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1.  INTRODUCTION

The rapidly growing deioand for magnesium and magnesium-
base alloys i1n the manufacture of aircraft has led to a
great amount of research iInto the corrosion characteristics
of these materials* The result of such research has been
the development of suitable magnesium alloys and protective
coatings to retard corrosion*

The standard electrode potential of magnesium lies be-
tween -2*35 volts and -2*34 volts at 25*C (hydrogen scale)*
Thus* magnesium lies next to aluminium in the electrochem-
ical series of elements* The atmospheric corrosion of
magnesium has been studied iinder conditions of Indoor and
outdoor exposxire. Under these conditions the initial attack
Is formation of a hydroxide film idiich has a tendency to
absorb carbon dioxide and moisture from the air* As a pure
metal* magnesium is attacked rapidly by hydrochloric* per”™
chloric* sulfiiric* and nitric acids* In hydrofluoric acid
the metal does not corrode at an appreciable rate* Magne-
sium metal is rarely* it ever, used iIn unalloyed conditions
for structural purposes* The corrosion rate is retarded by
alloying the metal with small quantities of aluminium*
manganese* and sine*

The purpose of this present Investigation was to study

the dissolution of laagnesium iIn strong acids* It was also



al_.ined to Investigate idiether laagnealum metal exhibits uncooh-
mon valence characteristics as reported in the literature*

TIxe strong acids included hydrochloric, perchloric, and sul*

fvarlc acids*



11.

The mechaniam of dissolution of magnesium metal In
aqueous solutions has been Investigated both under self
dissolution and anodic conditions* This review of litera*
ture 1i1s divided Into two major topics* (1) chemical
kinetics of the dissolution of magnesium, and (2) anodic

dissolution of magnesium In aqueous solutions*

Chemical Kinetics of the Dissolution of Magnesium

Mgneslum rapidly dissolves In hydrochloric, sulfuric,
perchloric, and nitric acids* In hydrofluoric acid the
reaction Is very slow* The factors affecting the rate of
dissolution of magnesium In acidic solutions have been the
subject of many Investigations”

Kilpatrick and Rushton™” have shown that at tempera-
tures above 50*C there are at least two reactions In agueous
solutions of strong acids* First, a reaction with water
Independent of hydrogen ion concentration, and second, a
reaction with water dependent on hydrogen ion concentration*
An explanation is offered from the extended theory of acid
and bases* For a strong acid such as hydrochloric acid. It
Is assumed that the following reaction goes practically to
ccmipletiont

HCI + Hjo + CI (1)



In tb« case of the reaction of the acid with magnesium, the

primary reaction ist
e HgO + 1iHg (),

This i1s followed by the reactions!

Mg”™ — » K™ (©))
(solid) (dissolved)
2H H. (@)

It i1s assumed that the metal i1s composed of taagnesium Ions
in solid state (Mg”) and free electrons* In weak acids,
such as acetic acid, the two authors emphasised that both
reactions take place at the surface of the metal, one due

to a reaction with protons and the other with undissooiated

acid molecules, 1ie«,

Mg — *» M= ¢ 2e ©)
¢ e— »H HjoO ®
HAe + e — »H + Ac- @)

The effect of stirring on the dissolution rate was
studied and the relationship was reported (for their
equipment), where k i1s the reaction rate constant 1in

omVca”™* min, and R is the velocity of the metal surface in

oVmin* The values of a and n for the reaction of magnesium
with hydrochloric acid were 0*139 and 0*362, respectively*
For the reaction of magnesium with acetic acid, the values

of a and n were 0*0179 and 0*362, respectively*



The effect of Tiscoaity on the rate of solution of
magnesium in hydrochloric acid was also studied* The
viscosity of the acid solution was varied by adding sodium
chloride”™ potassium chloride, magnesium chloride, and
potassium nitrate* No general relationship was found
between the rate of solution and the viscosity for these
additions* However, there was a definite decrease in dis-
solution rates when the viscosity of hydrochloric acid and
acetic acid solutions was increased by adding sugar and
glycerine* A plot of rate of dissolution of magnesium
versus acid concentration showed an intercept on the y<«axis*
In the case of the reaction with the strong acid, the inter-
cept was attributed to the rate due to reaction with water*
In the case of a weak acids, i1t was thought to represent the
rate due to reaction with both water and hydrogen ions*

(The reaction with water molecules is plausible, but there
would be no appreciable concentration of hydrogen ions at
sero acid concentration corresponding to the intercept*)

A mechanism of dissolution of magnesium In acid was
disc\issed from the point of view of both the diffusion
theory and chemical rate theory* The increase iIn rate with
stiz*ring speed indicated that the rate was probably diffu-
sion controlled* In strong acids, the rate would be
controlled by the diffusion of hydrogen i1ons to the metal

surface* In the case of weak acids, 1t would be both the



diffusion of hydrogen lon and of the molecular acid* No
explanation for a diffusion reaction of magnesium with water
was offered because no dIff\ision layer was thought to exist*
A hydrogen film had been eliminated as a diffusion layer by
showing that the rate was not affected by the addition of a
depolariser* The temperature coefficient for the reaction
with hydrochloric acid was found to be 1*75 (temperature
coefficient - "35*c/N25*CN* temperature coefficient for
the reaction with acetic acid was reported to be 1*69»

Since the temperature coefficients were less than two, a
diffusion controlled mechanism was favored again* This
still offered no explanation for the water reaction mechan-
ism*

In the case of weak acids, it was fo\md that for a
constant hydrogen ion concentration, the rate of reaction
was proportional to the concentration of undissociated acid
present* This supports an argument of chemical-rate theory
which states that for a chemical reaction, the rate is pro-
portional to the concentration of acid present* It was also
mentioned that this rate could be diffusion controlled* The
results of experiments to test the influence of viscosity on
the rate of dissolution were reported to be definitely
contradictory to the diffusion theory* According to diffu-
sion theory, the rate of dissolution should decrease with an

increase iIn viscosity of the solution* It should be pointed



out that the authors may have affected other variables of the
reaction solution and surface as well as the viscosity by the
salt additions.

The principal conclusion from their measurements was
that the dissolution of magnesium could not be explained
with "the old diffusion theory"™ %*hose criteria are! (1)
different solids dissolve at nearly the same rate, () stir-
ring has marked effect on the rate, (3) the rate of solution
iIs inversely proportional to the viscosity, (4) the rates
observed are proportional to diffusion coefficients for com-
parable conditions, and (5) the temperatiure coefficients are
small compared to those of chemical reactions*

King and Cathcart™ determined the diffusion coeffi-
cients of a mxmber of weak and strong acids iIn the presence
of their magnesium salts* The diffusion rates were measured
in porovM glass disk cells of the type described by McBain
and Dawson(lz)- Dissolution rates of magnesium were also
determined In these acids containing the same salts xmder
similar conditions of acid strength and salt concentration*
The dissolution rates were measured by rotating magnesium
cylinders (approximately 2*5 cm long and 2*0 cm in diameter)
in 250 ml of the acid solution* The temperature of the
solution was maintained at 25 ~ 0*5*C* The dissolution rate

constants (k - ca/cm *fAIn) were found not to vary in the



same manner as the diffusion coefficients (D = cmVMiiN)™*
The weak acids yielded low dissolution rates apparently
explained by the fact that these acids hare salts of low
solubility which form a film on the magnesium surface*
Other diserepenoies among certain acids could not be
explained*

A log-log plot of k versus D gave a straight line for
their data* Ihis strai”™t line was represented by the
equation k - 0*36D®**®* According to the authors* this
exponential relation is consistent with a diffusion layer
whose thickness increases with Increasing diffusion coeffi-
cients* It was concluded that the dissolution rates were
in agreement with their modified Nernst*s theory idiioh
states that the layer involved in diffusion can not be a
stagnant layer* and that the thickness of this layer must
vary trith the diffusion coefficient of the reagent* increas-
ing as the latter iIncreases*

James™ claims that he obtained dissolution rates in
various acids by eliminating diffusion effects* The diffu-
sion effects were eliminated by using an apparatus similar
to that employed by Weissberger* Mains* and Strasseri™*

%
It was found that the reaction rates were not affected by
1
shaking above a critical shaking speed of 220 cycles per
minute* In the reaction vessel* one millimole of magnesium

metal was employed in the form of finely divided shavings



(60»d0 mesh) with an excess amoxmt of acid* 1 shaking speed
of 400 cycles per minute was normally employed* All runs
were carried out In an atmosphere of nitrogen* In the case
of reaction with hydrochloric acid, the observed rates were
considered due to reaction with hydrogen ions (HYO™)* In
the case of weak organic acids, such as acetic acid, the
measxu“ed rates were those with undissociated molecules*

The effect of salt additions on the reaction rate was also
investigated* Sodium chloride was found to have negligible
effect upon the reaction of magnesium with acetic acid, al-
though i1t affected the diffusion coefficients* liuwever, the
salt did increase the rate of dissolution iIn hydrochloric
acid* Magnesium chloride increased the rate of solution in
hydrochloric acid to the same extemt* Sucrose was added to
a 0*01 molar acetic acid solution iIn two different concen-
trations* The rate constant decreased with an iIncrease Iin
sucrose concentration, indicating an effect of viscosity on
the dissolution rates* Activation energies for the acetic
acid and hydrochloric acid reactions were reported to be
5100 and 4920 calories, respectively.

