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                        I. Introductery

    When a mineral whose component is electrically oxidisable or
reducible is polarized as an electrode, certain characteristic potential

changes due to the electrochemical oxidation or reduction occu'r.
Experimental investigation on this line has hitherto been made only
by R. C. WELLs'). He found a considerable increase of the potential
of pyrite electrode due to the anodic polarizaeion and a considerable

1) R. C. WELLs. " Electric Activity in Ore Deposits ."  Bulletin Cf. S. G. S.. 548 (1914).
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decrease of the potential due to the cathodic polarization. Accord-
ing to his opinion, this fact is ascribed only to the variation of ferric

ion concentration owing to the electrical oxidation or reduction.

   The writer's experiments have suggested that the cathodic
polarization takes place in a characteristic manner if the mineral is
previously polarized anodically. In this paper, some details of the
investigation and an interpretation of the characteristic potential
change are reported.

           II. The Method of the Experiments

   The samples for the experiments were selected from the collec-
tion consisting of more than three hundred separate crystals from,
Tsunatori. Particular care was taken to select only those specimens
which had perfectly smooth and shining crystal faces free from all
mechanical and chemical defects such as striation, tarnish, and
minute etched engraving resulting from chemical action of secondary
nature. The crystal faces were wiped with abs6rbent cotton
moistened with water and ether, in order to remove any adhering
grease. The experiments were carried out by the apparatus shown
in Fig. 1.

                         Fig. 1.
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 glass tube one end of which was so narrow that
section was found to be only O.O09 sq.cm. when
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the area of the figure, which was produced on a crystal face by the
electrolytic etching, was measured by means of the camera lucider
and planirr}eter. A solution of }[[,,SOg was chosen as the electrolyte.
It was placed in a dish S and the pick P was filled with the same
solution. By keeping the level of the solution in tine dish at the
same height as p, the solution in tine pick could be 1<ept stationary
by capillary force.
    After fixlng the crystal face, the dish and pick were cautiously
moved downwards so that the solution at the end•ef the lateer touched
gently on the crystal face. By this procedure, one could utilize any
desirable part of the crystal face as the electrode, and the experiment

could be yepeated on one and the same cyystal face. A coppey
electrode C was used as an auxiliary. This coRsisted of a roll of
fine broad copper net partly dipped in a saturated copper sulphate
solution whose acidity was tweRtieth normal with respect to sulphurlc

acid. The elecerical conRection between pyrite and copper electrode
was accomplished by m.eans of three wicks Wi, W,,, and W3. W! was
fi11ed Kvith the so!ution of H2S04, whic'R was prote:ted from diffusion

by tightly covering both ends wlth bladder membrane. The solution
in W3 was the same as that in contact with the copper electrode, and

was protected fro;n diffttsion•in the same manner as Wi. The two
lntermediate bottles A and B contained a dilute solution of potassium
chloride.

    As a source of the polarizing current, a battery E was inserted
in the Cexternal circuit of thi's cell. Though thea strength of the
applied current was as .small as 10-5 amp., galvafiometer G was too
sensitlve for the direct measuremeRt. So the latter was put in a
shunt circuit parallel to an appropriate resistance x The resistance

was restricted within a limit oftwenty ohms in order to prevent as
muc'n natural vibration of the galvanometer as possible.
    The variatlon of the current strength could be observed by the
change of the defiection of the galvanometer. To make t'fle observa-
tion easy an(l accurate, a pbotograp'gic apparatus R was so adjusted
that the refiected ray from the mirror of the galvanometer could be
projected on the rolling photographic paper viThose axis of rotation
was perpendicular to that of the mirror. Thus all the IRvestigations
on this subject could be registered on the photographs.
    The galvanometer which was used throughout these experiments
had the period of vibration of 1.6 second. To determine the relation
betvLreen the current strength and the defiection of the galvanometer,
the latter was introduceta as a shunt at various points of a uniform
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resistance wire through which the constant current had been fiowing.
The curve representing the relation between the deflection and the
resistance of wire at which the galvanometer was introduced showed
perfect proportionality within a limit of 24 cm. of deflection. In the

actual measurement, the defiection was restricted within 14 cm. and
the distance of the photographic paper from the mlrror was always
60 cm. while in the above test it was ca. 40 cm. So the proportional
relation between the deflection and the current strength was quite
trustworthy.
    Here we must Rotice that the photographlc paper differed from
the curved scale in that it was a plane. Therefore, the correspond-
ing correction had to be made whenever the current strength was
evaluated from the photographic curves.

      III. The Polarization of the Auxiliary Electrode

    To examine the polarization of the pyrite electrode itself, it is
necessary to know the effect of the copper auxiliary electrode. As
a prelimlnary experlment of the polarization an attempt was made
with a cell consisting of two copper electrodes under a current of
similar strength as those used in the actual experiments. In order
to determiRe the electromotlve force of the above cell, the following

procedure was followed. Two values of the potential drop caused
by the two resistances, namely 10,OOO ohms and 1,OOO ohms were
continuously measured one after the other for thirty minutes after
the circuit was closed. If R be the tetal resistance, E, the effective
electromotive force, ei and e,}, the potential'drop caused by the resis-

tances ri and r2 respectively, and ri and r2 be so small corr}pared to

R that E may be regarded as a constant, we get

             E e;
           (Rtr,) = r, '''''''••••••••••••••••••••••••••(1)

             Ee,           (R+r,•) = ii-i,, '•••••t••••-••••••••••••••••••••(2)

By combining (1) and (2), we get

          -eun,iun•(Rtr,)== ;'i (Rt• r,•)

                el -es          R:=.,
               e2 el
               r., rl
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Substituting (3) in (1), we get

         E :{( ,Si-eZ, rm)+r,}--;li'-

                r2 rl
   For- the accurate computation of R and E, it is
know the values of ei and e,,. This can be accomplished
the interpolation with two curves w'nich represent '
ei and e,, with the time as shown in Fig. 2. The experimental
of ei and e,) are shown in TableIand interpolated ei and e,)

                                   E
with the calculated values of R, E and R in Table II.

