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ABSTRACT

A kinetic study of the dissolution of tin in hydrochloric acid
solutions in the presence and abscnce ofioxygen has been made,

It has been found that the tin dissolution process in serated
hvdrochloric acid solutions appears to occur through three simultaneous
reactions, hydrogen evolution, oxygen depolarization, and an autocatalytic
reaction,

Over the range of conditions studled the dissolution rate may

be expressed by the empirical equationf

3060
g-_; [sn] = 5.31 X 1077 % e P 1% o “RE
3660
+ 2.88 ¥ 1077 % [HCl]O[v]o‘98[PO 12 o 7
&
1/2 . 5440
+ 1.25 X 107 -[f-‘%—.-— [HCl]O[v]n[PO 121602 o= “FT

2

in which the third term (sutoentalytic) aspplies only after anelapsed
tine of 30 minuies,

Low temperature coefficients, and significant effects of
peripheral velocity and turbulence indicate thatl diffusional processes
are involved in the controlling step. The dependence of the dissolution
rate on the square root of the oxygen pértial pressure is indicative of

a dissociative adsorption of oxygen on the metal surface.

iii
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CHAPTER I

TNTRODUCTION

Research and development in the field of corrosion science
have been stimulated by problems related to advances in technology, and
facilitated by parallel advances in other fields of science. Despite
the progress which has been made, however, our approaches to the
prevention of corrosion in practice are empirical, We still do not have
principies which will allow us to forecast the behavior of a given
material in a given situation. Our inability to deal with corrosion on
a more rational basis stems largely from our great ignorance of the
details of the mechanisms involved.

Several investigations have been done on the mechanism and

kinetics of the dissolution of copper8’22’23, tin211

and titaniumh. It
has been shown that over a wide range of conditions the dissolution of
these metals in air-saturated acidic media is autocatalytic.

The purpose of the present study was two-fold: (1) to attempt
to determine the rate-determining step and make a further study of the
mechanism and kinetics of the dissolution of tin in hydrochloric acid
solutions with the hope of providing a more reasonable description
clarifying the way by which this metal is destroyed, {2) to study the
role of hydrodynzmic factors near the metal surface on the dissélution
process,
2L

This project was based partly on the fundamental work of Lui

who studied the dissoluticn of tin in hydrochloric acid solutions.
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CHAPTER IT

LITERATURE REVIEW

A. Kinetic Studies on Metal Dissolution

Iu and Graydoh22’23v

studied the kinetics and mechanism of
copper dissolution in aqueous ammonium hydroxide and aqueous sulfuric
acid solutions., Weeks and Hillsz9 investigated thé initial corrosion
rate of copper in HCl solutions. Their work was extended by Gnyp8.
Later, systematic researches on the dissolution kinetics of brass were
dcne by Kagetsu and Graydonll and Bumbulis and Graydon6, and titanium by
Bodnerh. The above investigators studied the rate of metal dissolution
in aerated solutions‘as a function of temperature, oxygen partial
pressure, rotational speed, sample surface area, corroding solution
volume a.ﬁd acid concentration, Over a wide range of conditions, all of

them found an autocatalytic effect, with dissolution rate increasing

with increasing metal ion concentration in solution.

B, General Review of Studies on Tin Corrosion

As early es 1813, the dissolution of tin in acid solutions was
examined by Berzeliu52’3. According to his report, tin dissolves in
hydrochloric and sulfuric acid solutions in the stannous form with the
evolution of hydrogen gas.

Evans7 reported that tin, which stands immediately below hydrogen
in the table of normal potentials, liberates hydrogen from dilute HCl only

very slowly. Here it is the high overpotential of hydrogen evolution

on a tin surface which is responsible for the sluggish reaction.
2
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Whitman and Russel3o studied the difference in the rate of
corrosion of tin in moderately concentrated acids at room temperature in
tre presence and absence of oxygen. They showed that)in most cases,
oxidizing agents act as depolarizers, and if added to acids, will increase
the attack on tin. In the absence of air or other oxidizing agents, tin
was very resistant to dilute acids. This is because tin has a high
hydrogen overpotential, and it quickly becomes polarized by hydrogen
which prevents the flow of current that accompanies corrosion.

Kohman and Sanbornlh reported that, in air-free solutions, tin
is depolarized by increasing the temperature of the solution, and hydrogen
evolution occurs. The effect of temperature on the corrosion of tin in
acid solutions was also investigated by Khitrav and Shotalovalg. The
rate of tin corrosion in 1-7 M solutions of hydrochloric acid and sulfuric
acid was observed to increase with increasing temperature. In the 0-80°¢
range the rate obeyed the vyantt Hoff and Arrhenius Igys, The rate of
diffusion also increased with increase in temperature but not as rapidly
as the corrosion rate. The increase of corrosion rate with increasing
temperature is associated with a fall in hydrogen overpotential, decrease
in polarization, decrease in viscosity of the solution and destruction
o protective films.

An instructive case of localized corrosion of tin, investigated
by Hoarlo, showed that the salts of tin are strongly hydrolyzed, and in
a neutral solution anodic attack at a weak spot on the air formed film
covering the metal will not cause tin cations to pass into the liquid,
but rather cause an increase in the film-thickness by deposition bf oxide

and hydroxide, After a certain time the accumulated acidity at these
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points apparently became sufficient for the formation of soluble stannous
ions, which ruin the film so that break-down occurred with the formation

>

of the black spots. Britton and Michael” studied tﬁe local corrésion of
tin in chloride solutions. Their results showed that the time elapsing
before local corrosion begins is affected by surface conditions. Local
corrosion is initiated and accelerated by crevices resulting from surface
defects or by contact of the metal with another surface. The blackness
of the spots, according to Britton, is probably due to the absence of
reflection from the locally roughened surface.

9

Hagymas and Quintin” studied the corrosion of tin in sulfuric
acid. In 0.1 to 1.0 M solutions the hydrogen overvoltage on the tin
electrode did not vary with acid concentration. Kahman and Sanborn15
also reported that there was no apparent influence of acid concentration
on the corrosion of tin in air.free solutions,

Marshekov, Ugai and Vig;doroviche5 reported that in acidic media
the corrosion of magnesium-tin alloys is uniferm in character. The
specimen surface becomes coated with a gray film which does not adhere
firmly to the metal. Chemical analysis showed it to be almost pure
tin.

Probably the most extensive and systematic study on the
dissolution rate of tin was done Dby Luigu. He reported that over a wide
range‘of conditions the dissolution of tin in hydrochloric acid solutions
proceeds in two autocatalytic stages with the rate during each stage being

cependent on the square root of the stannic ion concentration in the

corroding solution.
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C. Hydrodynamic Factors in the Dissolution of Metals

Studies on the rates of heterogeneous processes in liquids
began with the simplest problem in diffusion kinetics, namely the
dissolution of solids in liguids, Upon analysis, the experimentai data
collected by Shchukorev27 yielded the following empirical equation for
dissolution:

Q=k (cs - co) S

where Q is the amount of material dissolved per unit time, S is the
surface area of the dissolving body, Cs is the concentration of a
saturated solution, CO is the concentration of the bulk solution at a
given instant, and k is a proportional constant.

Further studies, primarily by Nernst26, showed that k is
proportional to D, the diffusion coefficient of the substance in the
liquid, Thus the expression for Q may be written in the form:

D{(c_-cCc)s
Q= .8 (o}

8

It has been found that under ordinary mixing conditions, the
‘quantity 8 has a magnitude of 1072 o 10’lL cm., which is extremely small
compared to the dimension of the usual reaction vessels. This led Nernst
to assume that the & represents the thickness of the layer across which
the diffusion occurs in a moving liquid. According to the Nernst Theory,
there is a thin 1ayer of static liquid immediately adjacent to the
surface of the solid body , a layer through which diffusion of the
reacting molecules takes place. Beyond this layer, the concentration in
the bulk of the solution is constant because of the liquid motion. Tne

symbol 6 is termed the thickness of the Nernst diffusion layen Experimental
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determinations have shown that» §,@as a function of velocity has the form:

L
n
v

5§ =
where v is the velocity of the moving ligquid. The value of n varies from
1/2 to 1. In general, the rate of diffusion-controlled reactions‘can be
largely incfeasgd by agitating the liquid with stirrers or rotating the
solid body of dissolving substances because the diffusion coefficient in
a moving, turbulent medium is much larger than that in a static medium.

