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CHAPTER I
IIITRODUCEIOH'

Cojtteiaere'ble quantities of copper ©res
that are today too low grade for the economic recovery of their
copper contents are known to exist.

As the higher grade ores

are depleted in the United States, attention is "being directed
to possible methods of recovering the copper in these low-grade
potential ores*

The rapid advances in flotation concentration

methods in the past decade has made possible the successful
treating of sulphide ore deposits which contain as low as 0.60
per cent of copper*

However, certain low-grade oxidised ore#

do not respond to meohanioal methods of concentration, but are
suitable for hydrometallurgicel processes*

Likewise, certain

of the sulphide and mixed ore bodies, not at present undergoing
treatment, may be adaptable to hydrometallurgioal methods;
In the recovery of copper by hydrometallmrgioal methods, ferric iron salts perform an important role as
solvents when the copper occurs as ohalcooite and bornite;
Ferric sulphate is the most important iron salt so used.

Sull

ivan*" gives the probable ultimate reaction of ferric sulphate
with ohalcooite as:
CtigS t 2Fe2 (S04 )3 * 2Cu S04 + 4FeS04 * S

1 - Sullivan, John 3)., Chemistry of Leaching Chalcceltci Tosh.
Paper 473, V, S. Bureau of Mines, 1930, 24 pp.

Tho stoichiometric relations require that 1.757 pounds of for
ris Iron be reduced to the ferrous condition for every pound
of copper oxidised to the sulphate form.

Thus, the dissolving

of copper sulphides such as ohaleooite means a continual deple
tion of the active solvent present in the solution.
The reduction of the ferric sulphate in
the dissolving solution introduces the problem of reoxidizing
the ferrous iron to the ferric state.

Tan Arsdale,

in referr

ing to experiments on heap-leeching of copper ores at Bisbee,
Ariz., states, "Ho practical method of cheaply converting, for
leeching purposes, ferrous to ferric iron has been worked out*
and it seemed evident that the only method sufficiently cheap
was the partial conversion to be obtained by evaporation."
2
Irving, in a later paper on heap-leeching of copper ores at
Bisbee, Ariz., states that during the second or third year of
leaching operations, the ferric iron might be expected to build
up in the solution until it is out of proportion to the copper
dissolved.

This means that there will be an increase of iron

eemeumed in precipitating the copper as cement copper.

He sug

gests that the iron salts in pregnant solutions might be partly
reduced by passing them over a heap of fresh ore before going
to the preeipitatlen vats, in order to reduce the consumption
of iron*
3 - Van Arsdale» Gv D., Some Experiments in Heap-leaching
Copper Ores: Eng. and Min. Jour., vol. 105, Feb. 2, 1918,
p. 227; ; " " ‘
■
3 - Irving, Joseph, Heap-leaching of Low-Grade Copper Ores:
Eng. and Min. Jour., vol. 113, April 29, 1922, p, 720.

In confined percolation leaching, such as
the present practice at the Inspiration Geaaeliaated Copper
Company* air oxidation is not an appreetable factor owing to
the time element involved.

She rate of atmospheric oxidation

is slow, and the time for e complete cycle in such a process
does not extend over any great period, the usual time required
being from 8 to 16 days.
One of the early attempts to oxidize fer
rous to ferric sulphate, on a commercial scale for use in the
dissolution of copper sulphides by confined percolation leach*
4
ing, was made at Cenenea* Mexico*
She Cananea experiments
showed that under the most favorable conditions— namely, a hot
solution, nearly 80*0., and heated air, 93 to 204°C>— the rate
of oxidation was slow.

Austin stated that in one test "it took

1,200 times more air than was theoretically necessary to pro
duce the results desired."