It 1s generally considered that the reaction of a metal
with aqueous solutions consists of three stepsl (1) diffu-
sion of reactants to the metal surface, (2) reaction of
the metal with the reactant, and (3) diffusion of reaction

products away from the metal surface* Since James claims
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that the diffusion effects were eliminated, he asswuaes that
the rate controlling step Is that of the acid reaction with
electrons at the metal surface* As such, the activation
energies of 5»100 calories and 4*920 calories would indicate
that the chemical reaction at the metal surface has a low
activation energy compared to that for a "normal’™ chemical
reaction tdiich la 14*000 calories or above* The results
obtained by James could also favor a diffusion controlled
mechanism, because those activation energy values lie in the
range ifdiere diffusion is usually controlling, i1*e*, the dif-
fusion temperature coefficient iIs equal to or greater than
the chemical activation energy* Too, since the rate of
reaction decreases with sucrose additions* It seems that the
diffiuiion effects have not been completely elindnated* Xt
Is possible that for the geometry of his apparatus, the
diffusion effects Just are not observable above the critical

shaking speed of 220 cycles per minute*

Anodic. PIssQiutiPO of Magnesium Metal in

In the last sixty years considerable work has been done
to explain a mechanisa for the anodic dissolution of magne-
sium metal iIn aqueous solutions* Xt has been found that

magnesium anode consumption measured in terms of hydrogen
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evolution is very ntuch greater than predicted by Faraday*a
Law for divalent magnesium lon formation* To account for
such an excess consumption, two hypotheses have been
reported In the literature* The First one explains the
anodic dissolution based on the assumption that the metal
enters the solution as the univalent i1on* The second
hypothesis assumes that the anodic dissolution la film con-
trolled and as such the behavior of magnesium can be
explained by divalent lon formation* Recently, the "chunk
effect"(ll) has been proposed as a third possible explana-
tlon*

In the electrolysis of sodium sulfate solution between
a magnesium anode and a platinum cathode, Turrentlnerz)
explained the behavior of the magnesium anode on a basis of
univalent lon formation* However, the existence of the
univalent lon was not proved*

Klelnberg and co-workershave tried to prove
the existence of magnesium lons of lower valence, but their
attempts to identify such i1ons were unsuccessful* Recently,

a4,

Petty, Davidson, and Klelnberg calculated the initial
valence number (V) of magnesium i1ons In various electro-
lytes using msgneslxui electrodes The electrolytic cell was
connected In series with a full-wave rectifier (the current

source), a silver co\;aocaeter, and an ammeter* The quantity
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of electricity passing through the circuit was measured with
the silver coxilometer. An oxygen-free nitrogen atmosphere
was maintained over the solution In the anode compartment*
The Initial valence number, V», of the magnesium lons formed

was calculated by means of the equatloni

V, 311ivgh In
1 1107«od) (Wt. of magnesium lost from anode)

The valence number was found to lie between one and two*
This was explained by the hypothesis that '‘the primary reac-
tions at the magnesium anode consists In the oxidation of
the metal to both the unipositive and the dlposltlve state'*
The former, a strong reducing agent, undergoes the following
secondary reaction with the solvents
Mg™*“ + 2H20 —  2MgOH™*" o @

In order to prove the existence of univalent magnesium lons,
further electrolysis was carried out with electrolytes con-
taining oxidising agents other than hydrogen lon* Agents
such as MO]®, and CIO™ gave reduction products In the
anolyte other than gaseous hydrogen, Indicating a possible
existence of Mg™~ The appearance of an Insoluble black
product was also reported* However, the efforts to ldentify
unlposltlve magnesium ions were unsuccessful*

Qreenblatt™” electrolysed NaCl solution usings mag-
nesium anode of 99*92” purity and determined the magnesium

In the anolyte, the magnesium In the corrosion product, the
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total hydrogen gas evolved, and the weight loss of magnesium
anode* He found that the magnesium entering Into the solu-
tion, the Insoluble magnesium retained In the corrosion
product, and the weight of magnesium calculated from the
current were approximately In a one to one ratio with each
other and that all of these quantities were roughly equal to
one half of the total weight loss (60% current efficiency)*
To account for the 50% efficiencies of the magnesium anode,
he assumed that the self-corrosion reaction, both under
anodic conditions and while the circuit was open, prooeded
at the same rate* Ihe conclusions were that the magnesium
dissolved In the solution primarily as a univalent lon,
followed by a reaction of the univalent lon with water
leading to the normal divalent state* This latter reaction
was speculated as occurlng at the surface between an
absorbed water molecule and univalent magnesium lon* The
following series of reactions were proposed to explain the

data obtained!

Mg- Mg e O
2Mg*

— ~“MgO -f Mg (10)
amMgt-.-Mg"~ Mg (11)
Mg-— + 2e (12

Mg HgO— ._.MgOHj (13
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Reaction (9) was favored over reaction (12) as the heat of
hydration of magnesium Is 33 Kkilocalories less than the
lonisation potential of Mg =

KakoulIna and Kabanov™” Investigated the anodic
dissolution of magnesium in magnesium sulfate solution*
Their results were in accord with the conclusions drawn by
Qreenblatt* They also assumed that the hydrogen evolution
from the anode was not film controlled*

Hoey and Cohen™ give several possibilities for anodic
dissolution, among idilch the following Is mentlonedt

2Mg — » Mg*™Mg ¢ 2e (@)
Mg*™Mg ¢ aHgO — Mg"™ + H4(0H)2 H™O (15

Reaction (15) shows «diy the corrosion products have a ten-
dency to evolve hydrogen* A Mg(OH)2 film was identified on
the magnesium anode by X-ray analysis and the presence of
free magnesium particles In the corrosion products was
observed by mlorosoplc examination*®

The film controlled behavior of the magnesium anode has
been postulated by Robinson and KIng™™, Higginsand
Roald and Beck™™* The Increase In hydrogen evolution on
11agneslum with increasing anodic current density has been
termed as the negative difference effect* Bloblnson and King
consider this negative difference effect to-result from film

control In agueous solutions of MgBr2 and NaBr, and to be
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responsive to processes of filio repair and film damage* In
the absence of external ciirrent, the magnesium anode forms

a protective magnesium hydroxide film* Upon the passing of
anodic cxirrent™ such a film la postulated to be damaged due
to a build-up of soluble magnesium salt and thereby the un-
protected areas react with water In a fashion comparable to
the reaction between sodium and water. Thus, the increased
rate was explained to be directly proportional to the unpro-
tected areas* This explanation is limited to electrolytes
containing anions capable of forming soluble magnesium salts.

Higgins also supports the hypothesis that the Increase
in hydrogen evolution on the magnesium anode while a current
is flowing is due to the breakdown of a protective Mg(0OH)2
film* This allows hydrogen to be formed at local cathodes
due to EImpurities*

Roald and Beck studied the anodic and cathodic dissolu-
tion of magnesium in 0*045 N hydrochloric acid and foimd
that the difference effect (under anodic conditions) was
equivalent to two thirds of the current density up to 0*07
anp/ciB™* They concluded that the external current has some
effect on the ourrent-oarzylng-lons in the diffusion layer
rather than on the local anodes* These authors also report-
ed the formation of a dark precipitate on the magnesium
anode, and suggested that the presence of free magnesium

particles gave the precipitate its dark color*
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Recently, Marsh and SchaschI™™ have proposed the
"chunk effect” to explain the negative difference effect on
steel. They discard the film disruption theory in highly
corrosive solutions because there is the least possibility of
the film to be present under such conditions. They suggest
that idien steel corrodes at a high rate, the corrosion pro-
ceeds with the removal of 'chunks"™ of 1ron containing several
atoms. According to the authors, dissolution by chunks would
explain the negative difference effect, if i1t is assumed that
the chunks are being also removed during free corrosion.
Thus, under the anodic condition, the metal would not dis-
solve as predicted by Faraday*s Law, and the observed corro-
sion rate would be given by

- Ixe 1. ¢h @6)
where. el corrosion rate expressed as
equivalent current density
AX * corrosion current iIn accordance with
Faraday equivalence
“m local action current density
« chunk effect corrosion rate expressed
as equivalent current density
If IS sero, the observed corrosion rate (1) equals the

freely corroding rate (I1”U Under this condition

o "™ Noa ~ob
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In this case and are the particular local action and

chunk effect rates occurlng together which are measured as

the freely corroding rates*
It was also suggested that the chunk effect and anodic

polarisation occur on the same piece of corroding metal*

Thus either the positive or negative difference effect may

be observed, depending on the corrodent*
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111.  EXPSaiMENTAL

The purpose of this present investigation was to study
the dissolution of magnesium In strong acids. It was also
aimed to iInvestigate whether magnesium metal exhibits
uncommon valence characteristics as reported in the litera-
ture™M* N\ The strong acids i1ncluded hydrochloric, per-
chloric, and sulfuric acids.

The experimental plan consisted of the following major
phases! (1) the effect of acid concentration on the disso-
lution rates, (2) the Influence of temperature on the
dissolution rates, (3) the difference effect on magnesium
metal dissolving In the acids, and (4) the electrolysis In
aqueous solutions using a magnesium %node.

The description of each iMase tQﬁJ Include apparatus,

method of procedure, data, results, and sample calculations.

Materials

The list of the materials used in this investigation
is given In the Appendix, pages 96.

The Effect of Acid Concentration on the Dissolution
Rates.

Apparatus. The apparatus used was the same for the
rate studies in hydrochloric, perchloric, and sulfuric

acids. It consisted of a reactor flask of 500 milliliters
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capaclty, equipped with a mercury-sealed stirrer to which a
polyvinylchloride foot was fitted to hold the mounted magne-
sium samplef and a gas burette for collection and measure-
ment of the hydrogen evolved during dissolution* The reac-
tion flask was Immersed in a constant-temperature water
bath, which was controlled within * A stirring
speed of 200 revolutions per minute was™ iemployed in the
rate studies. The apparatus used for the rate st“udies was
the same as that employed by Johnson™

Procedure. A specimen of approximately one square
centimeter area was cut from a bar of magnesium metal of
99*999 per cent purity. It was filed to reduce the area to
one square centimeter, plus or minus two per cent, Tnils was
checked by using a micrometer* The specimen was mounted 1In
lucite 1In a metallographic mounting press* The mounted
specimen had one side exposed* leaving an area of 1 cm2 for
the reaction. This side was ground and polished iIn a manner
previously described Before being subjected to a dis-
solution rate study the specimen was etched with a concen-
trated solution of the acid under consideration. The sample
was then attached to the stirrer foot with beeswax.

Three hundred milliliters of the acid solution were
used iIn the reaction flask for the rate studies. The reac-
tion flask was placed iIn the constant-temperature bath in

such a position so as to insure the submergence of that part
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of the flask which contained the acid* The reaction flask
was allowed to stay in the water bath for about one hour to
bring the system to constant temperature before starting a
run. The hydrogen gas evolved during the reaction was
collected in the gas burette. The rate of dissolution was
followed by recording the gas burette reading at definite
time iIntervals. The temperature and pressure at which the
gas volume was measured were recorded. Using this informa-
tion, the volume at standard pressure and temperature was
calculated. The rate was expressed in cubic millimeters of
hydrogen at 3TP per square centimeter of magnesium surface
per minute (Nmi~/em™.min).

The procedure employed was the same for all the acids.
A detailed step-by-step procedure for this phase of expez”
imentation has been described previously

Data and Results. The data obtained for this part of
the measurements are shown In the Appendix, pages 97
throix”™ 173*

Before attempting to investigate the rate, it was
necessary to establish the stoichiometry of the dissolution
of magnesium. The apparatus used was the same as described
above with the exception that no stirrer was used. A
weighed quantity of pre-etched magnesium metal (unmounted)

was dropped Into the reaction flask containing the acid.

The total volume of hydrogen gas evolved was collected In
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the gas burette* This woliime was corrected to standard
conditions and compared with the calculated standard volume
theoretically evolved from this weight of metal dissolving
with the normal valence of two* “fhe data for this part of
experimentation Is given In Table 1, page 22* The deviation
of experimental volume from the calculated volume was not
more than three per cent.