Levich17 was the first to formulate the diffusion factor for a
rotating specimen in solution. He showed that the diffusional flux of

mass in a turbulent liquid may be represented by an equation in the form:

J

It

de
(D + Dtufb) oy

it

— - Jc
+
(b+pev )5§
where % is the scale of the eddies and v is the peripheral velocity.
The bar above the v indicates the average value; B is a constant, The

large value of Dtufb ensures a virtually constant concentration of the

N
solution down to very small distance from the reaction surface.

D. The Anslysis of Tin
The analysis of tin by the polarographic method has been

well developed by Lingane18’19’2o_

The reduction of stannous tin to

the metallic tin produces defined waves from 1M HClL, with a half-wave
rotential of -0.47v vs S.C.E. when 0.0l per cent gelatin is present as a
suppressor, Chlorostannate complex ion also produces a weil developed

doublet wave., The first wave results from the reduction of the chloro-

stannate ion to the chlorostannite ion, and the second wave corresponds
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7

to complete reduction to the metal., A supporting electrolﬁe consisting
of UM NHuCl , 1M HC1l, and 0.005 per cent gelatin was used as the maximum
suppreséof. T.he' half-wave potential of Athe first wave is -0.,25v and
that of the sécond is -0.52v vs S.C.E. in the previous described
conditions._ The first wave is not'fully developed before the second
stage of reduétion begins, Measurement of the second wave for routine

analysis is recommended by Lingane,
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CHAPTER III

EXPERIMENTAL WORK

A, Maﬁerials

The Analar grade tin bars used in this study were supplied by
British Drﬁg House Ltd. The purity of metal was 99:92 per cent tin.
The exacf analysis éccording-to the manufacturer showed 0.0l per cent
,iead, 0.0025 per cent copper, 0,002 per cent bismuth, 0.002 per cent
iron, 0,0k per cent total foreign metals, 0,0001 per cent arsenic, and
0.025 per cent antimony.

The tin bars, originally 1.02 cm. in diameter, were melted and
remoulded into 1,91 and 2.54 cm, diameter bars under argon gas in a
vacuum furnace. Cylinders of 0.915 to 2.42 cm, in diameter, 0.L48 to
1.27 cm. in length, with a concentric hole to fit onto a rotating shaft
were machined from these remoulded tin bars,

Hydrochlorié acid and all other reagents used were of analytical

grade, Dilute HCl solutions were made with distilled water.

B. Apparatus
The apparatus used for this investigation is shown in Figure 1.
The reaction cell consisted of a specially designed Jjacketed
vessel fabricated from two Pyrex beakers, Water was forced through the
shell by means of a pump from a constant temperature bath. The top of
the reaction vessel was covered with a Plexiglas plate holding up to

three radially mounted baffle plates designed to prevent vortex formation
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10

vhen the shaft was fotated at high speeds.

The cylindrical tin samples were rotated on a stainless steel
shaft, Thé ends of the tin cylinders were protected from the corroding
medium by Plexiglas sleeves and a cap screwed tightly at the end. The
shaft was driven by a Type 7 HM Hoover vacuum cleaner motor whose sﬁeed
was controlled by a aufotransfdrﬁer and a constant voltage regulator.
Shaft speeds were measured by means of a Type 1531-A Strcdbotac Produced

by the Géneral Radio Corporation.

C. Procedure

A typical expériment was run by pouring a measured volume of
HCL solution into the reaction vessel and flushing the liquid with
éppropriate gas for epproximately 20 minutes before start-up. During
the test period the hydrochloric acid solution was kept saturated with
.air, nitrogen, or oxygen. Losses of hydrochloric acid were minimized
by passing the gases through a series of washing bottles containing HCL
solution of the same concentration as in the reaction vessel., All wash
bottles were kept at the same temperature as the corroding solution.

The tin cylinders, polished manually to 3/0 emery papexr
smoothness (average surface roughness less than 20 microinches), were
washed initially with distilled water and dried with filter paper, then
washed with acetone for degreasing, and finally rewashed with distilled
water, After each run, the tin cylinders were washed and dried. A
check on the material balance was maintained by weighing the clean dry
tin cylinders before and after each run.

An appropriately sized sample of the corroding solution was

withdrawn for routine polarographic analysis at convenient intervals of
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time. TFor every sample of corroding solution withdrawn, an equal volume
of HCL solution of the same concentration was added to th¢ vessel to

eliminate solution volume change during the corrosion run.
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CHAPTER IV

GENERAL THEORY OF METAL, DISSOLUTTON

Tﬁe dissolution of metals in acidic media is an electrochemical
process, Hoﬁever, the electrochemical processes are greatly complicated
by the chemical interactions of the surface atoms of the metal with the
components of the solution.

In deaerated acid solutions, the basic dissolution process of any
metal M, which displaces hydrogen from acid solution, can be represented
by the following anodic and cathodic reactions:

(i) Anode:

Mo+ M+ 2e
Assuming formation of divalent metallic ions.
- (ii) Cathode:

(iia) The discharge of hydrogen ions, generally

represented py
+
H + e = H
(Perhaps more accurately written as: H O+ + e = H + HO)

3 2

(iib) The formation of molecular hydrogen from atomic

hydrogen, either by

or by

(The last reaction is perhaps more accurately written as

+ +
H + H3O * e = H, + Heo)

The above equations are oversimplified net results of the

12
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13

dissolution pfocess of metals in acidic solutions, The details of the
ﬁechanisms involved should be considered if we intend to deal with
corrosion problems on a more rational basis,

We customarily treat a metal as a homogeneous continuum, Now
on an atomic scale a metal is decidedly not continuous, and it is on
exactly this scele that the individual acts of corrosion occur, because
corrosion is essentislly a process in which the atoms of a metal are
removed one at a time therefore in order to reach our goal of understand-
ing and controlling corrosion we need greatly increased knowledge of the
detailed atomic mechanisms involved.

Firstly in corrosion studies we will be concerned with surfaces
polished by different procedures. Such surfaces will not be uniform but
will contain many different types of sites with different chemical or
physical'properties. A two-dimensional model of such surfaces on an

gtonic scale is shown in Figure 2.

1
NE e LR
t

}%[-
M - M - M - M - M - M M -
- 4 - M - M - M - M - M - M -

A

FIGURE 2,

'
~NE-=
:

Some surface atoms may be held by one bond, others by two, three,
and so on, There may thus be many different degrees of interactions with
a metal surface., The most active points will be occupied first and with

the largest heat of adsorption. Also the surface energy of a metal may
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vary from one locality to another because of the exposure of various
crystal planes.

The points where corrosion starts are generally determined by
surface defects which may represent places where the atoms are mést
loosely correlated to the metal matrix (such as } in Figure 2). Because
of their unsatisfied binding energy conditions, it is easier for them
to attract and hold components from the solution, These sites also
represent places where the atoms are disarrayed and therefore escape
easily into the solution., TFor example, the corrosion of a metal crystal
containing dislocations often results in the formation of etch pits
where the dislocations meet the surface,

The dissolution process can now be described in terms of the

following elementary stages:

1. First, when a strong acid such as hydrochloric acid dissolve in water,
we have
+ -

-»>
HCI + H20 H30 + Cl

The bulk sclution, therefore, consists of water, the hydrogen ions, and
the chloride ions. 1In general, the contact between two non-miscible
thases is accompanied by an increased concentration of the fluid phase
close to the interface. This tendency leads to the formation of a
"diffusion layer", Therefore, when a metal sample is placed in the acidic
solution, the hydrogen ions will diffuse through this layer, from the

bulk solution to the metal -soclution interface

+ +
Hwuk ° Hy

+
wvhere Hi represents a hydrogen ion at the metal-solution interface.
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2. The adsorption of hydrogen ions on the metal surface
HC o+ ¥ 2

. ; ¥y
where ¥—Hs denotes a hydrogen ion adsorbed on an active site on the metal
surface:
3. Discharge of adsorbed hydrogen ions by virtue of electron transfer
through the metal:

(32) Electrons transferred from a neighbouring vacant site on

the surface-

+ + ,
H H H ++ H

1 ] U
SRR ELED SIS RN T &
b 7 Electrons transferred diréctly frém the sﬁrface atoms on
3
which adsorption occured
+ +
- > -
¥-Hy ¥-itg
i, Formation of molecular hydrogen from atomic hydrogen, by one of the
2

following possible modes:

(te)

g ; L2
S REEREE T L T S
(o) 2(y-m) T e gy

(ke) The so-called "electrochemical®™ or ion atom reaction
+ + ++
R Y

5. Formation of metallic hydride through a series of successive stages

of adsorption andvdischarge

+ + + +
y-H + H > HY YK
+

Byt o+ 5 O» iy

S-&l- <3 i S-y- S

s 0000
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+ + ++
H -;é_HS + yel > M_HQS + %s
+ - -
+ HS + . H +++
Hg g—Hs + gé y_ 3S + ¥s

6. Absorption of hydrogen atoms from the metal surface into the lattice

structure! For some metals, the increased concentration of surface
hydrogen favors entrance of hydrogen atoms into the lattice structure

of the metal,

¥-H
-M-M-M-M- -M M

! 1 1 i -5 1 B
- M

-M-M-M- M- M-

fedb R cd
i

M-
7. The removal of molecular hydrogen from the metal surface by one or
more of the following possibilities:

(7a) Dissolution of molecular hydrogen into the solution at

the metal-~solution interface

gg-H2 * Mo+ H2
s _ i,dissolved

(7Tp) Absorption of molecular hydrogen from the metal surface

into the lattice structure of the metal

¥4, ¥
-M-M-M-M- -M-MoM-M-
1 ¥ ' > 1 y H.» 1
“M-M-M-M - M- MM -M -

(7c) Formation of hydrogen gas bubbles on the metal surface
and their subsequent detachment from the metal surface

n(gn) . M(H)
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17
where M—(He)n represents a hydrogen gas bubble attached on the metal
surfaces -

M-(H2)n - M+ (}{2)n

8. Desorption of metal ions from the metal surface
5 - i
9, Diffusion of the metal ions from the metal-solution interface to the

bulk solution.
++ ++

M "
In gerated solutions, two other reactions can occur together
with hydrogen evolution, namely, the oxygen depolarization and auto-
catalytic reactions.

15,16,28

Investigators have shown that the following successive
stages are in good agreement with experimental data for the reaction of
oxygen depolarization:

(i) Formation of a semivalent oxygen ion

02 + e - O;

(ii) Formation of perhydroxyl radical

o; + H -> HO,,

(iii) Formation of perhydroxyl ion

+ > -
HO2 e HO2

(iv) Formation of hydrogen peroxide
+

- R
HO2 H H202

(v) Reduction of hydrogen peroxide with formation of hydroxyl

» -> -
ions H202 + 2 e 2 CH
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Many of these.elementary stages are, today, no longer guesses
but are experimentally proven facts. The detailed atomic mechanisms of
this process may be represented by the.following elementary stages:

10. Diffusion of oxygen from the bulk solution to the metal-solution
interface

0 > )

2, 25

18

where 0. denotes an oxygen molecule in the bulk solution, 0., denotes

% 25

an oxygen molecule at the metal-solution interface.

11. Adsorption of oxygen on the active sites on the metal surface ; there

are two types of adsorption possible for oxygen:

(11a) Molecular adsorption.

N+ 02. 2 gg-o2
, i - s
(11b) Dissociative adsorption
2y + o211 2 2 (g-o)

12, Formation of semivalent oxygen

(122) .
M-OQ M '02
-M-M-M-M- » -M-M-M-M-
(12v)
N0 -0 ¥ 0" -0
t ] i i
-M-M-M-M- *» - M-M-M-M-
15, Formation of perhydroxyl radical or hydroxyl radical
(132)  wor & oyt > prmo, 4
¥ 2 s ¥ 2 . ¥s
s 7 _ s
(3)  yror 4 pr > pao. o+ oy
S s s s

1k, Formation of perhydroxyl ion by virtue of electron transfer

+ ++ -
) -HO, * ) -HO,
s 7 S
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15. Formation of hydrogen peroxide by one of the following possibilities:

l - -

( 5a) yffnoes v OMH o ¥'H2°25 + 3@?
oy ) . 4
(%) 5 (4 -1o0) > Y0, 4 i

16. Reduction of hydrogen peroxide with the formation of hydroxyl ions:
This step is itself a complex process and can be further broken down into
the following sequence:
(162) Reduction of hydrogen peroxide to hydroxyl ion and
hydroxyl radical
+ -
gg—Hzo25 > gg-HOS + OHi
(16b) Reduction of hydroxyl radical to hydroxyl ion
+ -
;»g-HOs > Ms + OHi
17. Desorption of the metal ions from the metal surface
Ms © Mi
18, Diffusion of the metal ions from the metal-solution interfece to

the bulk solution
++ ++

M3 > %
For metals that can exist in two or more oxidation states in
acidic media, an autocatalytic reaction should be considered as a
possibility. The following reaction scheme is suggested as a possible
mechanism for this process when the ion of higher oxidation state is
guadrivalent of the type Mf+++:

19. An oxidation-reduction process in the bulk of the solution, at the

metal-solution interface, or at the metal surface

(192 M;+ + 0 4+ H; > M + HO

2b
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++ + bt

Ml + 0 + 2 Hi > Mi + H202

(19a)
S i , ‘ B

(19b) 4+ + +4++
_ o m"oes ey L, ¥ ¥ M'HQOQS o2l

1 ++ + P -
$9°? Mo o+ YO, + MHL o YO+ MOHD + Y

20. An equilibrium between metal ions of higher and lower oxidation
states by virtue of electron transfer, either at the metal surface or

at the metal-solution interface:

(20a)

SIS N -y -y
“M-Mam-tote T oomoMoMadade

(20b) M-il-+++ _ > 2'M;+

On the basis of the abéve discussion the following approach
should be acceptables

If it is not complicated by other factors, a typical corroding
solution concentration-time plot for the dissolution of a metal capable
of existing in two or more oxidation states in aerated solutions, will
have the shape of curve C in Figure 3. It should be possible to divide
the overall effect into three separate simultaneous corrosion processes,
The proposed mechanisms of metal dissolution in acidic solutions, as
represented by the elementary stages 1 to 18, suggest that the rates of
hydrogen evolution and oxygen depolarization reactions are independent
cf the metal ion concentration in the solution (zero order dependency).
Therefore, the corroding solution concentration-time plots for these
two reactions should be straight lines as shown in Figure 3. In this

diagram, the area under straight line A represent the dissolution effect
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of hydrogen evolution, The area between straight lines A and B indicates
the dissolution effect of oxygen depolarization, It should be noticed
that the straight line B is asymptotic to the init:iél stage of curve C
where the autocataly‘bic. reaction is negligible, The region between curve

¢ and straight line B represents the effect of the autocatalytic reaction,

8
H
e
o
=
&y
o
A
— § [M]autocata.lysisB
E 3 )
8
i
[13]
(3
£
9]
(&)
f: A [M]
5 oxygen
k3 i depolarization
A

a [M]H 5 evolution

TIME

FIGURE 3, DISSOLUTION OF METAL, IN ACIDIC MEDIA
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CHAPTER V

EXPERIMENTAL RESULTS AND DISCUSSION

A. General Behavior of Tin Dissolution in Hydrochloric Acid Solutions

. Thé analysis of the experimental data obtained in this study
is based oh the approach which was discussed previously in Chapter IV,
A typical model of this analysis is illustrated in Figure I where curve
A shows the rate data for the dissolution of tin in deareated ( nitrogen
gas satgrated } hydrochloric acid solution, a condition under which only
hydrogen evolution can occur. Curve C shows the rate data obtained
under the same conditions as those of curve A except that the acid
solution was air saturated.

Obviously, curve A cohforms to a zero-order plot of metal ion
concentration vs time, Hefe the exponential concentration-time plot of
curve C is a confirmation of an autocatalytic process. Curve B is a

| straight line plotted asymptotically to curve C at its initisl stage
vhere autocatalysis is negligible. This is essentially an extension of
the initial corrosion rate in the presence of oxygen. The total area
under curve C is divided by straight lines A and B into three regions,
each of which corresponds to a specific effect on the overall dissolution

reaction as shown in Figure L.