Although loaching results at Cananea

were satisfactory, the process was abandoned owing to the diffi
culty of economically regenerating ferric sulphate*
A process for the regeneration of ferrie
sulphate and the production of sulphuric acid has been developed
5
by the Tteited States Bureau of Mines.
This process consists
in bubbling gas mixtures which contain sulphur dioxide and air

4 - Austin, W* 1., Leaching Applied to Copper Ores: Mines and

methods, vol, 2, Sept., 1910, p* 5.
5 - Wartman, F. S., and Keyes, Harmon E., Development of Some
Fundamentals in the Ferrie Sulphate - Sulphuric Acid Pro•tasi Reports of Investigations, Serial Ho. 2839, TJ. S.
Bureau of Mines, Hov., 1927, ll pp.

such as are obtained from a sulphide roasting furnace, through
a solution of ferrous sulphate,

m e n the proportion of sulphur

dioxide to oxygen is not too great, and the gaseous mixture is
not passed through the solution too rapidly, the iron in the
solution and the sulphur dioxide are simultaneously oxidized
according to the end reaction*
S02 4 02 * 2FeS04 » Fe2 (S04 )5
After the iron present has been almost completely oxidized, sul
phuric acid is formed with the probable reaetion esi
S02 4 EgO 4 1/2 Og a BgS04
Wartman and Keyes in the same paper have
summarized the process as follows*
"For each particular set of conditions in aera
tion there is a size of bubble which will give
the moot offielent result. Small bubbles are
in general more desirable than large bubbles.
Within the limits of 10 to 80°0., the higher
the temperature, the more rapidly may the Iron
be oxidized. For efficient operation in pure
eelutions at a temperature of 40*C., there
should be at least three times as much oxygen
as sulphur dioxide In the In-going gas. The
Initial eelution if completely reduced should
not contain over 10 grams per liter of sulphuric
sold........The maximum capacity for converting
sulphur is found when the solution has an iron
eeneentration of about 5 grams per liter."
Another method of oxidizing ferrous iron

6
is the electrolytic or anodic oxidation process.

Van Arsdale,

discussing leaching tests of the Inspiration Consolidated Cop
per Company, state# that although the literature on the subject6

6 - Van Arsdale, G. D., leashing Mixed Copper Ore With Ferric
Sulphate, Inspiration Consolidated Copper Co,s Trane.
Amor. Inst. Min. and Met. Eng., vol, 73, 1926, p. 58.

wes not eno our aging, it was deoideato attempt the leaching
of the ore hy ferric sulphate, using anodic oxidation, for the
regeneration of the ferric iron.

,

He further stated that it

was found that ferric iron could he regenerated economically by
electrolysis to a concentration sufficient for it to act as an
efficient solvent of the copper sulphides contained in the In
spiration area and at the same time obtain a reasonable yield
of copper in pounds per kilowatt hour in an electrolytic cell
without the use of a: diaphragm.
Aldrleh.and Scott,7* In,describing leaching
operations at the Inspiration plant, state that for the first
six months of 1929 the average current density per square foot
(of cathode surface) was 15.7 amperes, and the average ampere
offloienoy based on copper produced was 60.98 per cent.

Oper

ations at Inspiration have proved that the anodio oxidation
of ferrous sulphate and with it a commercial ampere efficiency
are feasible*
There are two methods of percolation leash
ing to be considered.

In one instance, the ore is flooded with

solution, and in the other open drainage is allowed.

In the

latter the solution exists for the most part as films on the
surfaces of the ore part idea,

tinder the proper condition® all

the solution will make contact with the ore particles and the

7 - Aldrich, Harold W., and Scott, Walter G., leaching Mixed
Oxide and Sulphide Copper at Inspiration; Eng. and Kin*
Jour., vel. 128, Oct. 19, 1929, p. 614.

8
▼olis

the ore particles will so remain#

Keyes

stated

that ander the conditions of open-dreinege leaching, °By re
turning a certain amount of waste ferrous sulphate solution
to the leaching circuit end adding enough free acid to satisfy
the eacidatien requirement, ferric iron is regenerated under
open-drainage conditions and copper sulphides may he leached
without any other method of producing ferric sulphate#

However,

a considerable time element is involved, as the rate of atmos
pheric oxidation is slow."
It is Known that the oxidation of ferrous
iron to the ferric state may be accomplished by the introduo'
•
a
'
■ .
tien of manganese dioxide to the solution.
The reaction may
be written set
IfcOg ♦ 2FeS04 4 2 % S 0 4 » Fe2 (S04 )8 4 2toS04 ♦ 8H20
MoBain,*
10 during a study of the oxidation
of ferrous solutions by free oxygen, found that the oxidation
of weak ferrous sulphate and chloride solutions by free oxygen