Since the rate studies were Investigated In hydro-
chloric* perchloric* and sulfuric acids, a brief account of
the results for each acid follows separately*

Hydrochloric Acid. The dissolution of magnesium

In hydrochloric acid was carried out In four different

acid concentrations (0*05» 0*10, 0*25* and 0*50 N) for

each temperature under Investigation* The plot of acid

concentration versus the dissolution rate showed a

linear relationship up to 0*25 N HCI* This Indicated

that the dissolution rate Is directly proportional to
the HCI concentration up to 0*25 N* In general, the
direct relationship (up to 0*25 N) oo be expressed by
the following equation!

dv/dt - k (HCI)" (18
where, dv/dt - hydrogen evolution rate, raoP/cni’min

k » reaction rate constant
(HCD) “* hydrochloric acid concentration,

equlvalent/llter
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TABLE 1

Data Used to Check the Stoichiometry of Magnesium

we. of Mg Volume of H2 at STP
gm Expt. ml Calculated ml
0.0746 70.40 6S.75
0.0709 64.16 65.34
0.0661 61.60 60.92

0.0655 61.32 60.37
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n < order of reaction
Figures 1 and 2 on pages 24 and 25 show the effect of
hydrochloric acid concentration on the dissolution rate
at various temperatures* The data used to make the
plots are shown In Table Il, page 23* The slopes of
the straight lines In the log-log plot (Figure 2) were
calculated by the method of least squares, giving an
order of reaction vaiylng from 0*93 to 1*20* The order
of reaction was considered to be equal In all of these
concentrations, although a slight Increase In order
with the Increase of temperature seems to follow from
the plot*

Perchloric Acid. The dissolution of magnesium in
perchloric acid was observed In concentrations varying
from 0«05 to 0*64 N* The data are summarized In the
Table Ill« P*ss 27* The effect of acid concentration
on the dissolution rate Is shown In Figures 3 and 4
pages 29 and 30* It can be seen that the rate of
hydrogen evolution Is proportional to the perchloric
acid concentration up to 0*32 N* Figure 4 shows the
log-log plot of rate versus acid concentration* This
plot was used to calculate the order of reaction* The
slopes of the straight lines vary from 0*93 to 1*14»
Indicating that at low concentrations (below 0*32 N)

the reaction obeys first-order Kkinetics with respect
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TABLE 111

Hydrogen Evolution Rate for the Dissolution of Kg Metal

HCIOf Cone =

Equly .
liter
0.64

Ave.
0.32

Are.
0.13

Ave.
0.064

Ave.
0.50

Ave.

Perchloric Acid

5*C
2,724.6
2,650.3
2,6N7.5

1,162.0
1,203.9

1,163.0

422.
419.

421.

203.
207.

N phO N OO

205.

35*C

6.695.6
9.206.6

9,052.2

2,434.0
2,362.4

2,406.2

667 .4
956.4

921.9

504.3
497.0

500.7
4,723.1
4,672.6
4,934.3

4,643.3

45*C

14,945.4
14,697.7

14,921.5

3,270.6
3,294.3

3,262.5

1.129.5
1.100.6

1,114.7

516.6
529.6

523.1

in

Hydrogen Evolution Rate - nurYcm™min at 3TP
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TABLE 111

todrogen lyolution Rate for the Disaolution of hg Metal in

perchloric Acid (con*t)

HCI10N Cone* Hydrogen Evolution Rate- mm~/cm”™min at STP
Equlv.
liter 25*C
0,50 3,727.8
3,718.6

Ave, 3,723.2

0,25 1,420.5
1,429.8

Ave, 1,423.2

0.10 556.8
560.8

Ave. 558.8

0.05 268.2
275.7

Ave, 272.0
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to perchloric acid concentration* Using the nomencla-
ture of equation (Id), the rate of hydrogen evolution
in perchloric acid is expressed as follows!
dv/dt - k(HCIOMN 9
where, (HCIO ) * perchloric acid concentration,
¢ in equlvalent/liter

Sulfuric Acid* Table IV page 32. and Fi“es 5
and 6, pages 33 and 34 show the rats of hydrogen
evolution iIn solutions of 0*05. 0*10, 0*25. and 0*51 N
N2N4* straight line relationship exists up
to 0«25 N "2/N4* 0.25 N the dissolution rate
Increases rapidly at teaperatures of 25*C, 3%*C. and
45«2*C* This causes the curve at higher conoentratlon
to become exponential* From the log-log plot (Figure 6)
the slopes of the strali™t lines vary between 0.99 to
1«<05. This indicates that the reaction is first order
within experimental error at concentrations below
0.25 M

The hydrogen i1on concentration la each of the
above acids at 25*C was calculated using the per cent
dissociation values from the literature* For sulfuric
and hydrochloric acids the apparent per cent dissocia-
tion values were available in very dilute solutions®
The per cent dissociation values of perchloric acid

i n 1
were available at concentrations above one normal( O)
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The values for low concentrations were obtained by
extrapolating this data. A log-log plot of hydrogen
evolution rate versus hydrogen lon concentration at
25*C Is shown in Figure 7* page 35. The hydrogen
evolution rates In hydrochloric and sulfuric acids are
about the same at a given hydrogen lon concentration.
However, for the same concentration In perchloric acid,
the rates are lower than those In hydrochloric and
sulfuric acids. This shows that the reaction mechanism
in hydrochloric and sulfuric acids may be similar. A
linear relationship between the dissolution rates and
hydrogen 1on concentrations in hydrochloric and sulfuric
acid extends over the concentration range covered in
this study. The slope of this line is calculated to be
1.16. Thus, the dissolution of magnesium In hydro-
chloric and sulfuric acids Is approximately first ozxier
with respect to the concentration of hydrogen ions. In
perchloric acid the direct proportionality between the
dissolution rates and hydrogen ion concentrations
exists up to 0*32 N. Above 0.32 N, the dissolution rate
Increases rapidly In a manner similar to that shown In
Figure 4, page 30.
Sample Calculations. The method used for calculation of
rates In sulfuric, hydrochloric, and perchloric acids Is the

same.
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Calculation of Digflolutlon R&tea. For purposes of
i1llustration, the dissolution in sulfuric acid has been
selected. The following shows the calculation of
average maximum hydrogen evolution rate at STP (0*C and
760 nn Hg). The data used is taken from Table LIX,
page 15d.

t - average thermometer reading during the run

- 30"2*C
T - absolute temperature of hydrogen
- 3072 ¢ 273.2 - 303.4*K

,P - average barometric pressure - 735.7 mm Hg
Pressure correctionst

(1) corrections for vapor pressure of water at

>0.2*C » 32.2 mm Hg

(2) temperature correction for brass-scale

barometer « tm Hg
Corrected average pressure of hydrogen - 735.7 - 35.7°
« 699.9 mm Hg
dv « iIncrease in volume of hydrogen over each
definite Interval of time mnPcm*#

dv STP 'm the iIncrease in volume of hydrogen during
the time interval reduced to standard
temperature and pressure.

- - 0.d292 dv iIn cubic

millimeters (Mm3).



The values of dv STP have been calculated by the above
method and are shown In the third column of the table
from which data was taken. The average maximum dv was
calculated by averaging those values which were practi-
cally constant during a period of the run* This value
was calculated to be 2,239 num™ over the time Interval
of 6 minutes* The average maximum rate per unit area

per minute was obtained from the equationi

idiere R Is the rate in mnPcm““rain“”, dv Is the average
maximum value in cubic millimeters, A is the surface
area of the specimen In square centimeters, and dt 1is
the time interval (minutes) over which the measure-
ments were made* Substituting the values Just obtained
for this i1llustration givest

R * " 373*1 mm~em™Mmin*A

Calculation of Hydrogen lon Concentration, The
complete dissociation of hydrochloric acid is given by
the expression!

HCI—- H*'+ Cl~ 20)
For 0«50 N HCI at 25*C the value of per cent dissocia-
tion 1s about per cent™™""* As such the hydrogen
ion concentration is given by

e 0*50 x 0*S4 « O«1f2 equivalent/liter



The values of hydrogen lon concentration In other acids
were calculated i1n the same manner. A log-log plot of
hydrogen 1on concentration in all the acids (at 25*C)
versus the corresponding hydrogen evolution rates 1is
shown in Figure 7, page 35.

2. The Influence of Temperature on the Dissolution Rates.

Apparatus. The apparatus used was the same as that
described previously”™» and as briefly discussed in the
previous section on the measurement of rate studies in
acids.

Procedure. The procedure employed was the same as
described i1n the dissolution rate studies. A detailed
step-by-step procedure has been described previously”

Data and Results. The data collected are presented iIn
the Appendix, pages 97 to X63 and have been summarised in
Tables 11, I11. 1V. pages 23, 27, and 32. The values of the
reaction rate constant were calculated by assuming that
the order of reaction was equal to one (calculated values
of Il were very close to one, see pages 26 and 31)* Values
of at different concentrations for a specific temperature
are given in Tables V. VI. and VIl on pages 40 through 42*
The average values of shown do not Include the values of ™
at 0.50 N or higher acid concentrations because the log-log
plots of reaction rate versus acid concentration (Figures 2.

4, and 6. pages 25. 30. and 34) show a linear relationship
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TABLE V
B»actlQa Rate Constanta for the Dissolution of Kg Ketal 1in

Hydrochloric Acid

Reaction Rate Conatjunt, K. \cm?2. ramm™

Cone* equiv/Iiit)
Eouinv. *

litir 5*C 15*C 25*C 35*C 45*C
0.05 4,692 5,216 6,504 6,846 8,450
0.10 4,455 5,086 6,888 7,834 9,994
0.25 4,199 5,053 6,913 7,900 11,690
0.50 4,294 5,585 9,002 16,510 25,440

4 ,449* 5,118* 6,768* 7,527* 10,010*

*Th« value of k at 0.50 N HCI was not included to obtain
ay«rage k*



HCI104
Cone*

Equiv*
TTW F

0.05
0.064
0.10
0.13
0.25
0.32
0.50
0.64

Ave. «k
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TABLE VI

Perchloric Acid

Reaction Rate Constant, Kk,

5*C

3,224

e
3,301

(4

3,708
w
4,212

3,411*

15*C

4,571
m
4,570
4,507
6,510
4,549

25*C

5,418
5,566
5,%70
7,;17

5,551*

nuxK

(cm™ _minHequiv/lit)

35*C

7,848

7,225

e»

7,549
9,648
14,190

7,541

45*C

8,199
8,;36
10,290
23 ,3_9 0

*  9,075*

*"The value of k at and above 0*50 N HC10> were not
included to obtain the average k*
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TABLE VII

Sulfuric Acid

H2302, ) omP
Cone* Reaction Rate Constant, k. (a2, Fflin)(equiv/1 1Y)

Eouiv.

liter 5*C 15*C 25*C 35*C 457*0
0.05 3,25« 3,946 4,302 "Ne532 6,953
0.10 3,420 4,271 4,720 6,266 7,597
0.25 3,447 4,196 4,773 6,423 7,640
0.51 3,271 4,221 5,U3 3,354 14,521
Ave. Kk 3,375* 4,133* 4,765 6,409* 7,393*

*The value of k at 0*50 N HASO| was not Included to
obtain the average k«



at all temperatures only for the lower concentrations.
Average values of A<at various temperatures for hydrochloric,
perchloric, and sulfuric acids are summarised in Table VIII,
page 44. Data from Table IX, page 45 were used to make the
Arrhenius plots (log k versus I/T) shown in Figure 3, page
4b. From these, the activation energies were calculated.
The activation energy for the dissolution of magnesium 1in
perchloric acid i1s 4<4 ~*3 Kkilocalories, 1in hydrochloric
acid 3.6 ™ 0.3 kilocalories, and in sulfuric acid 3*7 + 0.1
kilocalories. The values for hydrochloric and sulfuric acids
can be considered equal within the limits of experimental
error.