                        Table I
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 Time
(min. Sec.)

iil

lli

ll

Potential drop (volt)

eL

ii
i

e2

O.08746

O.08762

O.08792

O.08792

O.08803

O.08813

O.e8823

O.08832

O.08842

o.ossse

O.08860

O.08869

E
I

O.O09107

O.O09128

O.O09142

O.O09154

O.O09166

O.O09178

O.Oe9186

e.O09196

O.O09206

O.O09215

O.O09227

O.O09234
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  Fig. 2
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 Table II

2) 23 OE

 Time
(Minute)

io

.el (volt)
 eLJ
(volt)

O.087720

O.087963

O.088173

O.088357

O.088527

O.088693

O.O091278

O.O091527

O.O091754

O.e091947

O.O092127

O.O092310

  R(105 ohm)

2.209

2.211

2.206

2.205

2.203

2.l97

 E
(volt)

2.025

2.033

2.033

2.037

2.039

2.037

  ElR
(10-5 amp.)

O.917

O.919

O.922

0924
O.926

O.927

   If the term e stands for the potential value of the copper elec-
trode which corresponds to the ordinary state; ei, its potential decrease

resulting from the cathodic polarization; e,,, its potential increase
resultlng from the anodic polarization; and Eo, the electromotive
force of ehe battery, then the effective electromotive force E may
be regarded as E = Eo + (e -ei) - (e +- eL•) =: Eo m (si+ eL})•

   Although the electrornotive force of the battery was not ab-
solutely constant, it was experimentally confirmed ehat the variation
was not quite negliglble under a current strength oÅí an order 'of
10-5 amp. By using the value 2.076 volt for E which was separately
determined at the currentless state, we get, after 10 minutes' polariza-

tion, si+ e,,=:2.076-2D33=O.043 vo!t as the resultant of both effects,

assuming that E,} remained unchanged (see Table II).
   The above effect was determined by another operation under
the same conditions. That is, the single potential ot the copper
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electrode at the polarized state, anodic or cathodic, was respectively

measured in the usual way soon after the polarizing current was
opened. Generally, the potential of the polarized electrode under-
goes a considerable variation at the moment when the polarizing
current is opened and afterwards its varitation is continued until
the potential' recovers the value of ordinary state. Howeyer, by
means of the specially designed switch shown in Fig. 3, the poten-
tial measurement could be taken simultaneously with opening of the
current.

                          Fig. 3
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    By the above experiment, the writer has obtained O.578 volt as
the potential of a cathodically polarized electrode and O.615 volt
as the potential of an anodically polarized electrode. The difference
of the two is O.615-O.578==O.037 volt, which coincides nearly with
the values O.043 volt above obtained. Therefore in calculating the
potential of the mineral electrode, we adopted O.615 volt as the
potential of the anodically polarized copper electrode, and O.578 volt

as the potential of the cathodically polarized copper electrode.

IV. General Course of the Polarization of Pyrite EIectrode

    When pyrite was polarized as a cathode under the above con-
ditions, the polarization phenomena exhibited itself in a quite different

manner according to the manner of treatment of the mineral. For
example, if the cathodic polar.ization was made after the anodic, the
current strength underwent a considerable decrease in a characteristic
manner, whereas in the case of the polarization with a fresh mineral,
it showed only a gradual variation in the course of time. In the
case of an anodic polarization, however, no such variation was
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recognized when the polarization was undertaken not only with
a fresh piece of the mineral but also with a piece which 'fiad been
prev!ously polarized cathodlcally.
    In the first case, the considerable decrease of current strength

happened always ln four steps (see Fig. 1 in Pl. I). In some ex-
periments of this sort, however, the photograph showed some minute
step besides four. From the results of a good many experiments,
however, this appeared to have resulted from some unperceived
imperfection of the crystal face. For the sake of brevlty, the current

strengths at the initial and the fiRal points in the anodic curve are

denoted by "Anode I" and "Anode II", and those which corre-
spond to the respective steps in the catbodic curve by "Cathode I",
"Cathode II" "Cathode III" and "Cathode IV ".
            '    The current strength is represented in terms of the deflection
of the photographic image from the null point measured in centi-
meters. With regard to the Cathode IV, for example, the elongation
of the cuirve meets with the perpendicular t4 ci, which passes through
the transition point of the curve, at the point c4' as is diagramati-
cally represented in Fig. 4. The distance from c4' to the null point
t4 is taken as the current strength of that step. The current
strengths thus measured in cm. at various steps are tabulated in
the accompanying table, in which the current density is represented
by the value corresponding to that at Anode II.

                           Fig. 4
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                         Table III

    EIectrode: (100) of pyrite from Tsunatori. Current density: 1.13Å~10-3
    amp.lsq.cm. Applied electromotive force: ca. 2volts. Timeofprevious
   anodic polarization: iO minutes.
a) Electrolyte: nflOO-H2S04

45

Exp.
asTio-

i
Mean

Anode

I

6.75

6.81

6.73

6.67

6.74

II

7.22

7.27

7.21

7.21

7.23

Cathode

    I['7 ve'Tt
  12.25
  12.28
  12.l9 i
  12.22 I
        l

II i III g IV

!2.24 i
     i

9.3'
3

9.32

9.34

9.21

l

     i:slii l

8.35 l

7.09

7.14

7.06

7.06

g.3o I 8.38 7.09

)b Electrolyte: n-H2S04

Exp.
No.