B. Rate Dependence on Tin Ion Concentration
As shown in Figure 5, the curved deviation from the linear
zero-order initial rate plot, which is represented by the difference in

metal ion concentration between curves B and C as shown in Figure b4, can

22
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FIGURE L, DISSOLUTION OF TIN IN HC1
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be readily correlated by a half-orde? plot. All Q&[Sn])l/e vs time plots
give straight lines., This is an indication that the autocatalytic process
shows half-order dependence on metal concentration, From Figure 5, it
can be observed that the autocatalytic reaction becomes important only

after an elapsed time of 30 minutes.

C. Rate Dependence on Peripheral Velocity
The effect of peripheral velocity on the dissolution of tin
was studied in both air- and nitrogen-saturated 1M HCl solutions for ‘
rotational speeds ranging from 1,000 to 12,000 rpm (2,840 - 3k4,100cm, /min, ).
% was found that there is a considerable effect of>peripheral velocity
on tin dissolution.
Figures 6A and 6B illustrate that k,, the rate constant for
the hydrpgen evolution reaétion, and k2, the>oxygen depolarization
reaction rate constant are both proportional to peripheral velocity

raised to the 0,98 power. The effect of peripheral velocity on k,, the

3’

rate constant for the autocétalytic process, as shown in Figure 7, can be

represented by an equation of the form:

! n
k, =k, (v
;= Ky 0] |
where: n ® 0,30 for 2,840 < v < 21,230 cm, /min,
n= 0,9 for 21,230 < v < 34,100 cn, /min,

It is not apparent why the velocity effect shows two distinet
regions for the rate constant of the autocatalytic process. LuiELL
reported a somewhat similar behavior which he related to hydrogen bubble
formation at varies spceds:

"Pin evolves hydrogen gas from hydrochloric acid, but it was

impossible to detect any gas bubble o~ the mctal surface in 1M HCl, By

177760
TINIVERSITY OF WINDSOR LIBRARY
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FIGURE 6A. DISSOLUTION AS FUNCTION OF PERIPHERAL VELOCITY



27

20
T | § |
500 ml., 1 M HC1
3.66 sq. cm,
AIR
10 P~ d = 0,91 cm, =
L o) —
= O anted
7
i F —~
! >
) B o
Ft)
SN ¢ —
~
[ 5}
[H]
9
2 - ]
s
- 0
\O
(o]
i | v —
s
o 0o
M o 40 C
¢ o 35° ¢
- _
A 25°¢C
1 L1 11 | i |
6 10 20) 30 e 50

v x1073 - em, /min,

FIGURE 6B, DISSOLUTION AS FUNCTION OF PERIPHERAL VELOCITY

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I | I |
o) :;\h .
(ST ST &)
o o o
2 KA &
Qa4
— O o g
o% a
I 6% % _
L =8 g i
-
- 'g\o S pa
S\Qmu
. Qs H _
(o]
I O O | l |
o n m
H
€

T_~u;m%£exqpt/seIOW) ‘nOI X

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Lo

30

28

FIGURE 7., DISSOLUTION AS FUNCTION OF PERTPHERAL VELOCITY



29

corroding specimens in 6M HCl it was easy to observe gas bubble formation.
Rotation of the sample at Speeds below 3,000 rpm did not remove all of
the large bubbles, Over the range 3,000 to 11,000 rpm, the large visible
bubbles were removed from the surface quite readily but very‘small ones
were still attached to the metal surface., Above 11,000 rpm no bubbles
were observed on the metal surface. |

Although such behavior cannot be observed in 1M HC1l solutions,
it is not unreasonable to expect some comparable elimination of hydrogen
bubbles from corroding surfaces. At low velocity, the corroding surface
is protected by the hydrogen gas bubbles."gu

In the present work no studies were done on hydrogen bubble

formation,

D, Rate Dependence on Temperature

The rate constant dependence on temperature was studied over
tne range 25 to h5°C under nitrogen, air, and oxygen saturation. The
results are illustrated by the Arrhenius' activation energy plots shown
in Figures 8 to 10.>

The temperature variations correspond to apparent activation
energies of 3.06 kcal per mole for the hydrogen evolution reaction and
3.66 kcal per mole for the oxygen depolarization. These low values
suggest that both reactions are under complete diffusional controll’ls.
The activation energy for the autocatalytic process is of the order of
5.54 kcal per mole, a value somewhat larger than the 3-4 kcal per mole
to be expected for a simple diffusion process,

The activation energies for the autocatalytic process, as

illustrated in Figure 11, were essentially constant for varying sample
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diameters and rotational speeds corresponding to constant peripheral

velocity.

E. Rate Dependence on Sample Surface Area and Corroding Solution Volume

| The effect of varying the solution volume and sample surface
area was ihvestigated by Luizh at 30°C in air saturated 1M HC1l solutions.
A re-examination of his data shows that for changes in the surface area
from 0,91 to T.32 cm?, and in solution volume from 400 to 600 ml the
rate constants kl and k2 are directly proportional to A/V, as shown in
Figures 12 and 13, 7

Figurés 14 and 15 illustrate that the rate constant for the

autocatalytic reaction; k3, is proportional to [A]l/2/V ratio,

'F. Effect of Hydrochloric Acid Concentration
. The effect of hydrochloric acid concentration was studied by

Lui2h who rotated the samples in aerated and deaerated solutions over
the concentration range 0,10 to 4.10 M HCl, Analysis of his data
according to the scheme suggested in this project also shows that the
dissolution rate of-tin is essentially independent of acid concentration.
Table 1 indicates that there is no apparent trend for kl and k3 over
the range of concentration studied. ©Since the quantity (kl + k2) appears
to be also independent of acid concentration, this means that k2 alone is
independent of acid concentration,

Dissolution rates independent of acid concentration were

6,23

reportéd by other investigator . At present there are no valid

explanations for this behavior,
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TABLE 1

Effect of Hydrochlofic Acid Concentration
on Dissolution Rates

et ] 2 . e "3 12 -
(M) (mol, /1.min.) (mol./1.min,) (mol./1.) “min.

0.101 \ ‘ 7.0 X 107° 2.5 X 107

0.146 9.1 3.2

0.323 ' 6.5 3.0

0.401 7.0 2.9

0.495 7.5 X 1077

0.546 _ 7.6 3.0

0.802 6.1 2.6

1.000 7.0 3.1

1,004 8.0

2,050 6.8 2.4

2,120 8.0

2,800 7.9

2.875 6.6 ' 3.3

4,030 6.6 3.b

G. ' Rate Dependence on Oxygen Concentration

The influence of oxygen concentration on the dissolution rate
of tin was determined by investigating, respectively, the reaction rates
in nitrogen, air, and oxygen saturated acid solutions. Figure 16 shows
that the rate of dissolution is well correlated in terms of the square
root of the oxygen partial pressure in the gas phase with which the
golution is equilibrated. The rate constants k2 and k3 are directly

proportional to the square root of the oxygen partial pressure.
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H. The Effect of Hydrodynamic Factors

The effect 6f flow pattefn on dissolution rate was studied at
35° ¢ in serated 1M HC1 solutions. The variation of flow pattern near
the metal surface waé'effected by chénging the sample diameter., This
change.of diameter was accompanied by a proportional change in rpm and
sample length to keep the peripheral velocity and surface area at constant
values of 34,100 cm;/min. and 3,66 cm?, respectively,

The Plexiglas protecte‘d, ro‘bating, shaft used in this study was
0,915 cm, in diameter, therefore, when a sample of the same diameter was
fitted onto the shaft a uniform éurface was formed and no turbulence
near the sample surface could be cobserved when samples of this type were
rotated in the corroding solution., However, when the sample diameter
increased, its surface stood out from the shaft, Strong turbulence around
the sampie caused by this non-uniformity of surface could be easily
obsexrved when semples of larger diameter were rotated in solution.

The results of this investigation, as presented in Figures 17
0? and k3 increased

with increasing semple diameter for the range 0,915 to 1.52 cm., butb

to 19, point out that all three rate constants, kl’ k

Turther increase in diameter has no effect on the dissolution rate,

This behavior may be interpreted by the equation of diffusional

mass flux given by Levich17 as

1t

dc
g (D + Dturb) oy

n

e \ Oc
‘D-!-Bl'V?a—y-.