8 - Keyes, Harmon E., Innovations in Copper Leaching Employing
Ferric Sulphate - Sulphuric Acid: Bull. 321, U. S. Bureau
ef M a e s , 1930, p. 12,
9 - Sullivan, John D., and Towns, Alfred P . , Agglomeration and
leaching of Slimes and Other Finely-Divided Ores: Bull.
329, TJ. 8. Bureau of Bines, 1930, p. 54.
10- HcBain, J. W*, Oxidation of Ferrous Solutions by Free Oxy
gen: Jour, of Phy. Chem., vol. 5, Dec., 1901, p. 623.

was slow*

His investigations also showed that the rate of oxi

dation increases markedly with an increase in the concentration
when ferrous sulphate was employed* and that the oonoentratiea
ef free sulphuric acid had a comparatively small retarding in
fluence.
11
Investigations by Posnjak
confirmed the
extreme slowness of the oxidation of acidified ferrous solutions
and showed that the oxidation of ferrous sulphate by oxygen is
greatly accelerated by the presence of copper sulphate*
numerous other Investigations on the oxida
tion of ferrous sulphate to ferric sulphate have been made, and
several patents have been issued on processes.

Virtually all

ef these have so far proved impractical owing to either high
costs, inefficiency of conversion of the ferrous ion to the fer
ric ion, or to mechanical difficulties.1

11 - Posmjak, £., Acceleration of Rate of Oxidation of
Iron in Presence of Copper, and Its Application to "HeepSceehing" Process: Paper of Amer* Inst, of Bin* and Het.
Eng., Ho. 1615-D, issued with "Mining and Metallurgy," Dec.

CHAPTER II
I M 'TA1 WORK

The following factors governing the oxida
tion of iron solutions are presented in-this paper:
U

Effect of time.

2. Effect

of acid concentration.

3. Effect

of size of ore particles*

4. Effect

of some catalysts.

5* Comparison of open-drainage and flood-percolation
methods on the rate of oxidation as affected by time, acid con
centration, and size of ore particle.
6. Oxidation of ferrous iron by sulphur dioxide and
air using the autoxidation principle but without using fine
bubbles.
In addition to the work noted, seme inter
esting observations concerning the oxidation of sulphur dioxide
to sulphur trlexide were made and a description of this work
is also included.

Solutioaa tBi®i

Four general classes of solutions were used
in this investigation*

They may he classified as follows:

1. Acidified ferrous sulphate solutions*
S* Acidified ferric sulphate solutions.
3. Acidified solutions containing both ferrous and
ferrio sulphates.
4. Beutral solutions of ferrous sulphate.
The variation of concentrations as well as
deviations from the above types of solutions are given in the
detailed data for each test.

It was found that the acidified

ferric sulphate solutions generally contained small quantities
of ferrous sulphate and that likewise the acidified and neutral
solutions of ferrous sulphate usually contained small quantities
of ferric sulphate.
Experimental procedure
Flood-percolation tests were performed In
cylindrical lead vats, 5 inches deep end 3-1/2 inches in dia
meter.

Each vat was equipped with an exit pipe in the bottom

for the draining of solutions.

Crushed ore or rook was charged

into a vat and the solution was added either by upward or down
ward percolation to a depth of 1/4 inch above the charge.
Open-drainage tests were made in glass col
umns, 5 feet in length and 1-3/8 inches in diameter.

Each column

-10was provided with a drain tube at the bottom of sufficient
size to permit free drainage#

Solutions were added at rates

which produced trickle leaching by a device developed at the
Southwest Experiment Station of the United States Bureau of
12
Mines and described elsewhere#
The washing of a charge when using floodpercolation methods was accomplished by flooding the material
with distilled water, either by upward or downward percolation,
allowing the wash solution to remain on the charge for a period
of at least 3 hours, at the end of which time it was drained.
This procedure was continued until the effluent wash solutions
were free from iron salts and acid.
The charges in the open-drainage columns
were washed with distilled water either by trickling the' wash
through the charge, or by flooding the charge and draining it
at Intervals of 3 hours or more.

Washing was continued until

all soluble salts were removed#
The first wash for each teat contained
sulphuric acid to prevent the formation of basic iron salts#
All teats were conducted at room temperatures#

12 - Sullivan, John D., Device for Maintaining a Constant
Rate of Flow of liquids: Ind* and Eng. Chemistry, Analyti
cal Ed., vol. 1, Ho. 4, Oct. 15, 1929, p. 233.