Sample Calculations. The following shows a sample cal-
culation of the reaction rate constant activation energy
£a. and the deviation of the activation energy for the dis-
solution of magnesium iIn hydrochloric acid. The same method
of calculation was used for the other acids.

Calculation of Raaction Bate Constant. Data used
were taken frcHs Table 11, page 23 for a reaction temp-
erature of 15*C.

dv/dt < k(HCDH) "~ (Equation 18, page 21)
But n 1, since the order of reaction is equal to one.
Therefore,

«16 for 0.05 M HCL.
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TABLE IX

of Hk Metal in Hydrochloric. Perchloric, and

Sulfuric Acids

Temperature asmHaon) Los

-C K 14N HaSOMN* HCIOV™*

5 Zita 3.595 3.5282 3.5329
15 ztta 3.467 3.6l16d 3.6580
25 298.2 3.3534 3.6781 3.7440
35 308.2  3.2446 3.806S 3.8775
45 318.2  3.1426 3.9578
45.2  318.4  3.1407 3.8691 -

*AT«rag« value obtained frora Table VIII.

HCI™*

3.6483

3.7091
3.830A

3.8766
4.0000
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Similarlly,
k - 5,086 for 0.10 N HCI
- 5,683 for 0.25 N HCI
- 5,585 for 0.50 N HCI
Excluding th« value of at 0.50 N HCI, the average

value Is

k « 3 e 5, 1id at 15*C

Calculation of Activation Eaargy. The data for
this calculation were taken from Figure 8, page 46
for the dissolution of magnesium In hydrochloric acid.

log k = log e 4 log A (Arrhenius Equation)
or

log k - -0.434 2Ra (/1) 4 1log A
The slope of the straight line from the Arrhenius plot
IS -773*6. Thus,

-0.434 ~ ~ -773.6

Bt » 3,5” calories - 3.56 kilocalories
A similar method of calculation was used to obtain the
activation energies for sulfuric and perchloric acids.

Calculation of the Deviation of the Activation
Energy. The data used In this calculation were taken
from Table V. From the Arrhenius equation.

In k - In A - EA/RT D



Taking the differential,

where,
k “ reaction rate constant
T reaction temperature
R ' gas constant
Ea =« activation energy
A  frequency factor (a constant)
The numberical values to be substituted in the above
equation (22) will be such as to maximise the error 1in
fa«
R - 1.9n7 cal/gm raol»K
T - 45.0*C - 31".2*K (the largest value for the
reaction temperature used to maximise the
error iIn £a)«

/AT M 1C* > IK* (the vrater bath temperature was set
within + 0.1*C. As such the maximum error
allowed from the set tonperature iIs taken as
equAl to 1C*).

i/t2 TSeITTTIP (The minimum value
of the reaction temperature).
k 11,694 - 10,012 » 1,632 (Maximum deviation of

k from the average value).

" SOV .-
4,199 %cra“%ﬁn)(EquIv/l?fe;S (Manamum



—49-

value of K).
En - 3g"dO calories (value of experimentally
determined activation energy)*
Sa - (1.9"7)(3ia.
calories m 0*263 kilocalories m 0*3
kilocalories approximately

The deviation of + 0*30 kilocalories for the activa-

tion energy of 3*560 kilocalories i1n hydrochloric

acid should be a conservative estimate*

3. The PIfference Effect on Fiagnesium Metal Dissolving in
Acids. The difference effect on magnesium metal was
measured in hydrochloric, perchloric and sulfuric acids at
25*C* The concentration of the acids employed varied from
0.05 N to 0.50 N*

Apparatus* The apparatus used was the same as described
previously»™"* A three«necked reaction flask of 500 lailli-
liter capacity was used to hold the acid* A magnesium anode
and a platinised-platinum cathode was placed in the center
neck, a mercury-sealed stirrer in one side neck and teflon
tubing from the third neck led to a gas burette for collec-
tion and measurement of hydrogen gas evolved during a run*
The reaction flask was 1mmersed in a water-bath, which was
controlled at a temperature of 25*C within = 0*10*C* A

stirring speed of 200 revolutions per minute was employed*
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The anodic current flowing throxigh the circuit was measured
by a mllllammeter and was varied by changing the resistance
In the circuit.

Procedure. A detailed procedure has been described
previously”~. A magnesium electrode of one square centi-
meter surface area was prepared with the same technique as
described previously”e A platlnized-platinum cathode
having a sui“face area of approximately four square centi-
meters was used In all the runs. The distance between the
electrodes was 0*25 centimeters. Three hundred milliliters
of the acid of known concentration was poured Into the
reaction flask and the system was allowed to come to the
temperature of the water-bath (about one hour required).
After this time had passed, the electrodes were Immersed
(with external circuit switch open) In the acid, the
stirring mechanism was turned on, and the hydrogen evolved
during the dissolution was collected In the gas burette.
The volume of the gas was recorded for definite time Inter-
vals until the rate became fairly constant. At this time,
the external circuit was closed with the knife-blade switch
and two consecutive burette readings were taken at equal
time Intervals. The average mllliammeter reading was also
recorded for each time Interval. The above procedure of

taking two burette readings without an external current
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flowing, and two burette readings with an external current
flowing was repeated at several current densities* The
current flowing through the circuit was adjusted with a
resistance box* The procedure was the same for all the
acids used*

Data and Results. The data from these measurements
are presented in the Appendix, pages 164 to 173* These
tables show the average hfdrogen evolution rate from
the magnesium electrode without the current flowing and
the total hydrogen evolution rate from the anode and
the cathode with the current flowing, both at standard
temperature and pressure* The values of and have
been plotted against the corresponding current densities
I (milliamperes per sgfuare centimeter) iIn Figures 9
throti”™ Id, pages 52 through 61* Curves were drawn
throu”~ the plotted points to obtain average values of
and From these curves, values of and were
obtained at various current densities to find the differ-
ence effect values A (see equation 24 onlpage 62)*

The difference effect i1s defined as the éifference between
hydrogen evolution rate from aft electrode without the
current flowing and hydrogen evolution rate V2 from the
same electrode with the ciurrent flowing, 1ie*.

A - Vi . Vj

€<)



3,000
r-l
M _
g 2,200
S
g 1,400
9 8w
400

ma52>

0
ir B ? »0
6.971
~A
5] D 120

Current Density, mamp/cm™”

DEPARTMENT OF CHEMICAL ENGINEERING
MISSOURI SCHOOL OF MINES & METALLURGY
ROLLA. MISSOURI

ANCDIC DISSOLDTICM OF MAGNESIWM  IN
0.0 N HCI AT 25C

SCALE: DATE CASE NO:
DRAWN BY: FILE NO;
CHECKED BY: FIGURE NO: 9

APPROVED BY, SHEET NO:



s = Noo OO

DEPARTMENT OF CHEMICAL ENGINEERING
MISSOURI SCHOOL OF MINES & METALLURGY
ROLLA, MISSOURI

ANCDIC DISSOLUTION OP MAGNESIWM  IN
0.25 N HCI AT 25C

SCALE: DATE CASE NO:
DRAWN BY. FILE NO:
CHECKED BY: FIGURE NO: 1Q

APPROVED BY: SHEET NO:



le

-54-

DEPARTMENT OF CHEMICAL ENGINEERING
MISSOURI SCHOOL OF MINES & METALLURGY
ROLLA, MISSOURI

ANODIC DISSOLUTION OP MAGNESIWM IN
0.10 N HCl AT 25°C

SCALE; DATE CASE NO;
DRAWN BY: FILE NO:
CHECKED BY: FIGURE NO: H

APPROVED BY; SHEET NO:



4

DEPARTMENT OF CHEMICAL ENGINEERING
MISSOURI SCHOOL OF MINES & METALLURGY

ROLLA, MISSOURI

ANCDIC DISSOLUTION OF MAGNESIUM IN
0.25 N HCIO,, AT 25°C

SCALE:
DRAWN BY:
CHECKED BY:
APPROVED BY:

)

DATE

CASE  NO:
FILE NO:
FIGURE NO: 12
SHEET NO:



u56.

Qurrent Dearsity, nupfr™

DEPARTMENT OF CHEMICAL ENGINEERING
MISSOURI SCHOOL OF MINES & METALLURGY
ROLLA, MISSOURI

ANCDIC DISOLUTION OF MAGNESIWM IN
0.10 N HCIO,, AT

2

SCALE: DATE CASE NO;
DRAWN BY: FILE NO:
CHECKED BY: FIGURE NO: 15

APPROVED BY: SHEET NO;



w57«

oo'zoa?éin'

=

Qurrent Dasity, map/am

DEPARTMENT OF CHEMICAL ENGINEERING
MISSOURI SCHOOL OF MINES & METALLURGY
ROLLA. MISSOURI

ANCDIC DISSOLUTION CP MAGNESIWM IN
0.06 N HCIO,, AT 25°C

pa}

SCALE: DATE CASE NO:
DRAWN BY: FILE NO:
CHECKED BY: FIGURE NO: 14

APPROVED BY: SHEET NO:



a h 20

=0

DEPARTMENT OF CHEMICAL ENGINEERING
MISSOURI SCHOOL OF MINES & METALLURGY

ROLLA, MISSOURI

ANCDIC DISISOLUTION OF MAGNESIUM IN

0.50 N H'SO™ at 5°C

SCALE:
DRAWN BY:
CHECKED BY:
APPROVED BY:

DATE

CASE NO
FILE NO
FIGURE NO
SHEET NO



Qurrent Darsityj] mep/ca®

DEPARTMENT OF CHEMICAL ENGINEERING
MISSOURI SCHOOL OF MINES & METALLURGY
ROLLA, MISSOURI

ANCDIC DISSOLUTION OF MAGNESIWM IN
0.25 N H?)zl AT 5C

SCALE: DATE CASE  NO-
DRAWN BY; FILE NO:
CHECKED BY, FIGURE NO; 16

APPROVED BY: SHEET NO:



-60-

DEPARTMENT OF CHEMICAL ENGINEERING
MISSOURI SCHOOL OF MINES & METALLURGY
ROLLA. MISSOURI

ANCDIC DISOLUTION OP MAGNESIWM IN
0.10 N HZ—II) AT 25°C

2
SCALE: DATE CASE NO:
DRAWN BY: FILE NO:
CHECKED BY: FIGURE NO: i*j

APPROVED BY: SHEET NO:



()
<~
% @

om mgo

DEPARTMENT OF CHEMICAL ENGINEERING
MISSOURI SCHOOL OF MINES & METALLURGY
ROLLA. MISSOURI

ANCDIC DISOLUTION OP MAGNESIWM IN
0.06 N HESOZL AT 25°C

SCALE: DATE CASE  NO:
DRAWN BY: FILE NO:
CHECKED BY: FIGURE NO; 18

APPROVED BY: SHEET NO:



62—

Ustially the two rates are not equal, and a *positive* dif-
ference effect results when the rate is decreased by passing
an anodicccurrent V2). i ’negative* difference effect
results when the rate of dissolution is Increased by passing
an anodic current (VMg> V™). The difference effect A
expressed iIn mm-cm min iIs calculated by the equations

N Vi - (W - 6.971)
or, A m 6.971 - 24)
where the factor 6.97 converts the mlUiamperes of current
flowing throu” the electrodes for one minute iInto cubic
millimeters of hydrogen (cathodic) at standard conditions.
The values of A so calculated are also plotted on the same
figures. The experimental values of 7 and 7™ were not
used to calculate A because scatter in the data gave incon-
clusive results. This was thought to be due in part to the
removal of a film on the magnesium anode, and the dissolu-
tion by chunks originating from the magnesium anode (as
shown In the next experimentation section).

As can be seen from the figures, a linear relationship
between A and 1 exists only at a low current. The deviation
from linearity becomes more pronounced with iIncreasing cur-
rent densities and decreasing acid concentrations. In almost
all the acids, the difference effect i1s positive over a con-

siderable range of current densities, 1e., the hydrogen
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evolutloti rate on magnesiiua anode i1s decreased on passing
the anodic current* In 0«30 N sulTurlc acid (Figure 15)<A
is proportioiuil to I up to BO mamp/cm™t above this A
increases exponentially. In 0.25 N sulfuric acid (Figure
16),A 1s proportional to I up to 41 mamp/cra = but above
this current density A Increases slowly reaching a maximum
value at dO mamp/cm”™ and then begins to drop. In 0.10 N
sulfuric acid (Figure 17)» however, the relation between A
and 1 is exponential over the wdiole range covered. The A
cux™e reaches a maximm value at about 40 mamp/cm and then
begins to drop reaching a zero value at about BU ammp/anr.
Above this current density a negative difference effect
results, 1e.« the hydrogen evolution rate on the magnesium
anode increases on passing the anodic current. At very low
concentrations of sulfuric acid (0«05 N), the A values de-
crease with increasing current densities resulting in aero A
value at about 22.5 mamp/cm = Above this current density
the negative difference effect results on the magnesium
anode. Thus, there is a change from a positive difference
effect to a negative one with iIncreasing current densities
and decreasing sulfuric acid concentrations. Similar
results are obtained in hydrochloric acid (Figures 9 10
and 11). However, in perchloric acid a positive difference

effect i1s obsez*ved within the experimental data covered.



although 1t Is not proportional to all the current densi-
ties applied (Figures 12, 13 and 14)*

Using the valucs of A and I obtained from these
plots, the apparent cationic charge (™ on magnesiiun during
the anodic dissolution in an acid was calculated using the
following equation(lg)

" ™ 1.603,2 (vt - ()
where, n™ e 2, the normal cationic charge on magnesium. In
this equation i1t is assumed that the free self-dissolution
rate does not change during anodic dissolution. Tables
X, U axid XIl, pages 65, 66 and 67 show the cationic
charges with which magnesium i1ons enter solution in hydro-
chloric, perchloric and sulfuric acids at 25*C, This
variation of C* with I i1s shown iIn Figures 19t 20 and 21,
pages 70, 71 and 72 for each acid at various concentrations.
The cationic charge varies from infinity at low current
densities to approximately the normal cationic charge of two
at high current densities. In 0,50 N HCI, iIs infinity
for the measured range of current densities. This iIs due to
VvVt and having approximately the same values at these
current densities.

Sample Calculations, The data from the difference
effect on magnesium dissolving in 0,25 N HCI (Table LXXV,
page 165) has been used to illiistrate the calculations

Involved in this part of the experimentation.



TABLE 1
Apparent Cationic Charge on Magnesium lons During Anodio

Dissolntion in Hydrochloric Acid at 25*C

0.25 N HCI 0.10 N HCI
A A
mamp mmAcra*™ min“N

A " ' I
I
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tasLe M

Apparent Cationic Charge on MAgngsium lons Dutloe Anodic

D,iatfil\Lt,iop In SwXXurlc Acid at 21"

0.25 N H230%" 0.05 N Hjso~

| A Chor* A C+
ma/cm” nujPcm”min'*»
13.0 mm mm 77.0 13.32
15.0 « 62.0 3.91
id.o 37.0
20.0 139.4 oC 20.0 2.3k
22.5 mm 0.0 2.00
25.0 m. -20.0 1.79
27.5 < - -40.0 1.63
40.0 27n.d cxC m
50.0 335.0 51.63 m
60.0 375.0 19.36 i nm
70.0 395.0 10.50 m
do.o 395.0 6.36 mn m
90.0 392.0 5.33 m m
100.0 3do.o 4.33 m m
120.0 343.0 3.39
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TABLE XI1

Dissolution in H230" at 25*C (con»t)

0.50 N H2304 0.10 N H2304
| A G A C+
mamp/cm/ mmjﬂcé%min 1 mm e arn®t A
10«0 62.0 13.10
13.0 - >
15.0 - « -
la.o - . M
20.0 139.4 ocS 103.0 3.33
22.5 * - - 5.72
25.0 - -
27.5 - —
30.0 136.0 5.72
40.0 273.3 0s 150.0 4.33
50.0 142.0 3.33
60.0 413.2 oC 122.0 2.32
70.0 33.0 2.44
ao.o 550.0 146774 32.0 2.12
90.0 605.0 52.26 -54_0 1.34
100.0 650.0 29.66 * «
110.0 690.0 19.99 w
120.0 700.0 12.26 nm
130.0 710.0 9.24
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Calculation of and

t = average room temperature during the run
- 25.7*C

T ™ absolute temperature of hydrogen
- 273.2 + 25.7 - 293.9*K

P " average barometric pressure during the run
- 736.5 nn Hg

Pressure Corrections:
(1) correction for vapor pressure of water at

25.7*C w24 _.3 mm Hg

@)

meter e

temperature correction for brass-scale baro-

3*1 mm Hg

Corrected average pressvu"e of hydrogen

dv

dvSTP

736.5 - 27.9 - 703.6 mm Hg

increase in volume of hydrogen over each
definite interval of time mm~cm-"
the increase of hydrogen during the time
Interval reduced to standard pressure

and temperature

0.426 dv mm~cm-min*"

< the average value of self-dissolution rate

before and after the current flow (I < 0)

% (937*5 930.0)/2 = 959 mm~cm“2min*” (The

values of dv ST? at the 10th and 13th minutes)
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Current Density, mamp/om
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Qurrent Density, mamp/an
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- the total hydrogen evolution rate from the
anode and the ekthode with the current flow-
ing (I - 111*2 milliamperea/cm™)

- . 1,0a0 mm3cra'2min—"
(The values of dv STP at the 12th*14th and
16th minutes)

The calculated values of dv3TP* and V. are shown in
the fourth* fifth* and the sixth columns of the table
from which the data were taken. The values of and
so calculated are plotted against the corresponding

I in Figures 9 through 13*

Calculation ofA . The difference effect expressed
in mm~*cm™min*”® 1s calculated by the equations

A - ¢ 6.971 - (Equation 24# page 62)
The values of and are taken from the plots since
the individual experimental values are not used. Prom
Figure 10* at a ciurrent density of 50 mamp/cm™* the
values of and are 392 and 1*035 ami“cm~@®min*“/"*
respectively. Substituting these values

A - 392 343.5 - 1,035 - 205.5 mm*om-"min""*"
This value of A is shown in Table X for 0.25 N HCI.
The A values at other current densities were calculated

in the same manner.



CaloUlation of From page 64 the apparent

cationic charge la calculated by the equation:

TNy TSR i (25)
But
A « Vi ¢ 6.97 1 -

Therefore, rewriting equation (25):

(26)
This equation was used to calculate the apparent cat-
ionic charge on the magnesium lons during the anodic
dissolution. From Figure 10, at a current density of

50 mamp/cm®, the value of A is about 206 mm~cm™min"/.

Substituting these values In eqiuition (26):

U)(6.97X50) _ ~.9
(6.975(501-206

This value of cationic charge Is shown In Table X for
0.25 N HCI. The methdd of calculation Is similar at
other current densities and Is the same for. other
acids used.

IT A =« KI had been substituted, in equation (26),

the following expression could be obtained:

This shows that for a constant value of K as has been
found in several Instances (with Al, TI, Zr, and HF),

normal valency lons are formed only If K Is sero, ie..



—75-

when th«r« Is no dilttrence effect. When there Is a
difference effect, C™~ m™ only wvdien K becomes small
(no polarisation). |If as in this case A / KI, then
C* irariea with the relative magnitude of and

It will only approach normal valencies tdien and

are far apart and will become Infinite when and

are close together. Since K was not constant for this
study, then the valencies of the magnesium ions were
calculated using the equation involving A values

(above equation 26).

Anode«

miectrolysia iIn Aqueous Salt Solution. During the
anodic dissolution of magnesium metal in aqueous solutions,
It has been reported that a black ooz*rosion product is

Q4) _

given off from the magnesium anode Qualitative
studies were carried out to produce the black deposit and
analyse i1t for the possible presence of magnesium chunks.
The electrolysis was carried out with a magnesium anode and
a platinum cathode in approximately three per cent MaCl
solution. The current was varied from 250 to 300 milliam*>
pares per square centimeter of surface area. The electro-

lyte was maintained at a low temperature during the

electrolysis by immersing the reaction beaker iIn ice water.