 1
 2
 3
 4
 5

Mean

Anode
I

I

7.01

7.12

6.96

7.01

6.96

7.01

II

7.29

7.26

7.19

7.29

7.23

7.25

Cathode

I

11.81

11.78

IL67
1!.79

ll.79

!1.77

II

9.18

9.22

9.10

9.!2

9.12

9.15

III { rv

8.36

8.45

8.26

8.21

8.21

8.30

6.76

6.76

6.77

6.81

6.76

6.77

    Even on the same crystal face, perfect coincidence of these
values can not be expected owing to such inevitable differences as
the contact area or the diffusion of the electrolyte. In spite of these

facts, the results thus obtained by the same surface do not show
any noticeable deviation. All figures shown by the electrolyte of
n-H,,S04 differ somewhat from those shown by the electrolyte of
n/leO-H,SOg. Whatever the figures may be, it is always possible
to perceive the same fundamental character in the manner of the
current varlatlon.
    1. Effeet of the current density. In order to determine the
effect of the current density on the step-wise variation, other. experi-

ments were carried out under various current densities. The
results are summari7.ed in the following table, where the current
density is represented by the value of the Anode II as was stated
before.
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Electrode :

ca. 2 volts.

Iarization :

           J. TAKuBo

            Table IV

(100) of pyrite frorn Tsunatori. Applied electrometive force:
Eiectrolyte: nllOO-H2SQt. Time of the previous anodic po-
10 minutes

Exp.
No.

  Current
  density
(10-5 amp.lsq.
 cm.)

5!
.

1

ii

Mean
   l 8o

.
2

,l

Mean

4.9o

li

Mean

e7o.

il

Mean

Anode

I l !i

7.03

6.95

6.96

6.97

6.89

6.96

6.96

6.82

6.92

6.99

7.01

7.13

6.97

6.71

6.61

6.61

6.63

6.68

6.65

6.10

5.97

5.99

6.06

6.05

6.03•

7.42

7.43

Z36
7.37

7.36

7.33

7.38

7.71

Z75
7.72

Z75
7.85

7.76

6.96

6.95

6.92

6.92

6.92

6.93

6.23

6.28

6.24

6.26

6.28

,

6.26

Cathode

I

12.69

12.69

l2.64

12.64

12.66

12.57

12.65

13.16

13.27

l3.19

13.23

13.29

13.23

11.94

ll.91

11.89

11.90

11.90

11.91

10.56

10.71

10.67

IO.71

10.77

10.68

II

9.66

9.70

9.56

9.68

•9.62

9.63

9.64

9.96

10.12

9.94

10.00

10.06

III l IV

8.69

8.76

8.60

8.65

8.65

8.6.7.

8.66

I

8.94

9.05

8.92

8.92

9.07

    '10.02 l 8.98

9.06

8.95

9.00

8.92

9.09

9.00

  8.09

  8.09

  8.13

I 8.13
l ,.,,

t.

I
l 8.13
]

8.11

8.06

8.10

8.08

8.12

i 7.32

l 7.2s
I zls

  7.23

  7.36

8.09
L

7.27

7.31

7.30

7.26

7.24

7.27

7.25

7.27

7.48

7.61

7.56

7.58

7.67

7.58

6.67

6.82

6.78

6.82

6.87

6.79

6.14

6.10

6.14

6.09

6.14

6.12

Sample

 Sil-

 2

s

 3 s

 4 $l•

   Since the simnt resistance in whic"n the galvanometer was in-
serted had to be changed accordiRg to t"ne cttrrent density in order
to adjust the deflection for the suitable amount, the cemparison of
the figures given by the respective samples is quite meaningless.
   For the sake of comparlson, all figures above mentioned are
recalculated in proportion that the ARode I is always 7.00cm.
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Results are summarized in Table V. Those obtained from the
previous experimental results shownin Table III a) are also included
in this table.

Tab!e V

 Current density
(10mb amp.lsq.cm.)

8o
.

2

   'i

.

Anode

I

oo7.

il

Mean

51
'

1

li

'

1)

o.o7

'il

Mean

31
.

I

i
o.o7

  •ll

Mean

4.9o

ii

o.o7

,l

Mean

o.7o

ii

o.o7

,l

Mean

II

7.91

7.84

7.73

7.74

7.71

7.79

7.39

7.48

7.40

7.40

7.48

7.37

7.42

7.49

7.47

7.50

7.57

Z51

7.26

7.36

7.33

7.31

7.25

7.30

7.15

7.36

7.29

7.23

7.27

7.26

Cathode

I

l3.51

13.42

13.21

13.21

13.05

13.28

12.64

12.78

12.71

12.69

12.86

l2.64

i2.72

12.70

12.62

l2.68

12.82

12.7i

12.46

12.61

12.59

l2.56

12.47

12.54

12.12

12.56

12.47

12.37

12.46

12.40

II

10.22

10.24

 9.95

 9.99

 9.88

10.06

III

9.18

9.15

8.93

8.91

8.90

9.01

IV

7.66

7.70

7.57

7.57

7.53

7.61

9.62

9.77

9.61

9.72

9.77

9.69

9.70

9.68

9.58

9.71

9.67

9.66

9.45

9.48

9.53

9.42

9.53

9.48

9.31

9.45

9.47

9.33
'9.39

9.39

8.65

8.82

8.65

8.69

8.79

8.67

8.71

8.68

8.68

8.70

8.76

8.71

8.44

8.57

8.61

8.58

8.58

8.56

8.40

8.54

8.39

8.35

8.52

8.44

7.28

Z35
7.30

7.27

7.39

7.29

Z31

7.35

7.34

7.34

7.41

7.36

6.96

7.22

7.18

Z20
7.20

7.15

7.05

Zl5
7.18

7.03

7.10

7.10

Sample

 Si

 S2

 3 s

 S4
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    The transition time of the respective steps was obtained from
a number of the polarizing curves, and its mean values are given
in the following table. The effect of the current density on the
cathodic polarization is diagrammqtically illustrated in Fig. 5.