Total acidity of solutions was determined
'
> '■■■ -■ : 13 ■
■
■'
' .
: ■
ly the Rankin method.
The standard potassium iodide method
was used for copper determinations.

Sulphur dioxide analyses

were made by the standard iodine method or by absorption in
standard sodium hydroxide.

In the latter method the XJagSOg

is oxidized to RagSO^, with hydrogen peroxide and the excess
medium hydroxide is titrated with standard hydreehlorio aeld
aelutien.

The sulphur trioxide content in solutions of sulphur

dioxide was determined as the difference between the iodine
titration of sulphur dioxide and the sodium hydroxide titra
tion of the oxidized solution.

Manganese was determined by

titration with standard potassium permanganate.

The perman

ganate method, using sheet aluminum for reduction, was used
for total iron analyses#

The ferrous iron was determined by

direct titration of the acidified solution with potassium per
manganate#

The difference between the total iron and ferrous

Iron content of the solution represented the ferric iron con*
tent.

15 - Rankin, J. J*, Acidity Determinations in Water, leach
Liquor, Mine Waters, etc.; Met. and Ghem. Eng., vol.
18, Jan., 1918, p. 196.

Soluble Iron
Contents of Ottawa Standard Sana and Craaked Flint Rook

The tests for the determination of sold con
sumption and soluble iron content were made in the same manner
as leaching tests.

The Ottawa sand used was minus 20 plus 30

mesh and the flint rock minus 2 plus 4 mesh.

Solutions which

contained 16 grams of sulphuric acid per liter were trickled
through the columns of solids at the rate of 1 liter per 12
hours.

At the end of 12 hours the charges were washed and the

effluent solutions analyzed for iron and acid contents.

The

results obtained indicated that neither sand nor flint rock
consumed acid er contained soluble iron*

Determination of Auproxtaate Surface Area of
Ottawa Standard Sand
A determination was made of the approximate
surface area of the usual charge of Ottawa standard sand, minus
20 plus 30 mesh, used in open-drainage tests*

On the assumption

that the particles were spherical in shape, the average diameter
of the particles was calculated*

The number of particles in a

sample weighing 5 grams was then counted.

The surface area per

unit of weight was calculated from these data.

Calculations

indicated that 1,700 grams of the sand has a surface area of
38,000 to 40,000 square centimeters*

-W

t

The Uniforralty of Flow of Solutions Through Beds
of Solids

Ottawa Stanflera Saadi
Preliminary testa on Ottawa standard sand
showed that when the material was dry charged and a solution
trickled through the column, the solution channeled and did not
materially spread through the "body of charge even after several
hours of contact*

feats were then made to determine the path

of wetting and the necessary water ccntent in the sand to pro.

vent channeling*

.

.

■

.

•

.

•

.

-

One charge of sand was mixed with 0*6 per

cent, by weight, and another with 3.5 per cent, by weight, of
dilute potassium sulphooyanate solution*

Each mixture was

then ©barged into a column and ferric sulphate solution was
trickled through the charges at the rate of 1 liter per 13 hours*
Owing to the red color produced by the reaction between the
pet cesium sulphooyanate and the ferric sulphate it was possible
to observe the progress of the solution through the solids in
the eelumn*

The solution trickled through the charge which

contained the 0,6 per oent of potassium sulphooyanate solutien
in channels and it required 7 hours to completely colorist the
charge*

The solution trickled through the charge that con

tained 3*5 per cent of potassium sulphooyanate solution without
channeling and the change in color was uniform through the mass
when the solution reached the bottom of the charge*

As a re

sult of these tests all sand, when charged into columns, was
mixed with 3.5 per oent of water previous to charging.

Crushed Flint Rook:
Similar tests made with flint rook showed
that channeling did not occur in columns charged with dry or
wet material.

The Determination of Time of Residence of Solution in
Columns of Crushed Flint Hook and Ottawa Standard Sand
The time of residence of solutions in col
umns of both materials was determined by placing a few drops of
ferric sulphate solution on the top of the charge and allowing
water to trickle through the material.

A beaker containing

potassium sulphocyanate solution was placed in position to re
ceive the effluent solution.

When the ferric sulphate reached

the beaker the solution turned red.

