in concentrated solutions,

A derk brown to black solld is formed during the

course of the reaction. Analysls shows that this
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polid; hitherto undescribed, contains megnesium ion,
hydroxide ion, lodide ilon and titrateble 1lodine., This
iodine caennot be removed to an appreciable extent by
aevacuation, by heating, or by extraction with carbon
tetrachloride = facts which indicate that the iodine
is chemically bound, Experiments indicate iodine in
a positive oxidation state is also present in small
quantities and interferes with the quantitative deter-
minations of the various constituents of the solid,
Attempts to free the solid from this interfering sube
stance were unsuccessful, The presence of hydroxide
ion appears to be essential to the formation of a
solid product of thls nature,

Although quantitative evidence for the exact
structure of the solid obtained 1s lacking, the facts
indicate that a magnesium polylodide 1s formed along
with the hydroxide., The reaction itself may be con-
sidered to involve the formation of unipositive mage
nesium as an intermediate, A possible mochanism has

been postulated,
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