                         Table VI

Current density
(10 amp.lsq. cm.)

2.08

1.15

O.94

O.70

Transition time (second)

I-.II

'i-i
II--}III

ig'

III->IV

/ig'

        ,l

g'

 ?[?gg'
 o,•.e,4,f.

Anode

I

Fig. 5

    Cathode

II

.bi

IY

        ltio 2-t 3o 4ortt 6eT-=l5--
                         Time (second)

    The greater the polarizing current strength is, the higher the
value of each step is not only in anodic but also cathodic polariza-
tion, although the variation is very small. And the transition time
becomes shorter as the current density increases. Whatever the
above effect may be, it is certain that the essential character of the

variation is by no means affected by the current density.
    2) Infiuenee of the duration of tlie anodic polarization. The
results of ehe experiments to determine the effect caused by the
change of time taken in the anodic polarization on the step-wise
variation are given in Table VII.
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                     Table VII
EIectrode: (100) of pyrite from Tsunatori. Current density: O.91Å~10-3
amp.lsq.cm. Applied electromotive force: ca. 2 volts. Electrolyte: n-
H,SO,

49

 Time i

(minute)1

Anode l Cathode

I lI I I II l III T IV

   ]2

5

10

20

30

     I
6.43 l
     '6.42

6.39 i

6.37 j
6.50

6.s2 I g.ss

6.55 9.88
6.52 9.94
6.62 9.96
6.89 10.46

7.74

7.80

7.81

7.77

8.00

7.22 I•
7.21 i
     i'
7.20 i'

7.22 I

7.35

6.05

6.05

6.04

6.10

6.25

    The results are recalcula'ted in prbportion that the Anode

always 7.00 cm.

                        Table VIII

I is

 Time
(minute)

Anode
/

Cathode

I II I II 1 III ; IV

 21
5

10

   I20
   l
30 1

o.o7
              1
7.10 10.76 i
7.14 I• lo.77

Z14 10.89
7.27 i 10.95

7.42 l ll.26

8.43

8.50

8.56

8.54

8.62

     l7.86
     i
7.86

7.89

7.93

7.92

6.59

6.60

6.62

6.70

6.73

    Two facts are evident from these experiments: (1) that the
current strength at each step both in the anodic and the cathodic
polarization acquires somewhat 'nigher value, although the variation

is very small;and (2) the transition time of each step becomes
longer by a considerable degree with the increase of the time of
anodic polarization. When pyrite was subjected to the anodic polari-

zation for 30 minutes, for example, more than 3 minutes were
required to accomplish the whole variatlon ; whereas in the case of
10 minuteev' anodic polarization, the variation took only about one
minute. The transition t{mes of the respective steps observed in
the foregoing experiments are given in the following tab!e, and
all results are graphically expressed in Fig. 6.
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Table IX

 Time
(minute)

ig

l

Transition time (second)

I-bll

i
II-tlll

'i

III-hlV

45

53

81

155

217

Fig. 6.
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   3) Infiuenee of the applied eleetromotive force. In order to
corroberate the effect of a change of applied electromotive force
several other experiments were undertaken with various degrees of
applied electromotive force but with the same current strength.
Results are tabulated in the following table, in which the current
density is represented by the values corresponding to that at Anode II.

                        Table X
    EIectrede: (100) of pyrite from Tsunateri. Electrolyte: nllOO-H2SO,.

bOtnH
2ot.:
ig9:

t-

//

CzL.thcde

Xb.`

Current
density
(10-3 amp.lsq•
 cm.)

1.12

1.15

1.13

1.18

Applied e. m. f.
   (volt)

2.090

4.057

6.066

10.051

Anede

I

6.65

6.96

8.30

7.32

II

7.16

7.10

8.34

7.35

Cathode

I

11.97

9.12

9.84

8.13

ii l
8.92.

7.83

8.88

7.63

III

8.12

7.50

8.64 '

7.51

..

vI

6.85

6.95

8.22

7.35
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    For the sake of comparison, all figures
recaiculated in proportion that •the Anode I
Results are shown in Table XI.

                         Table XI

iron Mi'nerals

above mentioned
 is always 7.00

 51

are
cm.

Applied e. m. f.

   (volt)

I Anede
I

Ii
     l
     'tttttt.L-ttt  / ttmat...tttttII l I
     /

Cathode

2.090

4.057

6.066

10.05i

o.o7 7.54

7.14

7.03

7.03

l i2.6o

I 9.17
l 8.30
i

  7.77

II

9.39

7.88

7.49

7.30

IIi'

8.55

7.54

7.29

7.18

vI

7.21

6.99

6.93

Z03

Results thus obtained are diagrammatically summarized in Fig. 7.
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       is shown in Fig. 7, the differences of the current strength
between the successive steps are more and more contracted with
   increase of applied electromotive force (see Fig. 2 in Pl. I). This

important fact suggestg that the step-wise variation is principally
      upon the variation of the effective electromotive force, that
     the single potential of pyrite.

       Polarization of some sulphide minerals other than pyrite.
• With various other minerals such as galena, chalcopyrite,
chalcosite and arsenopyrite, some experiments were undertaken
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under similar conditions as above described. With respect to the
chalcopyrite and arsenopyrite, the curves of the current varlation
were quite analogous with that of pyrite (see Figs. 2 and 3 in Pl.
I) ; but the remaining minerals gave very different curves. Results
with regard to these minerals are given ln the following table.

                        Table XII

 a) Electrode: Chalcopyrite from Ani. Current density: 1.20Å~10H:S amp.1
    sq.cm. Applied electromotive force: ca. 2 volt. Electrolyte: nflOO-
    H2SO,. Time of previous anodic polarization: .7. minutes.