This was to reduce the possible reaction of any magnesium
chunks formed with water*

A black corrosion product began coming off the magne-
sium anode immediately after starting the electrolysis.
While the products were settling, the solution began to
show a white turbidity* The electrolysis was stopped when
the turbidity became heavy* The black corrosion product
was washed several times with i1ce water to remove the salt
solution* The product was next washed several times with
cold ethanol per cent) to remove the last traces of
water and then dried at room temperature* Upon drying,
some of the product turned white, while some retained its
black color for several hours* This product was observed
under a microscope at 1430 magnification* A multitude of
bright metallic particles were observed mixed with the
tdiite corrosion product* The sise of these particles varied
approximately from 7 x 10*mra to 7 x 10mm* The accompany-
ing photomicrograph (Figure 22, page 77) shows these metallic
particles iIn the corrosion product* The corrosion product
evolved minute gas bubbles (probably hydrogen) when placed
in fresh acid* As another means of i1dentification, the
darkest flakes were picked from the corrosion product and
subjected to x-ray analysis* The analysis yielded diffrac-

tion lines belonging to Mg(OH)2 and two of the strongest
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(1430X;

Figure 22. The Magneslian Chunks that Appear
During the Anodic Dissolution of Magnesium

in Three per cent Sodluun Chloride Solution



lines of metallic magnesium* These strongest lines corres-
pond to those of pure magnesium metal having the relative
intensities of 100 and /!l The former is very weak although
sharp* The latter is barely visible* The third strong line
of pure magnesium with relative intensity of 20 and all
other lines idiich are lower in intensities are missing* It
iIs thought that the third strong line of magnesium could not
be obtained due to the small quantity of magnesium present,
the small sise of the particles, and a very thin hydroxide
coating which was probably formed on the particles* A

hasy background also appeared on the film together with the
broad lines of the hydroxide and metal* The background
probably aggravated the appearance of other weaker lines of
magnesium*

SlectrolYSis in Hydrochloric Acid, The electrolysis In"
hydrochloric acid was carried out as described above* The
concentration of the acid employed was approximately 0*05 N*

The magnesium anode was allowed to dissolve freely in
the electrolyte with the external circuit switch open*

After a few minutes, the circuit was closed* The bubbles

of hydrogen gas began to develop immediately upon the plat-
inum electrode* Also, the magnesium electrode developed a
dark coating as seen throuj” the solution* Ifiiile the cur-

rent was flowing, dark flakes were coming off the anode*
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These fTlakes turned idiite on settling* The quantity of
electricity passed through the solution was about 200
mllllainperes per square centimeter of surface area as
recorded on the milliammeter* No dark corrosion product

could be obtained for analysis*



IV. DISCUSSION

Discussion of the results iIs presented iIn two parts!
(1) free dissolution of magnesium In acids, and (@)

anodic dissolution of magnesium iIn acids and salts.

The stoichiometry for the dissolution of magnesium in
strong acids was checked by the hydrogen evolution method,
and 1t was found that magnesium enters the solution accord-
ing to the following reaction!

Mg & aH~— “Mg**n d)
Free dissolution of magnesium in hydrochloric, perchloric,
and sulfxiric acids was studied over a temperature range of
5*C to 45*C and a concentration range of 0.05 N to 0.64 N.
The reaction rate was found to be directly proportional to
the acid concentration up to 0.25 N (0.32 N in HCIOM) at
all the temperatures investigated, and resulted in first
order reaction with respect to the acid concentration*

The log-log plots of dissolution rate versus acid con-
centration showed that the dissolution rate deviates from
linearity at higher acid concentration (above 0.25 N) and
with increasing reaction temperature. Coates”™has deter-

mined these curves for hydrochloric acid concentrations up



to 0,50 N %d.thout employing external agitation. He found a
similar deviation and attributed the increase in slope to
heating effects. Roald and Beck(17) have considered the
deviation to be caused by the heating effect and also by
the stirring effect of the hydrogen bubbles coming off the
surface of metal. They have suggested that at higher acid
concentrations the size and action of the bubbles increase®
thereby possibly removing the reaction products faster than
usually. However, it iIs possible that high dissolution
rates might be caused also by the presence of a porus film
(possibly that of Mg(OH)2) on the surface of metal which
could be more soluble at higher acid concentrations.

In the present studies at 25*G, the hydrogen ion con*
centratlon in sulfuric, hydrochloric, and perchloric acids
was calculated from the per cent dissociation values avail-
able 1In the literature and plotted against the hydrogen
evolution rates (log-log plots). It was found that in
sulfuric and hydrochloric acids, the hydrogen evolution
rates are the same at the” shme hydrogen i1on concentration.
However, for the same hydrogen ion concentration iIn per-
chloric acid the rates are relatively lower. These results
are in accord with those reported in literature b>
Kilpatrick and Rushton™™™. “nie lower rate in perchloric
acid mI~t be due to the manner in which the hydrogen ion

concentrations were obtained at low concentrations (see



—-da-

page 31)* A lower value of the diffusion coefficient iIn
perchloric acid could also reduce the rate iIn this acid, as
well as an i1ncomplete removal of the surface film, or an
absorption of the perchlorate ion on the metal surface* In
general, the rate expression in sulfuric and hydrochloric
acids may be expressed as

R-k H (29
«diere, R 1s the rate In Mm"*an min , and H 1is the concen-
tration of hydrogen ions i1n equiv#/liter.

The effect of temperature on the dissolution rates
yielded activation energies in sulfuric and hydrochloric
acids of 3*7 £ 0.1 kilocalories and 3,6 0.3 kilocalories
respectively, whereas that in perchloric acid of 4*4 + 0.3
kilocalories. The very close values of activation energies
in sulfuric and hydrochloric acids indicate that there may
be a similar mechanism of reaction iIn these two acids.

The main characteristics of a dlffusionally controlled
reactions aret (1) the reaction is first order, () the
activation energy is about 4.6 Kkilocalories, () the rsr
action proper takes place very rapidly at the siurface of
the metal, and (4) a diffusion layer is present which 1is
formed by the acghmulation of reaction products during the

initial stages‘lg)- The results of dissolution rate

measurements in perchloric, sulfuric, and hydrochloric acids



mre In general agreement with the theory of dlffualon con-
trolled reactions* The low values of activation energies
in sulfuric and hydrochloric acids as compared to that in
the perchloric acid indicate that iIn the latter case there
may be a slightly higher resistance to the diffusion of
hydrogen i1ons (or other reactants) to or from the surface
of the metal* This higher resistance in perchloric acid
could be offered by a thin surface film on the metal as
mentioned previously*

It 1s suggested that for the conditions of this study,
the rate of hydrogen evolution is dependent upon the diffu-
sion of hydrogen ions to the surface of the metal as also
proposed by Kilpatrick and Rushton™” and Roald and Beck™\\*
Thus, the actual reaction taking place at the surface of

magnesium can be expressed by the egiiationst

Mg ¢ 2 .. + 2H (30)
followed by
2H—  Hj

The first step of the reaction is of electrochemical nature*
Although the magnesium used was of hij”™ purity, aggregation
of a few impurities at the grain boundaries and the presence
of minute "peaks* (high points) on the surface could act as
local cathodes and thus evolve hydrogen gas* The contribu-

tion to the rate by a chemical reaction taking place at the



surface should be very small because the quantity of union-
i1zed acid molecules is very small compared to the hydrogen
1on concentration in acid solutions employed. (The direct
reaction of an acid molecule with the metal resulting in
hydrogen evolution is a characteristic of a chemical re-

action. )

Anodic Dissolution of r-lagnesiuBi in Acids and Salt

When a metal dissolves anodically in an aqueous solu-
tion either by an external or an internal current, the self-
dissolution rate may be reduced or increased depending upon
the corroding solution. In most aqueous salt solutions,
this self-dissolution rate is foiuul to increase with current
density thereby resulting in what is called the **negatiTe”
difference effect. In most acid solutions, the self-
dissolution rate i1s observed to decreasethereby result-
ing in the **posltive” difference effect. In the latter case,
the decrease in the self-dissolution rate is attributed to
polarisation of the local anodes by the current.

Difference effect studios were carried out with magne-
sium in perchloric, sulfuric, and hydrochloric acids at 25*C
over a concentration range of 0.05 N to 0.50 N. The differ-
ence effect values were not calculated by using the individ-

ual experimental values. Instead, a smooth curve was drawn



through the points representing the self-dissolution rate

and total hydrogen evolution rates (under anodic
conditions) to obtain the average values of these rates*
This was done to compensate for the scatter in the data
obtained* This method gave difference effect values which
showed a definite trend when plotted against the current
densities* At high current densities and low acid concen-
trations= the difference effect values showed a pronounced
deviation from linearity* Thus« in sulfuric acid (Figures
15* 16, 17 and 1™) at 0*50 N, the departure from linearity
occurs at dO milliamperes whereas i1n 0*25 N 1t occurs at
about 40 milliamperes* At still lower acid concentration*
this departure from linearity is more pronounced* and
occurs at about 5 milliamperes in 0*10 N and the slope of
the curve is almost completely reversed in 0*05 N sulfuric
acid* Assuming that the dissolution rate due to local
action does not change while the current is passing* the
cationic charges with which magnesium ions entered the
solution were calculated using the respective equation
(see page 64)*

The calculated cationic charges vary from infinity at

low current density to approximately two at high current
density* The very fact that such large values of cationic

charges are calculated show the invalidity of the



assumption that the self-dissolution rate due to local
actions remain unchanged under anodic conditions* As such
the calculated valencies are only apparent resulting
becavL,Se of false assumptions*

The results of difference effect studies showed that
the positive difference effect results In most circumstan-
ces on magnesium under anodic conditions, le*, the self-
dissolution rate of the anode Is decreased on passing the
anodic current* Also, at high current densities In aqueous
solutions, chunks of metal originate from the anode In the
reaction solution*

The difference effect studies on metals such as titan-
liun and aluminum(20*21) have shown that A 1s directly
proportional to I and Is nearly Independent of acid concen-
tration* It was shown that the difference effect Is caused
by the polarisation of the local anodes, the extent of
which 1s given by the value of the proportionality constant
K and by I As such the extent of polarisahility of the
dissolving metal Is constant in abscenee of any ooaplica-
tlons* In the ease of magnesium, 1If 1t Is considered that
the extent of polarisation remains constant, the ~deviation
from linearity between A and 1 is caused by some other
effects* One of these effects may be the removal of a thin

or very thin film from the surface* The removal of this



Tfilm definitely seems to accelerate the corrosion due to
local actions» thus lowering the A values* Another factor
udiich may cause one of these effects i1s the dispersion of
the magnesium anode in the form of microscopic chunks*