The dissolution increases initially as [, the average value

of eddy scale of turbulence, and g% increase to maximum values determined
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by the geometry of the system., In general the change in %§ should be
negligible because the peripherai velocity of the sample was kept constant,

A more important factor may be the accumuwlation of hydrogen gas
on the corroding surface, Metals that displace hydrogen from acidic media
show peculiar rate vs area relationships when area changes are accomplished
by increasing the height of constant diameter cylindrical specimens. It
is suspected that the upward movement of hydrogen gas bubbles may offef_
some protection to the corroding surface at it upper regions, With very
short samples the increased diameter becomes responsible for some
turbulent flow patterns that may be effective in sweeping the surface
clean of attached gas bubbles., More work is required before this

phenomenon may be appreciatéd completely,

T. Mechanism of Tin Dissolution in Hydrochloric Acid
on the basis of the established experimental results, tin
dissolution may be interpreted in terms of the following mechanism:
1. The reaction scheﬁe proposed for the hydrogen evolution reaction is:
(1a) Diffusion of hydrogen ions from the bulk solution to the

metal-solufion interface
4 -
i
(1v) Adsorption of hydrogen ions on metal surface

+ +
Hi + §n 7 _§n-—Hs

(1c) Formation of atomic hydrogen
+ - +
-’Svn.-.Hs §n —Hs
(14) Formation of molecular hydrogen from atomic hydrogen
++

+ -
2 §n -HS _,f.n-—Hes + §ns
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(1) Removal of hydrogen molecules from the metal surface,
either by'diséblution into the solution or by the formation of gas bubbles
and their subsequent detachment from the metal surface

gn-H > £n + H
%s s 24, dissolved

n (§n-H28) g ngn + n H2

where nH2 denotes a hydrogen gas bubble

(1f) Desorption of stannous ions from the metal surface to
the metal-éolﬁtion interface'>

>
§n++ « Snf+
5 i

(1g) Diffusion of stannous ions from the metal-solution
interface ﬁo fhe bulk solution
++ >

++
Sn:.L Snb

2. In aerated hydrochloric acid solution, the tin dissolution is
accelerated by two other simultaneous reactions . These are oxygen
depolarization and autocatalysis., |

The mechanism proposed for the oxygen depolarization can be
described by the following elementary stages:

(Ea) Diffusion of oxygen from the bulk solution to the metal-

solution interface

o) > 0

2b 2.
i
(2b) Adsorption of oxygen on the metal surface

2

->
0 ) + 2gn T 2 (gn-0)
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(2c) Formation of oxygen ion by virtue of electron transfer

-
§n—0S -+ £n —OS

(24) Formation of hydroxyl radical
G + +
§n -OS + _§n—HS -+ §n -HOS + §ns

(2d) Formation of hydrogen peroxide
+ ++
2 (gn"-0H) -~ §n-H202S +  gn
(2f) Reduction of hydrogen peroxide with formation of hydroxyl
ions

gn-HO, > gn'-HO, + OH

2
]

gn-HO_ ,  gnlt o+ OH

(2g) Desorption of stannous ions from the metal surface to
the metal-solution interface
++ ++

5>
§ns < Sni

(2n) Diffusion of stannous ions from the metal-solution

interface to the bulk solution

+ - ++
Sn:.L Snb

3. The following reaction scheme is proposed for the autocatalytic

reaction:
(32) An oxidation-reduction process occurred at the metal
surface
4+ + - oo, ++++ @ -
gns + _§n—0S + ;n—HS ;ns + ¥n—OHs + §ns

(3b) The stannous, stannic species equilibrium is established

at all times at the metal surface

++++ ++
§ns + §ns « 2 §ns
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2h,25

As reported by other investigators , the specimen surface

became coated with a gray film during tin dissolution in acidic media.

25

Chemical analysis™ and X-ray diffraction ana.lysiszh of the surface film

showed that it consisted of redeposited pure tin.

J, Empirical Rate Equation for Tin Dissolution.
The experimental data discﬁssed gbove for the dissolution of
tin in hydfochloric acid solutiongin the presence or absence of oxygen

may be summarized by the equation:

o8 . 3060
%E [sn] = ki %-(HCl]O[v]O‘98 e” “RT
' 660
o A 0. 10.98 1/2 - 352
+ k2 v-{HCl] ;v] FP02] e RT
1/2 ' 5440
o 1 Y e e, 121sa? o T
. 3 TV "o,
where: n = 0,30 for 2,840 < v < 21,230 cm, /min,
n = 0,90 for 21,230 < v < 34,100 cm, /min,

Range of experimental conditions:

T = 298 - 318° K

A =0,91 - 7.32 sg.cm,

V = 400 - 600 ml

POZ 0 - 1,0 atm,

v = 2,840 - 34,100 cm, /min,

fHC1i) = 0,10 - X,03 M

d = 0,915 cm.
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The following equations:

3060

o Vv 1. 2—== d{sn]
k = K'[V]O.§8 e R F (H2 evolution)
\ | 1 1 iéég‘d[Sn]

Ko = RT

2~ R [v]o.987[PO ]1/2
-2

dat (02 depolarization)

K0 =2 v L 1 AR afsn)’/>
3" [A]l/2 V] [P ]l/2 dt (autocatalysis)
%2
have been used for the determination of kg, kg, and kg to give the

average values of these constants, with an average deviation of + 4 per

cent as shown in Tebles 2, 3, and L. .

TABLE IT

EVALUATION OF VELOCITY CONSTANT
(ki for hydrogen evolution)

d[sn] ' o

3t T A v v ky
(mol,/1.min.) (°c) cm?) (m1) (cm. /min, )

0.756 X 10'6 25 3.66 500 34,100 5.28 X 1077
0.830 30 5.30
0.907 35 5.37
0.980 40 _ : 5,31
1.050 L5 5.30
0.208 30 0.91 31,600 5.33
0.413 1.83 5,26
0.828 3.66 5.27
1.290 5.49 5.34

5.31 average
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TABLE ITI

EVALUATION OF VELOCITY CONSTANT

(kg for oxygen depolarization)

L7

%%SH] i A v v P02 3¢
(mol./l.min.) (%) (em?) (ml.) (cm./min.) (atm.)
0.55 X 10~ 25  3.66 500 34,100  0.21 2,28 X 10
0.62 30 2.33
0.67 35 2.25
0.70 50 2,20
0.80 45 2,28
0.13 30 0,91 2.11
0.28 1.83 2.26
0.57 3.66 2.36
0.88 5.49 2.

2,28 average

TABLE IV
EVALUATION OF VELOCITY CONSTANT
(kg for autocatalytic reaction)
%%sn]llz T A v v P, ;]
2

(mol./l.)l/x%in'.'l (°c) (c:mg) (m.) (em./min.) (atm.)
2.72 X 107 25 3.66 500 34,100  0.21 1,20 X 107%
3.35 30 l.27
L, 00 35 1.32
L. 50 Lo 1.26
5.20 45 1,29
1.55 30 0,91 31,600 1.20
2.2k 1.83 1.23
3.00 3.66 1.27
3.65 5.49 1,16

1.25 average
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Therefore, the empirical rate equation for the dissolution of tin

'beCOmeS:
& Isn) = 5.3 X 1077 3 [HCl]OFv]O'98 e ’3%%9‘
+ 2‘.‘88 X 1077 .% (rc1 19y 30‘98[1?0211/2 e” '3'16%1
+  1.25X 10“.l Lf‘-]—‘-l,{i [HCl]O[v]n[P02]1/2[Sn]l/2 e” 2%%9

in which the third term (autocatalytic) applies only after an elapsed

time of 30 minutes.
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CHAPTER VI

CONCLUSIONS

1. The tin dissolution reaction appears to occur through parallel
reaction paths. In deaerated acid solutions there is a slow reaction
due to a simple hydrogen evolution process, In aerated acid solutions
there are three simultaneous reactions, hydrogen evolution, oxygen
depolarization, and an autocatalytic process. The last reaction is

important only after a short initial period.

2. On the basis of the established ;xperimental results, it is reasonable
to conclude that the hydrogen evolution and oxygen depolarization
processes are simple diffusion controlled. This conclusion is reached
on the basis of certain observed facts which, in general, have been
accepted as criteria for the validity of the diffusion rate theory.
These are:

(a) Peripheral velocity has a remarkable effect on the dissolution
rate. The rate conétants are directly proportional to peripheral
velocity to 0.98 power.