The time intervening from

the placing of the ferric sulphate at the top of the column to
the first appearance of color in the beaker was considered the
time of residence.

Crushed Flint Rook:
The times of residence of solutions, in
columns of crushed flint rook, charged dry, were 19 and 7 min
utes for rates of addition of solution of 1 and 5 liters per
hour, respectively,

When the solution was trickled on the

flint at the rate of 1 and 5 liters per 12 hours for a period
pmttJmre

of 1/2 hour before adding the. ferric sulphate whlohAassured a

-IS**

oondition of equilibrium, the time of reaiaenee was found to
be 34.5 minutes and 8 minutes, respectively.

Ottawa Standard Sana?
The time of residence of solution in the
column of Ottawa standard sand* when dry charged, was found to
be 9.5 minutes with the solution trickling through the bed of
solids at the rate of 1 liter per 12 hours.
Tests were made to determine the effect of
different rates of trickling upon the time of residence when
using Ottawa sand.

The rate of trickling was varied from 1

liter to 100 liters per 12 hours.
The results, which are shown by the graph
of Figure 1, indicate that there is a rapid decrease in the
time of residence up to a rate of solution flow of 10 liters
per 12 hours.

Beyond this point there is a more gradual de

cline in the time of residence as the rate #f addition of solu
tion is increased.

Preliminary Tests
Tests 1 to SO, inclusive, were preliminary
in nature, the principal objects being to develop a working
technique and to test methods of procedure to be used in sub
sequent work.
The conditions under which these tests were
performed and the results are given in Table 1.

SABLE 1

-DAffA OH SfflB 0XIDA2ICE 01 W M M m OTLEEtASE SO FERBIO SULPHASE IH SESIS 1 TO 9$

J e s t Ho.............................. »#»***#*+##*##*###%,

F.P.
O.D.
F.P.
i O.D.
i F.P.
O.D.
Method used... .
(21
(
2)
(1)
X
(11
X
(1)
Solid material used. •
•20 +30 -20 +28 - 2 0 % $ t
-20
+28
:
-20
+30
:
-20
+28
.
#
.
*
.
.
*
*
#
.
.
*
4
#
#
.
#
Use, mesh.........
250
x
2,000
250
i 2,000 * 250
2,000
Weight, grams......
2-3/4
,
84
.
2-3/4
i
54
t
»-»/*
i
s
a
u
/
•
»
*
■»» «
»w . . .—w
2-3/4
2-4/4
*
54
##+#*#######**###$
Depth of bed, inches.-------ii51.3-33.8!31.3-33.8!31.3-33.8i31.3-33.8!31.3-33.8!36.2-80.5i26.2-30.5!26.2-S>.6*»e.ai-ev.»i6o,«n«u.w.i,».*-wv,
"•aperatmre #f air, *0 ................*#1*3-53*8*29.0-&2.9:31.0-33.8:29.0-32.9:31.0-33.8:31.0-33.8*25.5-28.0:25.5-28.0:25.5-28.0*25.5-28.0:23.9-28.5:23.9-26.
$emperature of eolation^ *0
81*0-33,8
88
x
«i .
f
lfi t.
91 *
71
x
71 x
21
x
72 *
72
88
88 .
68
88
®otal time of test, hours.......... .
Dumber of times solution was clroulated;
1
1
4
4
^reugh aolid m a t e r i a l ^ . *
.I
1
'. ' x
# ■ ;■
|
:
Head solution!
.......... *
1,000
*
* 1,#0 l 1,000 # 1,000 1
% 1,500 : 100
; 1,000 * 100
100
Added, oublo centimeters............** 1,800
«
"
■ X
#
: ;. ■ s
$
$
$
&
Oeetalned, grams per liter ... ....*
20.2
«
20.2
20.0
■
l
$
20.0
x
20.9
20,9
$
#
20.9 $ 20.9 $ 20.9 #
20.9
Iron as ferrous sulphate. ........
.8
x
I
#3
•
*4
.4
$
#
0
0 :!
#
0
#
o
$
:
0
0
Iron &s ferrlo sulphate..........
48.0
t
48.0
#
•
;
s
.
6.8
5.5 *
2.7 #
2.7 *
2.7 i
2.7 #
2.7 *
3,7
Sulphurlo acid.................
■
.
1
M
#
:.X
#
:
%
%
*
Iron as ferrous sulphates.... •••....«
20.2 l 20.2 i
20.2
#
20.0
x
2.1
31.4
2.1
$
$
*
20.9
$
*
2.1
31.4
Added in head solution,.grams........
20.4
I ■6.1 •I
1.7 $ 19.7 x 19.9 $
1.9 * 25.9 #
1.8 $ 19.8 #
26,8
Beeovered in effluent solution, grams
*2
X -14.1 x
T
.* $ —5.5 :
# - «N.i X'
-1.4 *
-.8
-5.S
Gained, grams...... . ... . ........
I*en as ferric sulphate........
Added in head solution, grams....«...
•2 %
.1 #
.i $
.9 t
,1
.7 ;
Beoovered in effluent solution, grams
1
.2
.1 s
.9
x
.1
.1
*
i
,7
s
Gained, grams.................. .
.t
#
$
#
Iron, total*........... .......... .
2.1
31.4
2.1
x 20.4
51.4
«
2.1
20.9
i
t
:
*
Added in head eolmtlen, grams...... .
1.8
x 20.4
1.9
20.2
x
:
2.0
26.1
$
#
Eeeerered in effluent solution, grmaat 26.5 i
.0
-.3
x
-.2 i
-4.9 x
-.7 x
-.1 : -8.8
Gained, grams....
x
#
X
#
$
Sulphuric acid;
5.6
3.3 x
2.0 # 28.7 $
4.1 s
2.0 t
2.7 x
Added in head solution, gramsE.......*
1.0
1.7
x
3.9 #
1.8 *
1.8 x
1.7 #
.7 x
Heeevered in effluent solution, gramst
-1.6 x
-.2 t -2&8_
-3.4 ; . S jJL i
-*9 x
* o.D. = open Drainage. F.D* = Flee* P^elatiea.
(11 * Elver sand. (2) « Ottawa standard sand.
(5) * "An Mountain rock. (4) * Gold ore.
(ii * Twin Hills porphyry rook.
_
.
(6) * Ottawa standard sand + chalooeite*
(7) * Oruehed flint rook.