Exp.
No. I

Anode
""'  l""''mm il""'

I Cathode

I
•11••••

II III
I'

I IV

i6i 5.75

5.70

5.73

5.68

5.71

5.63

5.85

5.70

5.71

5.65

5.72

5.53

1

l

l

8.33

8.14

8.20

8.15

8.17

7.95

A 6.52

6.41

6.39

6.43

6.50

6.26

rae1c

iil

ton 4.35

4.39

4.37

4.38

4.43

4.20

Mean
i
l 5.70 i 5.69 8.16 I 6.4.?. E 4.35

b) EIectrode:
   amp.!sq. cm.
   nfloo-H,so,.

Arsenopyrite from Awashiro. Current
  Applied electromotive force: ca. 2
 Timab of previous anedic po]arization :

density: 1.16Å~10-3
volt. Electrolyte :

5 minutes.

Exp.

No.

   Anode
' l--" ""'I""'um' l' i' '

i
'i""'-"'"'' ww""

I I ' i'  IIi'i
Cathode

i
III

1"

l !v

 1
 2
 3
 4

Mean

l 5.46

5.50

5.42

5.45

5.94

5.93

5.92

6.03

i
7.92

8.03

7.90

7.91

raelc

i,l

ton
i

'i

     l4.48 .]

4.48 ii

4.42 i•

4.60 i

3.86

3.90

3.94

3.97

5.46
i

I 5.96 7.94 E ]
]

4.50
i
t 3.92

    For the sake of comparison, the above mean values are recal-
culated in proportion that Cathode I is always 12.65 cm., which was
actually obtained as the mean value with pyrite electrode under the
current density of 1.15Å~10-"3amp./sq. cm. as shown in Table IV.
The results are cited in the following table.
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  Table XIII
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Electrode
I Current density
i (10m3amp.lsq. "

l cm.) I1•

li i.l5 1'
            l••
i l.20
l• 1.16 I

i

  Cathode

II III IV

Pyrite

Chalcopyrite

Arsenopyrite

56
.

21
l
I 9.64 l'

9.95 l•

     l

8.66 i

7.17 I

7.27

6.74

6.25

    In the case of chalcopyrite, a step corresponding to the Cathode
III of pyrite is not distinct, but'the others nearly correspond to
those of pyrite. Of the arsenopyrite, a step correlated to the Cathode

II can not be clearly recognized and, moreover, both Cathode III
and IV are somewhat less than those of pyrite. But it shows, as
a whole, a variation quite analogous to pyrite.
    At all events, it would be imposslble to attempt an exact cor-
relation with pyrite solely from the variation of the current strength

because of the fact that each mineral is of different chemical nature.

    Whatever the current strengt'n may be, it may easily be per-
ceived that the step-wise variation shown by iron mlnerals is of the
same character, so that the phenorpenon may well be ascribed to
the iron content of minerals.
    5) Effeet of Fe,}(S04)3-conteRt of the eleetrelyte. In the next
place, two experiments were performed in order to examine the
effect of the Fe2(S04)3-content in the electrolyte.

    a) The catbodic polarization was carried out in a soltttion of
n/20-H,,SOg in the same manner as before.
    b) The trace of a solutlon of n-Fe,•(SOa)3, which was so ac]dified
that its acidity was 1/20 normal vgrith respect to H,}SOd, was added

                        Table XIV
 a) Electrede; (100) of pyrite from Tsunatori. Applied electromotive force:
    ca. 2 volt. Electrolyte:nllO-H,,S04. Time ef the previous anodic polari-
    zation: 10 minutes.

Exp. No.

   1

  2
  3
  4
  5
' Me5tt''"'

l

f  
  ---•l• 'I'

8.g4

8.89

8.86

8.76

8.76

s.g'L,

            Cathgd.e.

        II               !   ttt
        6.76
   I 6.68
   l, 6.66
        6.60
        6.62
   l•
" '""  "L""'  '6.66 ""'  "'  "'

III .".. l

6Io2' l

6.00 I
5.94 l
5.87

5.92

5.95''  i
       '

IV

4.91

4.93

4.93

4.76

4.88

4.88 ''
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 b) Electrode: (100) of pyrite from Tsunatori. Applied electromotive force:
   ca. 2 volt. Electrolyte: n120-HeSO, in which a trace of n-Fe2(S04)u. had

   been added

Exp. No.

  1
  2
  3
  4
  5
 Mean

I

g.g6

8.67

8.62

8.79

8.75

'g.74

III

edohtac
t

-
IV

4.70

4.70

4.72

4.76

4.70

'417'2'LL'''" "

to the solution at the end of the pick by fneans of a platinum wire ;
apd the cathodic polarization vvras so undertaken that the polarizing

current began to pass at the same time that the pick was touched
to the electrode surface. Both results are tabulated in Table XIV.
(see Fig. 6 in Pl. II).

   In the case of (b), only two steps are observed, and their values
almost correspond respectively to the Cathode I and Cathocle IV of
(a), Moreover, a step corresponding to Cathode I is easily prolonged
according to the quantity of the solution of Fe2(SO,i)3 added. Such
distinct behaviors can be principally ascribed to the fact that, in the

case of (b), only Fe,,(S04),i reacts as a depolarizer, vLThereas in the
case of (a), not only Fe,,(SOi)3 but also some iron oxide on the elec-

trode surface takes part in the depolarization. From this fact, it may
be positively stated that in the step-wise variatlon in the cathodic
polarization after the anodic, the step of the Cathode I results from
the presence in the solution of Fe,i(S04):i; and the steps of the
Cathode II and Cathode III result from some iron oxide on the
electrode surface because of the fact that the Cathode IV almost
coincides with the initial current strength in the catbodic polarization

in the case of a fresh mineral.