That this is happening is supported by the evidence that
chunks of magnesium do result from the electrolysis 1in
aqueous solutions at hi”™ current densities* The magnesium
chunks were actually found to be present iIn aqueous salt
solutions and they were observed on the anode during the
electrolysis in dilute hydrochloric acid* In the latter
case, the ohunks\ dissolved rapidly in the acid solution
mhen the external current was cut off* This iIndicated that
in the difference effect, studies at higher current densl-
tieST chunks may be present on the anode but are not observ-
able because as soon as the current is turned off, they
enter the solution* The dislodgement of chunks is probably
caused by the hij” current density affecting the grain
boundaries where the impurities are usually aggregated*
Thus, under the positive difference effect as long as the A
curve shows linearity with I, the extent of polarisation of
local anodes (caused by a passivating film on anode) remains
constant, ie«, the self-dissolution rate Y2 under anodic
conditions decreases iIn proportion to cxirrent density* When
the curve begins to deviate from linearity, but theAvmlues

rise and reach a maximum value, it seems probable that the



passivating film on the anode starts to come off allowing
the self-dissolution rate V2 to increase slightly but not
in proportion with the current density* At higher current
densities when the A values begin to decrease with 1, the
dissolution of the anode by chunk formation and by removal
of a passivating Tilm becomes effective, thereby rapidly
increasing V2 which is still less than (the dissolution
rate when no current is passing the anode) to result iIn a
*positive* difference effect (A « - 72* As the cur-
rent density iIncreases, more and more chunks leave the
anode until the self-dissolution rate V2 reaches a value
equal to resulting in zero A effect* Above this current
density the dissolution of the anode by chunks formation is
much more pronounced giving V2 values greater than and
thus, resulting in a T"negative* difference effect(V2~ Wi
Thus, a change from a “positive* to a "negative* difference
effect results from the gradual removal of a passivating
film from the anode and by its dissolution by chunk forma-
ticm* It may be pointed out onee more that the magnesium
ions coiild not enter the solution in form of ions of uncom™
mon valency as has been calculated here because this would
assume production of cationic charges of very high values*
Rather it seems better to assume a change iIn self-dissolu-

tion rate of the anode while an anodic cxirrent is passing*



Recommendat ions

In this study the dissolution rates of magnesium in
perchloric acid were found to differ from those iIn hydro*I*
chloric and sulfuric acids at the same hydrogen ion con-
centrations* A study of the diffusion coefficients of
hydrogen itons in these acids might be helpful i1n determin-
ing what factors (if any) influence the reaction*

The dissolution rates in these acids have been found
to vary with the concentration of hydrogen ion* As the
hydrogen ion conoentraticn is changing during the course
of reaction, a method should be developed to follow this
changing concentration* A suitable Py meter might be
coupled with the reaction flask, so that Py* of the acid
could be recorded simultaneously with the burette reading*
A plot of dissolution rates versus the average Py of the
acid might give an additional insight into the reaction
kinetics of magnesium in acids*

In the difference effect studies the internal current
developed between the Mg-Pt electrodes was employed* It
would be interesting to see whether the similar affects are
more pronounced when an external source of current is
employed through a magnesium anode*

Further studies should be conducted to measure the die*

solution potential of magnesium iIn these acids* Since the
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difference effect values have been found to vary with the
current density such a variation might also exist imthe

dissolution potentials.

Limitations

Reduction Products. During the difference effect
studies it was assumed that the reduction product from the
anode as well as cathode was hydrogen gas. However, it is
possible that gases other than hydrogen are being evolved.
Thus, in the electrolysis of hydrochloric acid the chloride
ions on losing their charge at the anode might combine with
magnesium to form magnesium chloride or combine with another
chlorine atom to form molecular chlorine gas. Thus, the
analysis of reduction products could be useful in determin-
ing the actual quantity of hydrogen gas evolved from the
anode.

Sample Area. The surface area of magnesium sample
exposed for the reaction was measured by means of a micro-
meter. This apparent area was assumed to be the actual area
Iin the rate measurements. However, as the sample becomes
corroded during the reaction, the actiaal area mi~t be chang-
ing from time to time.

ﬁt The dissolution

of magnesium In strong acids i1s of electrochemical nature.
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dependIng upon the distribution of impurities. Uneven dis-
tribution of impurities might be giving the fluctuation in
dissolution rates, although the average rates appear to

remain constant.
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V. SUMMARY AND CONCLUSIONS

The piirpose of the present studies was to investigate
the chemical or electrochemical nature of magnesium during
free dissolution In strong acids* It was also aimed to see
whether magnesiiun might be entering the solution with
valencies other than two during the anodic dissolution*

Free dissolution of magnesium was studied in hydro-
chloric, perchloric, and sulfuric acids* A gas burette was
used to collect the hydrogen gas evolved during the dissolu-
tion in a reaction flask* The temperature of the reaction
flask was controlled by a constant-temperature water bath*
The concentration of the acids was varied from 0*05 to
0*62 N* The temperature was varied from 5* to 45*2*C*

This led to the following results:

(1) The reaction of magnesium in sulfiuric and hydro-
chloric acids obeyed a first order reaction
kinetics with respect to hydrogen ion concentra-
tion for the acid concentration range of 0*05 to
0*51 N* In perchloric acid the first order
kinetics with respect to hydrogen ion concentra-
tion extehded up to 0*32 N HCIO™ Above these
concentrations™ the reaction rates increased
exponentiallye |

(@ The energies of activation in hydrochloric and

perchloric acids were same within the experimental



errora* It was 3*7 kilocalories In sulfuric acid
and 3*6 kilocalories in hydrochloric acid. In
perchloric acid, the activation energy was 4*4
kilocalories.

(@ The reaction proper taking place at the surface

of the metal is as follows:
% Mg + 2H
It is thus concluded that the reaction of magnesium in hydro-
chloric, perchloric, and sulfuric acids is diffusionally con-
trolled and that it is of electrochemical nature.

Difference effect studies were carried out on magnesium
anode at 25*C. The acids employed were hydrochloric, per-
chloric, and sulfuric acids* The concentration of each
acid was varied from 0*05 to 0*50 N* A magnesium anode of
one square centimeter surface area was employed* The hydro-
gen evolution rates were compared with and without the
anodic cxirrent passing giving difference effect values* The
apparent cationic charges with which magnesium ions entered
the solution under anodic conditions were also calculated*
This led to the following:

(1) A positive difference effect was observed iIn most

circumstances under anodic conditions* A change
to negative difference effect resulted at high

current densities and low acid concentrations*



(2) it high current densities dissolution by micro*
scopic chimks and by removal of a passivating
film controlled the self-dissolution rates on
magnesium anode* A change from positive to nega-
tive difference effect resulted because of these
two effects*

(@ The large values of cationic charges on magnesium
ions resulted from the false assumption that the
self-dissolution rate of magnesium anode did not
change idien the ciurrent was passing*

On the basis of above, i1t is concluded that the normal
valency of magnesium i1ons does not change under the anodic
conditions* Rather, the self-dissolution rates are affected
under these conditions* A positive or negative difference
effect results depending upon the ease with which a passlvat*
ing film on the anode iIs removed, and the ease with which

the chunks can come off the anode*



VI. AFPENDIX
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I-toterials

The following is a list of the major materials used
in this investigation.

le Acid. Hydrochloric. Reagent grade, meets ACS
specifications. Allied Chemical Corporation, New York, N.T.

2. Acid. Perchloric. 60 per cent. Reagent grade,
meets ACS specifications. Allied Chemical Corporation,
New York, N.Y.

3* Acid. Sulfuric. Reagent grade, meets ACS specifi-
cations. Allied Chemical Corporation, New York, N.Y.

4* Magnesium. 99*999 per cent purity, obtained by
Dr. M. £. Straumanls from Dr. R. Gadeau, Director, Cetre

Technique de 1*Aluminium, Paris, France.
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TABLE XVI
Dissolution of ¥Mqg Metal in 0,5 N HCI at 5*C

T-30.0»C T-30.0*C
P*736*3 nn Hg P*736#4 mm Hg
Tims Vol dvSTP Time Vol dv3TP
141n ml ml Min ml ml
0 0*0 0
1 2.0 1.662 2 3.491
2 4.0 1.662 3.657
3 6.0 1.662 3.906
4 d.1 1.745 d 4.0p
5 10.3 I.d2d 10 3.989
6 12.5 i.d2d 12 4_156*
7 Uu.7 1.d2d - 4_.322*
d 17.0 1.911 it 4488
9 19.3 1.911 Id 4.520*
10 21.6 1.911 20 4.488*
11 23.d i.d2d 22 4 _488*
12 26.1 1.9U 4.156
13 2d. 1.911 It 4.322
U 30 1.994
15 33.3 2.078
16 35.d 2.078
3d.2 1.994
Id 40.6 1.994
19 43.0 1.994
20 45_4 1.994*
21 47.9 2._.07d*
22 50.4 2.07d*
23 52.9 2.07d*
24 55.4 2.078*
25 57.9 2.078*

Avo. Sate mm™/Min.

2,063.6 2,230.1

*Vslues averaged to get average maximum rate.
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TABLE XXXVI
Dissolution of Mg In 0*64 N HGIO/™ at 5<C

1130.2*C 1V30.0«C
P-737.0"mm Hg P-738.1 mm Hg
Time Vol dvSTP Time Vol dvSTP
hDéa ml lol Min ml ml
0 0.0 ? 0*0 ne
X0 14.0 11.631 i'f 1.583
11 17.0 2.492 2 . 1.833
12 20.1 2.576 3 6.1 1.666
13 23.1 2.492 4 2.6 2.083
14 26.3 2.659* 5 11.1 2.333
13 29.4 2.576* 6 13.9 2.500
16 32.5 2.576* 7 16.9 2.666
17 35.7 2.659* d 20.1 2.583
id 39.0 2.742* 9 23.2 2.583
19 42 .2 2.659* 10 26.3 2.666
20 45*5 2.742* 11 29.5 2.583
21 4d.5 2.492* 12 32.6 2.500
22 51.7 2.659* 13 35.6 2.583
a3 55.0 2.742* 14 38.7 2.750
24 5d«2 2.659 42.0 2.750%*
16 45.3 2.750%*
17 48.5 2.666*
id 51.8 2.750*
19 55.0 2.666*
20 58.2 2.666*
21 61*6 2.833*
22 64*8 2.6to™
23 68.1 2.750*
24 71.4 2.750*
Are* Rate mm™/MIn.
2«650.3 2»724 .6

to get aTerege maximum rate*
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TABLE Lmi

Dlaaolutlon of Mg Metal In 0«25 N HZ™ at 45»2*C (con*t)