& A total of 24.5 grams of sulphurlo sold was i
h A total of 3.0 grams of sulphuric aoid was ai
fl.Ore became impervious to flow of solution at
column of ore was not washed.
6.10 grams of minus
fi.3.33 grams of minus 100 mesh
JL Sulphurlo acid was added to
tion of basic iron salts*
£L She head solution contained 1.003 grams
& She head solution contained 4.989 iwmas
i. She head solution contained 0,50 <_
4. In open-drainage tests, four olroulat
once and the effluent solution r<
v: indloatea that the same solution
indicates that the solution had 1 ,
jc Includes all aold added. She first wash

-

16-

S a m a r y of Results. Tests 1 to 30. lualusive
In all the teats using river sand, "A" Moun
tain rook, gold ore, and Twin Hills porphyry rook the consump
tion of aoid was excessive, due to the acid-consuming constit
uents contained in these materials*

Due to the soluble iron

contents of the gold ore end Twin Hills porphyry rook, the total
iron contents of solutions increased substantially when these
materials were used*
Previous tests made by others

14

indicated

that ferrous solutions were partly oxidized to the ferric con
dition when trickled over gold ore*

An analysis of the efflu

ent solutions from Test 10 showed that 6*1 grams of manganese
had been leached from the gold ore.

A similar analysis made

of the effluent solutions from Test 14 showed that 0*7-grem of
manganese had been leached from this ore*
In Tests 18 and 22, manganese was dissolved
to the extent of 8*6 and 1*1 grams, respectively*

The ratio,

by weight, of the gain of ferric iron to manganese dissolved
was 8.4 and 3.0 for the two tests, respectively.
The stoichiometric relations indicate that,
when ehaloooite dissolves in ferric sulphate solution, 1.757
parts, by weight, of ferric iron is reduced to the ferrous con
dition for eaoh part of copper dissolved.

In Tests 16, 17, SO,

and 21, ferric iron was reduced to ferrous in amounts of 1*81,
1.83, 1.88, and 1.80 grams, respectively, for every gram of
copper dissolved.
IH- See p*)* <)
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Theoe preliminary testa indicate that the
oxidation of ferrous sulphate to ferric sulphate, hy air, is
exceedingly slow*

They also indicate that certain constituents,

such as manganese minerals, greatly accelerate the rate of oxiX5
dation* This confirms previous work hy others.