     V. Some Experiments to EIucidate the Chemical
      Mechanism Accompanying the Variation of the
                PolariziRg Current Strength

    1) ARedic polarization. To elucldate the cause of the current
variation under the above circumstances, we have to take account
of two fundamental variables: the effective electromotive force and
total resistance of the circuit.
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    With reference to the effectlve electromotive force, the pote3tial
increase of pyrite due to the anodic polarization on the one hand,
and the potential decrease of the copper electrode due to the catho-
dic polarization on the other, come under consideration since the
electromotive force of the battery is practica!ly constant. The
resultant of these variations, however, should play a role of lowering

the current strength. Therefore, the increase of current strength
should be considered solely from the effect of the variatlon of the
total resistance of the circuit.

    Under the same procedure as that already taken in the previous
experiment, the two values of the potefltial drops corresponding to
the two definite resistances were continuously measured one after
the other in the course of thirty minutes' polarization after closing
the circuit. From this data, the total resistance, effective electro-
motive force, and the current strength at various times were calcur
lated as before. The results are shown in Table XV.

                        Table XV
               EIectrode: (100> of pyrite from Tsunatori.
               Electrolyte: nllOO-H2S04-

Time

(minute)

ii

ii

  R
(IO" ohm)

  1.387

  l.380

  1.368

  1.358

  1.347

  1.343

 E
(volt)

1.450

1.464

1.467

1.468

1.465

1.467

  EIR
(10-'" amp.)

  1.045

  1.061

  1.072

  1.081

  1.038

  1.092

   According to the above data, the effective electromotive force
is almost constant except at the time of 5 minutes;whereas the
total resistance shows a gradual change in the course of time
towards the lower value. This fact is more certainly recognized in
the case of larger current strength. Table XVI represents the
calculated results in a case in which th•e current strength is more
than twice as large as that in the case of Table XV.
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                  Table XVI
EIectrodei (100) of pyrite from Tsunatori. Eleetrolyte: nflOO-H2S04.

Time
(minute)

  R
(10fi ohm)

      E
---- .CY.9.it).... .rvr.

     1.397
     1.397 i
     1.397
       tli 1.400 ii 1.3gs I
      1.401

  EfR
(10ff5 amp.)

O.641

O.625

O.616

O.610

O.605

O.602

2.181

2.236

2.270

2.293

2.311

2.320

    These results prove that the course of the gradual increase of
the current strength during anodic polarization may be ascribed
merely to the decrease of the resistance. As the cause of the varla-
tion of the resistance, the anodic oxidation of the pyrite must be
taken into account besides the diffusion of the electrolyte and t'ne
polarization of the copper electrode. In fact, when the pyrite is
used as an anode, the electrolytes H,}S04 and Fe,,(SO`)3 are produced
from the anodic oxidation of pyrite itself. Therefore it is quite
natural to expect that these electrolytes render the solution more
conductive. Moreover, the longer duration or the greater current
density of the anodic polarization acquires a somewhat higher fiow
of current strength not only at Anode II but also at each step in
the subsequent polarization, as we already noticed in t'fle foregoing
experimental results. In order to eliminate the effect of the change

of resistance in the course of the anodic polarization, the mean
values in Table IV are proportionally converted so that the Anode
II is always 7.00cm. Table XVII shows the results of this recal-
culation.

                       Table XVII

   current density I .. ....
IimuO.IIL.ellllf9;mmCE.i.?" i......i.

       2.08 """i 11.93
       1.15 li 12.00                 I       O.94 l 12.03
       O.70 l ll.94
                 '

-- -.. 9.9.F.Po.dg..

                      1/ ...I . . II il m.nvIIIww .. mm mm.

      ----- --------•------  II  I 9.04 l 8.10                      ii  i  T 9.14 i 8.21 i  il• 9.09 11 8.21 ii•
  '  I g.os l' s.13 i•  Il

IV

6.84

6.90

6.86

6.84

   The coincidence of the figures of this table tells us that, pro-
viding we eliminate the slight effect of resistance, the current
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strength at each step of a cathodic polarization is practically in-
dependent of the current density in such a range of variation as is
shown ln the above table aRd that it shows nearly a constant value
at each step. The same statement holds true in the case in which
the duration of the anodic polarization was modified. This may only
be explained by the constancy of the cathode potential at each step.

    The effective electromotive force in the course of polarization
shows nearly a constant from the beginning, as may be s"fiown in
Table XV. However we know that the pyrite potential assumes a
far higher value than that of the ordinary state when it has been
anodical!y polarized. At Anode II, after 10 minutes' polarization,
the value reaches 2.083+O.578--1.464=1.197 volts; where 2.083
volts is the electromotive force of the battery; O.578 volts, the poten-

tial of copper electrode; and 1.464 volts, the effective electromotive

force shown in Table XV. The value 1.197 volts is far higher than
the values assumed against the normal ferric sulphate, which was
so acidified that its acidity was twentieth normal with respect to
the sulphuric acid. The latter are as follows: .

    Il pyrite froi?, Tsunatori II89s7 V,O,it l......By the writer

    3. 1.071 i                ))                                      v)
    Pyrite potential against an acidified

    normal ferric sulphate 1.10 . By WELLs
These values are remarkably smaller than that calculated from the
effective electromotive force in the state of the anodic polarization.