Run No* 4
T-30*0 <C
P*731.0 mm Hg
Time Vol dvSTP
MiIn ml ml
0 0*0
1 2*2 1*did»
2 4.5 1*d97*
3 6*7 1*di4*
4 3.9 1*di4d*
5 11*1 1.did*
6 13.2 i.dig*
7 15.5 1.d97*
a 17.5 1.649
9 19.6 1.731
10 21*7 1.731
11 23.d 1.731
12 25.9 1.731
13 2d.0 1.731
U 30*0 1.649
32.0 1.649
16 34.1 1.731
36*3 1.d14
Id 3d*3 1.649
19 40*3 1*649
20 42*3 1.649
21 44 .3 1.649
22 46.4 1.731
23 4d.4 1.649
24 50.6 1.d14
25 52.7 1.731
26 54.7 1.649
Ave* Rata mmVMiIin* 1,338

Values averaged to get average maximum rate.
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TABLE LXX1V

Averase barometric pressure < 737*6 na Hg

Average room temperat\ire

Time

Min

96
104
112
120
123
136
144
152
160
163
176
134

192
200

Vol

ml

52

3.9
12.1
15*5
20*7
26*0
23*7
31*6
34.5
43%2
51.1
52%6
55.2
57.3
61%6
65.6
63*3
71.0
74.2
77*5
30*2
32*3
35.1
37.5
90.0
92*4

ma/Zcm”

~N W

OO0 UNOO0OO0OO0OO0OO0OO~NM~MNOOO
o1 o1

A b
*
oo

NN
od

=
oo uu
X %
oo

27*7*C
dv3TP*

mm~/MIn

390
337
359
360
235
306
306
913
333
153
274
274
401
422
235
235
333
343
285
274
242
253
264
253

-I*

aaB™/MIn

322

232

2d0

2d$

269

sl squax”™ centimeter of surface area*

V
mm™/Min

554

376

412

343

243
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TABLE LXIV

Averagd barometric pressure = 736*5 mu Hg

Average room temperature - 25«7*C

()]

2

&l

Vol

R
N —
P
aaa

=

W

i
oou

69.0
69.0

0"
45.5
A5#5
45.5

By

i
3

dvSTP*

mm™/MIn

10

=
D

(D

»)

-

G
&-1
a

V

mm~/MIn

da

*Fer sgxiare centimeter of surface area.
v**Yalue8 selected”"to get average V/.

V

aa™>"n

{000

1,24

110

|,0d7

1,05
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TABLE LIIVI
DIfr>r>nce Effect on In Kgl at Jg5*C

Average barometric preaaure < 736*9 mm Hg

Average room temperature m 26*1*C

Time Vol dv3TPA Vi* 1il
mia~Min - mm™/MIn mo~™/MIn

35

206 208 253

M

26l 233

WN
\'J'.Lﬁ

22%63 2 596 2,596

of3 2@l 258

2»553
21636
293

293 2,496
2,296
2,636

253

*Per square centimeter at surface area.

DB RAMNBERBTR KRS oo~ouon-o
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TABLK LXXVII

Difference Effect on Mg In 0.05 N HCION at 2$*C

Average barometric pressure - 734*0 mm Hg

Average room temperature - 26.2*0

Time

Min

0

3
16
24
32
40
4f
56

64
72

dd

96
104
112
120
128
136
144
152
160
168
176
184
192
200
208

Vol

ml

68
8.2
9.9
11*9
13*9
16.9
20.1
22.1
24*0

w
o
N

o OWFRO©OWO ~
Wo obhW~NOOUI—

QOO O >U1 g1 BT
oN o~

oO~NOIW -,

ma/cm?

ww
oo

OORRFRPPFPOOOVWIODOORPRNOOOWOOWRMOOOOO
O N e o1 o1

e U1 O ~

ool

RTENTE
NN

dvSTPA

mm3/Min

148
1/\

212
212
318
33d
212
201
656
635
169
180
455
444
180
169
222

180
159
159
159
201
201
169
169

wws
I*

mm™N/Min

212

185

180

175

164

#Per square centimeter of surface area.

ram3/Min

328

646

450

228

187
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TABLE LzZXVIII

PITfT»nce Effect on »mg in O0»1 N HCIOJ® at 25*C

AT«r«gtt baronatric pressure » 735*2 mm Hg
ATersge room temperature “m 29*7*C

Time

Min

0o

12
18
24
30
36
42
48

60
66
72
78
84
90
96
102
108
114
120

Vol

% [
OO N

T~No DN~ RPRPONOT 3B

DAYWN NR P -
2O
0o OrnGT RN

18:1
64*6
69.2
74.0
78.1
82.0
86.3
90.4
94*5

ma/em

(IR
DN ~ =~ L

CLwwWwOOUTIUTOONMMOOWOOODODOODOOOOO
U1 o1 oo oo

NN
ww

dvSTP*

mm~/MIn

291
353
436
513
513
527
1,011
1,067
527
527
n31
831
527
554

Ik

568
540
596
568
568

mm~/MIn

527

527

561

554

#Per square centimeter of surface area.

\[j_*
mm™/Mi i

1,039

831

651

582
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TABLE L Xm
Di~ferenco Effect on Ug In Q»25 M HCXON >t 25*C

Average barometrlo pressure = 733*7 lan Hg
Average room temperature < 30«3*C

Time Vol dv3TP* ill 1l
Min ml , ma/om” ma~/Mn am™/MIn
0 6.3 0
2 0 1.075
4 11.3 0 992
° %%*g 62 0 1'8%8
10 19%2 620 1.075 1,054 1,061
12 22.0 62.0 1.157
it 2476 0 1.075
1B %03 12% 0 %’éﬁi
30.4 . .
20 33*4 123.0 1,240 1,095 1,260
22 36.0 0 1.075
It 33.5 10% 0 1.033
a.3 : 1.157
23 44 .0 100.0 1,115 1,033 1,136
30 46.5 0 1.033
32 43.9 0 992
34 51.3 26.5 992
36 577 26.5 992 1,012 992
33 56.2 0 1.033
40 53.5 0 950
o8 0 B
: 10.5 5
tt 63.6 10.5 992 992 971
43 63.0 0 992
50 70.3 0 951
52 72.3 5.3 1.033
54 75.1 5.3 950 951 992
56 77.5 5.3 992
53 79.3 0 951
60 32*1 0 951
62 35.5 142 .5 1.405
|t 33.3 142 .5 1,364 930 1,334
91.0 0 909

**Fer square centimeter of surface area.
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TABLE L m
Difference Effect on Mg in Q»0$% N H230/" *t 25*C

ATerage barometric prasaure “m 740*9 am Hg
Arerage room temperature a' 25*0

Time Vol | dvSTP*

y
Min ml ma/cm?® an”™/huUn am™/Min
0 4«d 0] @
10 6*d 0 172
20 a*6 0 155
30 10*0 0 121
40 12*0 0 172
13.d 0 155
60 20*1 440 542
24%*3 33.0 3624
tb 279 28% 310%* 77.5 336
90 27.9 8 , 8,
100
110 %ii%g 19*5 146
120 31.5 18*5 250 0 189
130 33.5 18*5 172
140 33.5 0 0
150 33.5 0 0
160 34._4 13.5 N
ig£5 35 4  13.6 86D 82
36*0 0 R
190 37.6 0 86
200 39.6 240 172
210 42.0 23.5 207 52 206
220 446 23.0 238
230 44 .6 0 17
240 45.0 0 17

m@Exr square centimeter of surface area*
mMiValues selected to get aTerage V™*
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TABLE LXXXX
Differ«nc« Effect on Mg in 0,1 M HgSO™ *t 25*C

Arerage barometric preaaure - Tyj*y mm Hg

ATerage room temperature - 25«4*C

Time
Min
0

6

12
IB

24
30
36

4B

Vol

3

O*\IU'I
U101

OWS 010 HRONDOND B [07 Lo
OO~ N0 HO~UTNOUTA O RO

~N =~ OO0 UTUIR A DBRWN DN PR PR

EE;)0*<
A WD

W
w
~

NN
OU100UIUTU1I0 00O
OO

o w©
o=
ocoo

OO
OOMPNNROOORLNDMNOOO
o101 01

NN
oo

dvSTP*

mnP/mn

342
370
356
342
399
456
370

B/\

BB3
1B5
313
327
655
612
612
213
271
2B5
370
427
441
299
2B5

mm™/MIn

363

264

270

292

*Per square centimeter of surface area.

ven
mm™/Min

399

940

627

413



-172-

TABLE LXXI1I1
Difference Effect on Mg In 0»25 25*C

Average barometric pressure 734*4 mm Hg
Average room temperature 25*4*C

Time Vol dvSTP* Vv
MiIn ml ma/ca” mm~/MIn am”™/Min am™/MIn
0 5*2 0
2 6*5 0 979
.a 0 979
11.9 16.5 694
6 14*2 16.5 979 979 951
10 10.5 16.5 979
12 la.d 0 979
21.2 p 1*022
it 23.7 40.0 1,064
IB 26.0 40.0 979 1.043 1,022
20 26.4 40.0 1,022
22 30.9 0 1*06a
24 33.1 0 1936
26 3.5 0 1,022
2B .0 59.5 17,064
30  40.4 59.5 1,022 1,000 1,043
32 42 7 0 979
A 0 694
! 46.9 0 694
3 49.5 79.0 1.107
40 51.9 76.5 1,022 694 1,076
42 5U5 76.5 1.107
56.6 0 694
56.6 0 651
61.9 132.5 1.405
50 652 1325 N*495 630 1.405
52 67.1 0 809
69.2 0 694
d B3 a5 108
60 76.7  103*5 1.149 936 1,149
62 72.0 0 979
al.o 0 651
62.9 0 609
66 ad.a 0 609

**Per square centimeter of siirface area.
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TABLS LXXXI11

Difference Sffaot on Mg In 0,5 M HaSO™ at 25*C

Arerage barometric presaiure = 732*4 mm Hg
Average room temperature e 27»0*C

Time Tol dvSTP* \/ \/
MiIn ml «a/em” nmP/MIn nm™/Min naP/Min
0 7.4 0 4
1 10*4 0 2,515
2 13.3 0 2,431
3 1672 0 2,431
4 19.0 17.3 2.347
21*d 15.7 2 347 23431 2,347
0 2,431
7 27 . 0 2,431
d 30* 50*0 2,347
9 50.0 2,315 2,369 2,459
10 36.6 50.0 2,515
11 39.4 0 2,347
12 42 .5 0 2,599
13 45_4 0 2,431
U N4 129.0 2,515
51.6 129.0 2,6d3 2,369 2,571
16 54 .6 129.0 2,515
17 57.4 0 2,347
id 60*4 0 2,515
B 82 o5 3
« 97.5 2,431
21 69.2 97.5 27515 2,431 2,473
22 72.1 0 2,431
23 75.0 0 2,431
24 7d.0 74.5 2,515
25 do0.9 74.5 2,431 2,431 2,403
26 d3.6 745 2,263
27 d6.5 0 2,431
2d do.3 0 2,347

7Per square centimeter of surface area*
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