(b) The temperature coefficients are small compared to those of
chemical reactions. Values of activation energies are well below 4 kecal
per mole,

(¢) There is a significant effect of turbulence near the metal
surface,

(@) The dissolution rate is directly proportional to the surface

area.

k9
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3. The experimental data.obtained suggest that the au?ocatalytic reaction
is stiil diffusion controlled, However, the autoxidation process which
mey occur at the metal surface may also be a slow step, and therefore
plays an important role in the determination of raté control, The
arguments in favor of this conclusion are:

(&) The dissolution rate is directly proportional to peripheral
velocity to the powers of 0.30 and 0,90,

(b) The value of activation energy of 5.54 kcal per mole is a
little larger than the 3-U4 keal per mole to be expected for a reaction
under complete diffusion control.

(¢) The effect of turbulence near the sample surface is significant.

(&) Dissolution rate is not directly proportional to the surface

area A, but to the squre root of A.

L, Over the range 0,10-4,0 M HC1 the dissolution rates are essentially

independent of acid concentration.

5., The dependence of the dissolution raté on the square root of oxygen
partial pressure is indicative of a dissociative adsorption of oxygen on

the metal surface.

6. Formation of gray Tilm on metal surface was gpserved, Other

investigators have reported this film to be composed of pure tin,

7. The stannous species, stannic species equilibrium:
e ++
Sn + SnS « 2 Sns

is assumed to be established at the metal gyrrace,
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APPENDIX I

POLAROGRAPHIC DETERMINATION OF TIN CONCENTRATION

A Sargent Model XV polarograph was used for the analysis of
corroding solutions in this study.

A stock of 2 X 10-3 M tin ion solution was made by dissolving
Analar Grade tin bars in 1 M HCl, OStandard tin ion scolutions were
prepared by diluting aliquot éamples of the stock solution with 1 M HC1,
The dropping mercury electrode calibration curve (Figure 20) was made
for a supporting electrolyte of 1 M HCl and 4 M NHhCl containing 0.005
per cent gelatin as suppressor.

The polarographic cell containing the corroding solution sample
and the reference Calomel cell were immersed in a constant temperature
bath at 2500. Before each polarographic snalysis the corroding solution
sample was flushed with nitrogen gas for approximately 10 minutes, For
high tin ion concentrations, solutions were diluted and a corresponding

amount of gelatin and NHhCl were added,

51
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CALTBRATION CURVE

(Sargent Model XV polarograph)

FIGURE 20.



APPENDIX II

DATA OF TIN DISSOLUTION

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5k

02°9 ot
Al AN
02 00T
ottt - 08
1€°2 09
o't of

. 2
£-OT X EL"0 0

*T/°Tow ( “utw)
[us]  euwrg

‘utm/ wd Qo2 NT - f wny

0T"LT
TL €T
TE°TT
29°8
12°9
gL ¢
:-oa X tl°T

oyt
oct
00T
03
09
of
oe

‘ugm/ oW 00T HE - L Wy

=0T X 4 ¢

e/ Tou
\ﬁam_

ont
octT
00T
038
09
on
oc

(rur)
SWTL,

‘utH/ *wooes ‘g - € wy

XLTOOTEA TVHIHATHEL JO LOTLIX

.:..O.n

on° 1T
Ao
=L
of*¢
0g9°¢
19°2
X G611

oiT
0ctl
00T
0g
09
OH
o2

‘utwm/ wo 000‘Lle - 9 uny

0T

[e RN
QBB E XK
O

G o
X 0€°0

*/*Tou
[us]

oft
0ct
00T
03
09
O
0c

(-umm)
QUL

‘apm/wo oox‘E - g uny

IFB
‘wo*Ds 99°¢
TOH WT T® 00S
D SE

Gt~ o N
- (]
A QN NN -0\

.

.

O NN

o
—
<
ig}
—

.:-l

ont
0octT
00T
03

9

o
oc

"upw/*wd 006‘6T - & Wy

ce e

26T

16°T

221

€g°0

560

_0T X G20
ki
.H\oHOE
{us]

o1
oct
00T
03
09
O
e

(cury;
SWTL,

utm/*wo ongfe - T uwny

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25

189

oL*¢

19°4

61°€

09°2

G9°T

d-oa X 18°0
.H\.HOE
(us]

ont
oct
00T
03
09
of
oe

(“urm)
QWL

"upw/wd 006°6T - TT Wy

GLE

0Tt

e

¢3°T

1€°T

0g°0

:-oa X 610
-H\.HO_E

[us]

ont
0gT
00T
08
09
ot
0c

(rumw)
SurTL

"utu/ W0 T ~ OT Wy

ALIDOTIA TVHEHJIHEd J0 IOELLI

20°CT
621
18°6
‘._N.\L
16°G
ot
0T X 16°T

.:.I
‘upu/ wooTHE - €T uny

k!

"o
0T X T2°0

By p—
\Hamu

ot
081
00T
03
09
Oof
oc

CqtT
AN
00T
03
09
oY
oS

(rurm)
SWTL

‘utu/*wo 005‘g ~ 6 Wy

are

‘wo*bs 99°¢

TOH W T™
D omm

00%

G3°'6 ont
¢1°9Q AN
0€9 00t
2l 0Q
0G°¢ 09
T2 o%

:-oa X 26°0 02

‘upw/wo QO0‘Le - 2T Wy

29°e ot
A 02T
TL°T 00T
™' T 0g8
660 09
€50 - 0f
_0T X 0E°0 oe

K
*T/Tow  (upw)
[ug]  °wll

‘utw/ wo Owg‘e -~ g Wy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



56

oXT
02T
00T
0g
09
of
_OT X §T°0 02

\d

COO O

QU IO\ O
PR ow

.—N
‘urw/*wo 0T HE ~ @ Wy

ont

90°T

€6°0 02T

G¢L°0 00T

29°0 0g

1’0o 09

1€°0 oY
OT X #T°0 oS

*T/°Tom ( *utw)
[us] aurgy,

upw/ mwo Q0T 4E - LT wny

OT X €T°0
. X

‘upw/wo 0TS

2°0
(-OT X 2T°0

onﬁ\n.ﬁOE
- [us]
*upm/wo 062 ‘T2

ot
oSt
00T
08
09
of
oc

oft
oct
00T
03
09
07
oc

(-urm)
SWEL

- 9T uny

-1

o.ﬁHﬁE\ OEO

o0 S€

o}

oy

NN
* * L4 .

.

CJ
rt:-:rO\O—d'm
COO0OO0OO0O

X 1T°0

002°4T

.

91°0
X 0oT°0

O =i I
[SUR VAN o @ D= g
R oNoNoNe)

onﬁ\o.ﬂOﬁ
[us]

oMt
oA
COT
08
o9
Ol
107

- 6T Uy

oyt
| 02T
00T
0g
09
oY
0cC

(rurs)
SUTL

*urm/ 'wopoS ‘4T - ST wny

D 52
usdoxqIN
‘wo*bs 99°¢€

TOH WU T& 00%

XLIDOTIA ITVHIHIIHEL JO LOWIIT

‘upu/wo 005‘g

91°0
0T X TT°0

O O\ \D
A AN M
OCOO0OO0OO0

T
.lﬁ\nnﬁog
(us]

g/ wd 006y

OfT
02t
00T
0g
09
o%
Oc

- QT Uy

o'
0ot
00T
08
09
ot
oS

(up
QWT,

- T uny

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o7

gt”
0T X TS0

O M~ \D b~
O ~O ™M
OO H~AH

H

ont
oeT
00T
08
09
of
o2

"7/ Touw ( uEm)

[us]

SUIRL

‘up/ wo Q0T HE - G2 uny

96°0 ont 860 ont
18°0 0eT 6470 oet
G9°0 00T 21°0 00T
gc°0 08 €°0 03
6£°0 09 G20 09
620 of L1°0 oY
:-oa X 6T°0 02 :-oa X TT°0 oe
*T/cTow  (uuw) "T/cTow  (urw)
[us] SUITT, [us] ST,
‘upe/ wo O£2ATe - fe Wy ‘utw/ wd O02‘HT - €2 wy
QD L0f
U230I3IN
‘wo *Ds 99°¢
TOH WT ™ 006

ALIDOTHA IVHHHIIHNIG 40 dOEIdH

90

0£°0

L2°0

02°0

L1°0

¢t°o

;0T X TT°0
{
.H\.HOE
[us]

OiT
oct
00T
08
09
o1
0c

( “arw)
SUTL

utw/ wo 00G‘Q - 22 wny

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



06°9T
CG°ET
22°0T

oL'L

6T°S

20°€

:-oa X 62°T
o-ﬂ\o-ﬂo.ﬁn

(us]