Assuming the potential of pyrite agaifistthe n/100-H,,S04 is ca. O.900

volts which vv'as actually determined at 18'C, the increase due to
the anodic polarization should amount to 1.197-O.900=O.297 voks.
    R. C. WELLsi), working with n-KCI as the electrolyte, connected
the pyrite electrode to the auxiliary copper electrode in copper
sulphate. He polarized the mineral with a current of the strength
of about 5x10m6 amp. Under these circumstances, the potential of
pyrite rose to about O.97 volts and afterwards remained constant as
long as the polarization was anodic. When the pyrlte was used as
the cathode, the potential fell to O.57 volts in 15 minutes and after-

wards remained almo3-t in the constant state.
    According to his opinion, the pyrite potential depends in a
minute degree on the ferric-ion concentration. The potential at the

  1) Loc. ci.f.
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constant state, therefore, corresponds eo that determined by the
maximum ferric-ion concentration ; in the case of cathodic polariza-
tion, on the contrary, it corresponds to that determined by the highly

reduced ferric-ion concentration.
    It is a well known fact that the potential of the sulphide mineral

electrode shows a great dependence also on the hydrogeni ion con-
centration. Therefore the increase of the hydrogen ion concentration
besides the ferric ion should contribute to the potential increase of
the mineral electrode in the anodic polarization.

    2) Cathodic polarization. To arrive at a consistent explanation
for the c'nange of the current strength in the cathodic polarization,
the total resistance and the elec'L'romotive force at various times
were calculated ln the same way described before. These calculated
values are recorded in Tabl•e XVIII.

                        Table XVIII

     Eiectrode: (100) of pyrite from Tsunatori. Electrolyte: nflOO-H2SO,.

 Time
(minute)

s
l   R

(IO` ohm)

e  
i' "'""'T

 E
(volt)

'gi' 1.195

1.209

1.216

1.219

l.227

1.395

;.397

1.397

i.393

1.394

i   EIR
(10-'5 amp.)

i
l

1.168

1.156

l.149

1.143

1.136

    Measurements within le minutes s?yrere almost impossible to carry

out on account of the considerable change of the current strength.

    According to the results, the effective e!ectromotive force shows
almost a constant in the course of polarization. The gradual fall
of polarlzing current as we see in thls table, therefore, should be
ascribed principally to the increase of the total resistance, since the
solution becomes lower and lower in ion conductance in proportion
to the decrease of free acid.
    Here we have 2.083 volts as the electromotive force of the bat-
tery; O.615 volts, as the potential of the copper electrode; and 1.395
volts, as the effective electromotive force after 10 minutes ; therefore,

the potential of pyrite amounts to 1.395+O.615-2.e83= -O.073 volts.
    It is also well-known that when hydrogen sulphide is passed
in.to the solution, in general the potential of sulphide mineral against
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it shows a considerable fall.E) With regard to the case of pyrite in
n/100-}I,}SOi, for example, saturation brought the potential down to
ca. O.40 volts, a figure far greater than -O.071 volts, which was
obtained from the effective electromotive force. Therefore we should
imagine the medium at the state of much more reduced hydrogen
ion concentration than n/100-H,)SO,. In summary, the following two
facts might be considered as the causes of the decrease in the po-
tential during this polarization : '

   a) The decrease of the hydrogen ion concentration due to the
cathodic discharge.

   b) Hydrogen sulphide produced in the solution owing to the
cathodic reduction of the pyrite material.

   3) Cathodic polarization after the anodic. The characteristic
current variation in the course of this polarization is principally due
tO the change in the potential of the pyrite electrode. This important

Statement is confirmed by the following experimental results already
mentioned.
   a) The current strength at each step in t'nis polarization is
nearly a constant regardless of the variation of current density, as
we eliminate the slight effect of the variation of the resistance in

the anodic polarization. `
   b) The differences of current strength between the successive
steps decrease with the increase of applied e!ectromotive force.
   c) CathodeIand Cathode IV invarlably appear in the cathodic
pOlarization of a pyrite electrode without the previous aAodic treat-

Ment if a trace of the solution of Fe,,(SO,), had been added to the
electrolyte.

   Now the total reslstances ae various times were calculated
through the same procedure detailed before. Table XIX shows the

                       Table XIX
    EIectrode: (100) of pyrite from Tsunatori. Electrolyte: nllOO-H2S04•

poiarization Time (minute) li

Anodic

 ( 2/?i

•Cathodic............5

Total resistance
,. ...(10S..p. hm)

    i.404
    l.390
    1.387
    l.385
    1.314
    1.318
    1.329

l (,8-u..r,r.e.nt,.SgeF.itM.,

l• 1.ls

        li?g

  1)
.11ourn.

A. }VIATsuBARtx. "On the Self-electrification

of Geol. and Geog., Vol. VII, No. 2, 1930.

of Sulphide Orebodies," laPanese
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results which were obtained in the course of the cathodic, subsequent
to the anodic, polarization.
    From this table we see that, in the anodic polarization, the total

resistance undergoes a gradual fall with the time. An abrupt
change, which o:curred at the interval oE 2e and 25 rninutes, may be
an experimental error. If we consider that the resistance after 5
minutes in the subsequent cathodic polarization nearly corresponds to
that at the state of Cathode IV, the increase of the resistance through

the step-wise variation amounts to (1.329-1.318)Å~10`=e.Ollxl05
ohm according to thav above data. This amount, however, could not
have an infiuence upon the deflectlon of t'ne galvanometer of more
than O.8 mm. assuming the reslstance at the Cathode I as 1.318Å~
10:" ohm and the defiection as 12.65 cm. (see Table IV). The step-
wise variation, in fact, is completed in less than 4 rdinutes in the

case of 30 minutes' anodic polarization as shown in Table IX. So
the real variation of the resistance in th•is interval, therefore, would

b2 so small that its effect could practically be neglected in the
whole variation.

    If we assume that the current variations depend alone on the
change of the electromotive force of the cell, the latter and the
potentia! of pyrite are easily computed from the current strength.

                         Table XX

Applied e. m. f. (vblt)

Current strength (cm.)