Preparation of Apparatus to Study Effect of Forced
Circulation of Oxygen on the Oxidation of Iron in Open-Drainage
Tests

Plans were made to test the addition of
solutions hy the open-drainage principle, with oxygen flowing
eountereurrently to the solution, through columns of solid
material.

Plow meters were constructed to measure the rate of

flow of the oxygen.

The flow meters were of the usual construc

tion except that the capillary tubes were attached to the appa
ratus hy a rubber connection.

This construction permitted the

use of capillaries of various bores; so that the seme instrument
could be used to measure a wide range of flow rates by merely
changing the capillaries.

Capillaries, 6 inches long and, in

most tests, of approximately O.5-millioeter bore, were placed
between the arms of the manometer.

The manometer liquid was a

colorless neutral mineral oil which was slightly colored by
adding methyl red.
•
,

14—

'

'

'

Sullivan, John D., and ¥owne, Alfred
, Agglomeration
and leaching of Slimes and Other Finely-Divided Ores?
Bull. 329, TT.S.Buremi of Mines, 1930, p. 60.
15— Ibid., p. 55.

• gaa would pass through a column of flint 53 inches long
crushed to minus 3 plus 4 mesh.

Glass columns 1-3/8 inches

in dimeter were used to contain the solids.

The rubber stopper

in the bottom of a column was equipped with a drain pipe and
also with an inlet tube that was connected with the flow meter,
which in turn was connected to a tank of oxygen.
that the gas would not travel upwardl;

It was found

through the column of

©rushed flint when the drain pipe was open and the gas inlet
tube extended upwardly 3 inches into the bed of flint.

Set the*

would the gas go upward through the column of crushed flint
when solution was simultaneously trickled downward through the
bed, the exit remaining open.

Increasing the size of the gas

inlet tube and deereesing. the size of the exit pipe did not
prove effective.

When the gas inlet tube was extended 1 foot

upward into the bed of flint, the gas still short-circuited and
left the column at.the bottom,

likewise, when the inlet tube

was plaeed 1 foot from the top of the bed, the gas short-cir
cuited and passed out at the top and. therefore did not come in
centact with the charge of solid,

the application of heat to

the base of the column did not cause the gas to pass upward
through the column of crushed flint when the Inlet tube was
m a r the bottom, the temperature of the base being increased
from 20®C. (room temperature) to 50°0.

The gas flow in these

testa ranged from 500 to 4,000 oubia centimeters per hour.

When one eonaidera the porosity of a column
of minus 0 plus 4 mesh crushed flint the above phenomenon would
hardly be expected.

These tests indicate that no appreciable

natural circulation of air is to be expected through beds of
ore contained in small glass columns.
The drain tube at the base of the column
was bent to form a goose-neck trap of sufficient head when filled
with solution to prevent the gas by-passing at the base.

The

gas was introduced at the base through a 3-millimeter tube
which extended into the column for a distance of 3 inches*

This

apparatus was satisfactory in preventing any short-circuiting
of gas at the base of the column.
old-style apparatus.

Figure 3 Illustrates the

Figure 0 shows the new apparatus.

Effect of Oxygen Flowing Countercurrently to the
Solution on the Oxidation of Ferrous Sulphate in Open-Drainage
Tests
Tests 01 to 43, inclusive, were made by
maintaining a constant flow of oxygen through a column of
crushed flint rook countercurrently to the flow of solution.
The object of this work was to show the effects of the variables
time, aoid-conoentration, amount of available oxygen, and the
presence ef salts of manganese and copper in the solution on
the rate of oxidation of ferrous sulphate to ferric sulphate.
In each test a charge of 1,500 grams of minus 0 plus 4 mesh
crushed flint was used.

The depth of material in each test

-10*

wes

53 inches.