.ooo:

oxt
octT
00T
03
09
o
014

( “ugur)
SUIEL,

- 62 uwnyg

0T*S¢T ot AR onT
FATMAR 02T 0T 1T 02T
€6 00T 79°Q 00T
GEL 08 _ 989 0g
CLH 09 LG H 09
2g°e of 6L°e o
:-oa X €G°T 02 :-oa X Eq°T 02
*T/°Tou ( "uTw) *T/°Tom *uTw)
[us] SUILL fus] QUITT,

.oomm - g8 wy .ooom - lg wmy

ITY
*wo*bs 99°¢
TOH WL TW 00&
‘utw/wo 00T HE

NOILLVIMVA HHALVIHINAL 40 LOZAdH

™H6T
GGGt
09°TT
€98
16°G
66°¢
0T X 6%°T

.Jn!

ki

ont
02T
00T
0g
09
0
02

oom: - 0f wmy

02°TT
™6
Gl
G¢6°¢
8T %
0se
0T X OT°T

QH\'HOE
(us]

0T
0ctT
00T
0g
09
O
07

(“ur)
QWL

.oomm - 92 uny

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

H

He*'T . OnT
¢t 02T
96°0 00T
9L°0 08
65°0 09
ge*o ot

_OT X gT°0 o2

.H\.Hoa ( *uyur)
(us] SUFL

0,01 = HE WY

e T ofT a1°T
Go°T 02T 2670
16°0 00T hL°0
69°0 08 19°0
s o 09 eno
¢e*o ot T€°0
0T X gT°0 02 0T X LT°0
- t
*T/°Tou (~utw) °*T/*Tou
[us] UL, [us]
oomm - ¢ wy
UBOIFTN
‘uo*bs 99°¢
TOH WL & 00S

"utu/*wd 00T e
NOLILVIYVA HHMOIVIAIWEL A0 LOELLH

#T
0cT
00T
08
09
of
0T

(urw)
SUITL

. - 2C
ooom ce uny

0T X

.

= N O -
a.‘;\OCOO(\!.:!"
OCCOO A

.oomm

ofT
(A
00t
08
09
ot
02

- ¢ my

ot
0eT
00T
08
09
o7
oe

( urw)
QWL
- TE umyg

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



€0

+~

ot°€e
on°LT
T8°2T
0L°g
19°G
£o°¢
_0T X #T°T

QH\QHOE
(us]

"0,0%

oht
oct
00T
03
09
of
0c

(*uTw)
JWT,

- 6 uny

Q02
g6°CT
TL°TT

1€°g

GG

26°2

:-oa X et
oH\oHOE
[us]

"0 6E - gf wyg

*utu/*wo Q0T #E

ot 1Q°CT oWt
ocT 0L°TT 02T
00T €06 00T
08 €0°9 08
09 20°H 09
of . GT°2 ou
oe :-oa X 6L°0 -0z
(“utw) .H\.Hos ("uru)
SurL [us] SUTHL
.ooom - L uny
‘W Lo:T.= P
QEO o.mvw mw.m
TOH WT TW 00S

HATANVIQ TTINVS ANV SUOLVIIINAL J0 NOLLVIYVA

+~

f

TL°oe
TT°02
00°#T
ot°6
10°9
€0°¢t
0T X 90°T

ohT
oct
00T

08
09
on
oc

.oom: = O Wy

1T°2T
18°6
HeL
T€°¢
0£°€
el T
0T X el

.d\..ﬂoﬁ
(us]

ot
AN
00T
03
09
07
oc

(rurw)
ouTy

"D,6¢ - 98 wy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

it

T6°gE
00° g2
T6° QT
o€°eT
c6°L
'y
0T X 86°T

ont
0cT
00T
08
09
0%
oc

*T/"Tow  ( “urw)

(us]

SUTT

"0,01 = i Wy

.:

0L "€t
20°¢e
09°LT
oL°TT
Gl
201
0T X 88°T

o.ﬂ\c.ﬂOﬂH
fus]

ont
0cT
00T
08
09
of
0 .

( “urw)
SWL],

.oomm - &4 uy

o192 ot
¢z oe 0cT
4T 00T
89°6 08
02°9 09
™€ o
:-oa X 26T 02
*T/°Towr  ( “utw)
[us] SUITT,
ooom - 2 unyg
uo LET =P
ITY
*uo *be mw.m
TOH WT T 006

utu/ wo Q0T HE

YIIANVIA TIIWVS ANV TIOIVEEIWEL J0 NOLLVIYVA

08" TH
Go0°0¢
™02
0T €T
RS
99°%
0T X T1°2

:l

LS

oqT
0T
00T
0g
09
ot

~o
(]

EURY Gy uny

0g°ece
19°LT
< AN
06°¢g
TL°¢
¢e ¢
0T X 6%°T

.H\.HOE
[us]

.oomm

ChT
Ocl
00T
08
09
ot
0C

(*ute)
QUIT,

- Th Wy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

16"t
9L Tt
UL
G2 e
81°g
19°%
_O0T X TO"2

..ﬂ\..moﬁ
[us]

ont
0ctT
00T

08

ot
oc

(urw)
QUIT.L

0,00 = 6% Uy

#

Te gt OfT

c6°le OTAN
06°6T 00T

GT° 1T 0Q

89°L 09

9T % on

0T X 96°T o2
*T/°Tou ( *utw)
[us] SWT,
.oomm - g wy

ki

C6°CE
02°Ge
CL LT
63°TT
AP
20°1
0T X 2l°T

.H\.HOE :
[us]

oKt
02T
00T
08
09
off
02

(+ur)
QWL

*0,06 - L wy

ud £Q°T = P

‘w0 *bs 99°€
TOH WT TW 004

*utu/*wo 0T HE
ETTAVIQ TIIAVS ANV REOTVHAIWEL O NOLLVINVA

.:l

Y

c6°gh oYt
9G *He 0T
96°ee 00T
GGt 0g
Ln°g oS
ollit on
OT X 12¢°'e (o7
0Gh - 05 unyg
29°Ge 07T
TO'6T 02T
CLET 00T
20°6 0g8
gh*SG 09
g90°¢ of
0T X LE°T 02

..m\.ﬁoa (*urw)
[us] SUrLy,

.oomm - 9§ wmy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69°EY
e TE
G6°6T
et
19°.L
AR
0T X Te

o.ﬂ\-ﬂo.ﬁh
[us]

oHT
oeT
00T
08
09
of
02

( “urrw)
SUE

"o on - #G uny

FAIRORY
w©le
€e gt
66°TT
A
€E
0T X g6°T

.H\.HOE
[us]

ont
02T
00T
0g
09
of
02

(“urw)
SWT.L

"0 GE = €6 ung

08°82 - ot

6g°02 02T

C9°tT 00T

™°'g 08

¢T°s% 09

90°¢ ot

:-oa X HE'T 0e
..m\ sTow  (“ugw)
[us] UL,
.ooom - 26 uny

‘wo ThH'2 =P
Ity

‘wo *bs 99°¢
TOH WT T® 006G
"up/ "wd 00T HE .

YALHAVIQ TIINVS ANV TINIVIIIWLL JO NOILVIYVA

19°06 oNT

TL°GE 0eT

greee 00T

98¢t 0g

Gg L 09

€Eq of

:-oa X £6°T oC
oom: - 66 uny
¢9°02 0T
LT Ool
%) 00T

9L°¢ 08

2L ¢t 09

1T°2 oty

:‘OA XG9gQ°0 02
..m\..mos (“upu}
(us] SWEy

.oonm - TG uwmy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

K

.:l

G4t
gL %2
TH*oT
T9°0T
1079
l2°¢

0T X g2°T

‘wo @6°T - €9

0% °*Of
16°0€
cg ee
e°9T
gT"TT
86°9
0T X 26°¢

oft
octT
00T
08
09
of
02

my

ontT
oct
00T
08
09
of
oc

*T/cTow ( *urw)

[us]

SWT,

wo LECT -~ 66 uny

.».ﬁ-l

Lt

1€ 06 ot
9gQ°gt 0eT

909G * g2 00T
60°02. 0g
CCET 09
63°8 oh

0T X Tt°G 02
‘wo £Q°T - 29 uny
gL et onT
1Q°He 02T
G gT 00T
gL°et 08

T$%°g 09

£€0°¢ of

_OT X oL°2 oe

o.ﬁ\o.._uo,a A -ﬁ.ﬁ.ﬁv
fus] QWL

‘wo 2g°T - g6 uwny

i "6h
e ot
€9°le
96° QT
¢6°etT
™m'g
_0T X 9L°%

ontT
0cT
00T
08
09
on
0c

W g9°T - T9 WY

e
GT°6T
09°4T
gL°0T

T9°L

6 Y

:noa X gee
o.ﬂ\o-ﬁos
[us]

oNT
02T
00T
08
09
Ot
02

(+urm)
SUITT,

wo LO°T - LG wy

ITY
°D GE
w0 -Bg 99°¢
TOH WL T 006
utu/ *wo Q0T 4E

SALINVIA TIdAVS 0 NOILVIUVA

.JI.