Effective e. m. f. (volt)

Potential of pyrite (volt)

 ARode
i' ii I,

Cathode

I i ii l
i ml   t

IV

2 090(

4 e571

6 066I

10e51I
Mean

7.16

1.471

I ll.97

I• 2.4sg
I
l O.9s4

8.92

1.833

O.358

l 8.12

1.668

O.193

Current strengtE (cm.)

Effective e. M. f. (volt)

Pot.e l}SIf}l of pyrite (volt)

7.10

3.438

9.12

4.416

O.974

'

l 7.83

3.791

O.349

I

 6.85

 1.407

-O.068

7.50

3.632

O.190 ,
    I

 6.95
 -3.365

-O.077

Current strength (cm.)

Effective e. m. f. (volt)

PoteRtial of pyrite (volt)

Current strength (cm.)

Effective e. m. f. (volt)

Potential of pyrite (volt)

of the potential of pyrite

l

 

8.34

5.447

I 9.84

6.427

O.976

l
I 8.88

5.800

O.349

i 8.64

5.643

O.192

l s.2,

l 5.369
l-o.os2

7.35

9.432

 8.13
 10.4'33

l• O.987

t

l 7.63

9.791

O.355

1 7.51

9.637

O.201

o.9S3 i' O.353 l• O.194
I

I z3o -

 9.368
-O.068

l.twttttttma-ttt-

I

I-O.074
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The calculation inay be made from the figures shown in Table X,
assuming the potential of pyrite electrode at Anbde II as 1.197 volt
(see p. 57).

    The pyrite potential at Cathode I is not accordant with that at
Anode II:the latter is greater than the former by 1.!97-O.983==
e.214 volt. Therefore it should be supposed that the potential at
Anode II undergoes such variation in a moment when the polariza-
tion is commutated.
    It has already been noticed that the characterlstic current varia-

tion results from the previous anodic polarization and never from
the cathodic itself. And Catifiode I, moreover, may be ascribed to
the presence of Fe,,(SOg)3 produced by the anodic oxidation.
    The value of O.983 volt at Cathode I is nearly in accord with
the value of ca. 1.0 volt, w'nich was actually obtained as the pyrite
potential in n-Fe,,(SOi),,. Moreover, the value of -O.074 volt almost
coincides with that of -O.073 volt which was obtained in the
foregoing experiment with a fres'n mineral surface (see. p. 58).
This is naturally expected from the fact that the polarization
curve obtained with a fresh mineral surface exactly coincides with
that of Cathode IV on the photograph.

                      VI. ConclusioR

    1) When pyrite is polarised as an anode in a very small
amount of not agitated electrolyte, the potential of pyrite rises to
about 1.197 volt after 10 minutes polarization. This development
of potential should be established very soon afteg the polarising
current begins to pass.
    2) In the cathodic polarization, the phenomena of polarization
depend upon the previous treatment of the mlneral. If the polari-
zation is undertaken with a piece which was previously polarized
anodically, t,he current strength shows a characteristic step-wise
variation. In the case of the polarization of a fresh mineral, on "L'he

other hand, no such variation is displayed.
    3) The step-wise variation in the former case happens always
in four steps. The longer the duration of anodic polarization, the
longer the transition tirne of the respective step ; but the fundamen-

tal character of variation is by no means infiuenced by the duration.
    4) The current strength at each step acquires slightly higher
values with increase of the duration of anodic treatment or the
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current strength. If we eliminate the effect of the variation of the
resistance due to the previous anedic polarization, the current strength

at each step is practically costant regardless of the duration of anodic

treatment or the current density in a certain range.
    5) The difference of the current strength between the successive
steps decreases more and more with increase of applied electromo-
tive force.

    6) The characteristic step-wise variatlon of the current strength
is principally caused by the potentlal variation of the mineral owing
to the cathodic reduction of the anodically oxidized products such
as Fe,)(SOt)3 in the solution and some iron oxide on the electrode
surface.

    7) The pyrite potentials corresponding to the feur steps are
calculated approximately as O.983, O.353, O.194 and -O.074 volt
respectively.

    In conclusion, the writer wishes to express his hearty thanks
to Prof. Dr. A. MATsuBARA under whose kind guidance and
encouragement the present experiments were performed.

                        ExplaRatioR of PIates

Pl. L Fig• i. The current variation during the cathodic polarization after 10 minutes

               of anodic polarization with pyrite electrode in contact with nllOO-
               H2S04 under the applied electromotive force of 2.090 volts.
      Fig. 2. The same, except that the applied electromotive force has been raised

              to 6.066 volts.
      Fig. 3. The current variation durlng the cathodic polarization after 35 minutes

               of anodic polarization with pyrite electrode in contact with nflOO-
               H2S04 under the applied electromotive force of ca. 2 velts.
      Fig. 4. The current variation during the cathodic polarization with a fresh
              piece of pyrite in contact with n120-H2S04 in which a trace of aci-
              dified n-Fe,(SO,)3 had been added.
Pi.II. Fig. 5. The photograph given in Fig. 4 was overiapped on another which
              was obtained during the cathodic poiarization after 10 minutes of
              anodic polarization with pyrite electrode in contact with n/20-H2S04
               under the applied electromotive force of ca. 2 volts.
      Fig. 6. The current variation during the cathodic polarization after 5 minutes
              of anodic polarization with chal•ropyrite electrode in contact with
              nllOO-H2S04 under the applied electromotive force of ca. 2 volts.
      Fig. 7. The eurrent variation during the cathodic polarization after 5 minutes
              of anodic polarization with arsenopyrite electrode in contact with
              nllOO-H2S04 under the applied eiectromotive force of ca. 2 volts.
      Fig. 8. The current variation during the cathodie polarization aÅíter 1 minute
              of anodic polarization with chaicosite electrode in contact with n/100-

              H2S04 under the applied electromotive force of ca. 2 volts.
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