:

GL ty
R AEAS
ot "He
6T°9T
™It
cq*l
0T X 20°%

oYt
oeT
00T
08
09
O

W

‘WOZG T - 09 uny

65 g1
C1°GT
6Q° 1T
c6°g
1€°9
26°¢t
0T X LT°2

.H\.HOE
[ue]

0T
Ocl
00T
08
09
of
02

(rur)
QUITT

wo GT6°0 - 96 uny

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



65

¢6° 01 ontT 96° gt oftT

oL 62 02T gege 02T

TH*02 00T CT°6T COT

86°2T 08 ge et 08

G6°L 09 T9°L 09

G9°Y of €6y of

:-oa X GT°2 02 :-oa X T0°e 02
..m\..moﬁ ( *utu) T/ Tow *utw)
{us] SWTTL [us] QUIT,

‘wo TH'2 - 99 uny ‘wo 9£°g = 9 uy

IV
0.5
U *Bg mw -m

TOH WT TW 006
. Tutw/ cwo 00T HE

SHIINVIA TTIAVS 40 NOILVIUVA

.—N

89 °9¢
96°92
G1°gtT
#T°TT
TT°L
TO°H
0T X #9°T

-1/ *Tou
\Mnmu

04T
CI1
00T
08
09
o
oS

(ruTw)
Wt

‘wo £T°2 = 9 uny

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66

onT
ocT
00T
08
09
on
0c

‘wo g6°T - hlL uny

TL°O
_0T x &€°0

N\O O,
8 mi= 8™
o W B BLAURSY

ki
QH\QHO.EH
(us]

ofT
02T
00T
08
09
Ok
oS

(“urm)
ST,

wo LECT - 0L Wy

2Ge ot ™H'e ofT

Q1°e 02T 60°¢ 02T

13T 00T 69°T 00T

9h°T 0g 0E°T 0Q

TT°T 09 GO°T 09

6L°0 of 69°0 of

:-oa X 9¢°0 02 :-oa p AN 02
*wo £g°T ~ €L uny ‘ud g9°T - 2L uny
72’2 OhT oL°T ofT
T6°1T 02T ™m°'T 0cT
09°T 00T 22T 00T

T€°T 08 g86°0 083

T6°0 09 TL°0 09

09°0 of m:“o mm

:-oa X 9€°0 o2 :-oa X e2°0
..n\..nos ( utw) ..m\..moﬁ (utw)
[us] SWIL, [us] WL,
WO 22°T - 69 wy ‘wo LO°T - g9 wmy
UaBoITN
.oomm

‘uo*bs g9°t
TOH WL TW 006
rutw/cwo 00T HE .

YILENVIA TIINVS JO NOILVIYVA

642 oHT
60°2 02T
LL°T 00T
eh'T 0Q
90°T 09
6L°0 ot
:;oa X LE0 02
WO 26T - TL uny
L2t 041
90°T 02T
¢g o 00T
g9°0 08
6o 09
¢e*o of
:-oa.x €10 02

*g/cTom  (Cutw)
[us] UL,

‘wo GT6°0 - L9 uny

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67

662 ot 61°3
oz*e 0T g0°2
18°T 00T TL°T
CH'T 08 GE*T
60°T . 09 H0°T
¢L'o of 89°0
:-oa X G€°0 02 :-oa X €€°0
"1/ ToW ( *ugur) T/ Tow
\Hnmu WY, [us]
‘wo T2 = LL uny
us30X9TN
.oomm
*wo *bs mm.m
TOH WT TW 00%

‘utw/"wo 00T HE
VETENVIQ TIDVS J0 NOLLVIUVA

ofT
02T
00T
08
09
ok
oC

(utu)
SWEL

*uo 9€°2 ~ 9L uny

-—N

QO\O\O M
[ s B SRV

9°
N'
q*
mc
A

gL*0
0T X LE°O

e/ *Tou
\hsmu

T
¢
00T
08
09
on
02

( curm)
SUILL

‘wo €12 - 6L uny

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



€S oh ofT
€9 ¢e (TN
oL +e 00T
G6°9T 08
09°0T 09
Gg°¢ - of
0T X 2G°*2 oe

.—N'

ki

‘wo 6Q°T - ¢Q Wy

TE°Ch ot
0T €€ 02T
cg e 00T
™91 08
T8°0T 09
€°9 of

0T X #G°2 02

..m\..nos (*utw)
{us] SWILY,

‘wo LECT - Tg W

.;l-

g

06°66 oxT 69°€S ohT
TG ey oA 00°TH ocT
TT°1E 00T ¢ ot 00T
06° TS ole} on'1e 08
C*HT 09 TO 4T 09
18°8 oY 61°Q ot
OT X H2°% 02 :;oa X 0g°¢ 02
‘wo £Q°T - #Q Uy ‘wo g9°T - €g uy
862 ont Gngh oyt
G9°of ocT 22 gt 0cT
09°0E 00T 16 g2 00T
cG e 08 cLeoze 08
09°HT 09 09°€T 09
on’g of 09°8 o%
_OT X on*ty o2 :-oa X 62°% 02
.H\.HoE ( utw) ..n\..noE ( Tutu)
[us] SWILL [us] awrty,
‘wo g2°T - 0§ wy ‘wd Lo°T - 6L my
uaBAXQ
e
‘wo*bs 99°¢t
TOH WT TW 00&

_ .nﬁs\.ﬁo 00T HE .

YILHNVIQ TIANVS J0 NOLLVIYVA

gt

T0°gh
GL-GE
16762
€o°LT
™1t
oaxmw.m

ot
02T
00T
0@
09
o
02

‘wo 26T - 2g uny

0G° T
T9°€E
99°<e
08°6T
9T°tT
6L°L
0T X €%

.,n\...moE
[us]

cqT
2T
00T
08
09
of
0c

("urw)
U,

*wd CT6°0 - gL wy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

ki

6g° 0%
an gt
¢6°le
CH°6T
02°eT
TT L
_0T X 9T°¢

..n\..noﬁ
(us]

‘WO TH°2 ~ g8 WY

ot 00°TH
02T Gg 62
00T 06°02
08 TLET
09 0T"g
oY 80" H
02 #-0T X FATM
( *wrur) "/ Tou
SUTRL (us]

ualLxQ
"0,G€
o o.@w mmom
TOH WT TW 006G
Ccutw/*wo 00T“HE -

YAIANVIC TIINYS JO0 NOLIVIEVA

ont
02T
00T
03
09
ot
ozg

(+urw)
SWILT

wo g - Lg uny

‘:

G6°¢h
06°£€
1g°te
02°9T
6g3°6
72°G
_0X ot’e

.H\.HOE
{us]

071
g
s o

00T
08
09
of
(0

A *utw)
QUL

wo £T°2 - 9@ Wy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX ITI
NOMENCLATURE
A Apparent surface area of specimen, cm?
E Activation energy for tin dissolution, kecal,/mole.
M An atom of metal -
M) Concentration of metal ionms, moles/litre
¥ Active sites on metal surface
P02 Partial pressure of oxygen, atm,
[sn] Concentration of tin ions, moles/litre
gn Active sites on a tin surface
T Temperature,oK
v Corroding solution volume, litre
a Diemeter of specimen, cm.
kl Reaction rate constant for hydrogen evolution
k2 Reaction rate constant for oxygen depolarization
k3 Reaction rate constent for autocatalytic reaction
t Time, min,
v Peripheral velocity, cm./min.
Subscripts
b The bulk of corroding solution
i Metal-solution interface
5 Metal surface
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