In each instance 1,000 cubic centimeters of

head solution was used*

The details of the tests end the re

sults are given in Table 2*
Table 8 gives the ratios of ferric to ferrous
iron in the head solution and in the effluent solutions at the
end of each circulation in Tests 31, 32, and 30*

These ratios

show the progress of the oxidation of ferrous sulphate to ferrie
sulphate at 12*heur intervals during the tests#
TABLE 3#— RATIOS OF FERRIC IROH TO FERROUS IROH IE THE SOLUTIONS
AT THE H U

OF EACH GXRGULATIGH

Head solution*.•#..♦#..#<

0.046

$

0.046

$

0.050

First circulation*****.*:

*057

$

*054

*

*069

Second circulation......:
t
Third c i r c u l a t i o n . :

*062

*068
*065

i
:
%

*077

*078

:
i
:

Fourth circulation* **•••:

.078

:

*070

:

*060

Fifth circulation......*:

*082

:

.074

t

.098

Sixth c i r c u l a t i o n . :

*087

:

*075

:

.099

.079

1AJEB 2.— DASA OB SHE OXIBASIC® Of FERBOOS SULPHATE TO FERRIO SULPHATE IH m T 3 31 TO 41, IHOLUSIYE
test number....................... .....
38 „
39. 1
38
t 34
35
36
37
Total time of test, hours.......... .
,i 72
72
72
12
12
12
1 vT
12
“"if*
IS
12
: 12
Oxygen flow, cubic centimeters per hour.... * 990
500
600
1,000 : 500
500
1,800
1,000
500
500
% 500
500
Mean temperature ef eelution, *0.*
t
%
*
8 a.m*.»• i,i 18.2
18.2
18.2
21.5
21.5
21.0 # 18.0 # 18.0
81.S
21.0
18.0
21.0
19.1
19.1
22^9
12 ...... .< 19.1
22.8
22.5
22.0 * 19.0 # 19.0
19.0
22.0
22.0
19.4
22.0
19.4
4 p.m.....,l 19.4
22.0
22.0
19.6
22.0
22.0
22.0 * 19.5 $ 19.8
t
Mean temperature of air, °0.:
#
22.5
22.5
19.7
19.7
22.5
8 a*m...•.>i 19.7
22.2
21.0
22.2
22.2 $ 2li0 # 21.0
24.8
21.2
21.2
24.5
24.3
12 m........1 21.2
24.0
24.0
*4.0 $ 22.6 # 22.6
22.6
23.5
23.5
23.5
21.7
25.3
21.7
4 p.m.....,1 81.7
22.0
25.3
25.3 # 22.0 # 22.0
Somber of tinea solution, was elreulated
6
x
6
*
i
;
1
*
1
t
1
i
:
6
;
1
through solid material... .
.......
1
s
i
i
1
«
1
Head solution contained, grams per liter;
s
t
:
*
*
*
*
*
*
t
t
t
19.1 x 19.4 i 19.4 i 19.4
Iren as ferrous sulphate................ % 18.4 ; 18.4 ; 18.9 x 19.5 * 19.4 x 19.4 x 19 8 x 19.1
.4
.1 X
.4 x
.1 X
1.0 s
.1 t
.1 i
.2 ,
.2
.9 :
.2 ,
i
.9 i
Iron as ferric sulphate.............
1.4
.8 x
16.7 x
1.6 $ 16.8 t
1.6 x
1.8 ; 17.0 *
.1 X
1.6
1.6 x
Sulphuric acid.;..... .
;
.1 ;
Iren as ferrous sulphate;
;
;
;
i
*
*
*
*
1
*
*
s
19.4
,
19.4
, 19.4
19.5
x
19,1
x
19.4
*
19.1
19.4
s
19.5
x
18.4
*
18.9
*
;
18.4
t
Added in head.solution, grams... .
19.0
t
19.0
19.0
i
19.2
i
19.2
i
19.8
*
19.0
«
19.2
19.4
x
14.4
;
18.8
t
Recovered in effluent solution, grams.... ; 17.8 ;
-.4
t
-.4
i
-.2
-.2
x
-.1
x
.2
t
-.1
-.2
x
l
-.6
;
-.1
X
-.6
x
-4.0 *
Gained, grams........................ .
X
Iren as ferric sulphate*
0.2
0.4
0.4 *
0.2 :
0*2 i
0.1 *
0.1 i
0.1 x
1.0 s
0.1 x
0.9 x
0.9 ;
Added in head solution, grams.............. *
.5
.6
:
.8 t
.6 x
.8 x
.§ x
.2 x
.8 x
1.8 i
1.4 i
.9 t
Recovered in effluent solution, grams.... *
-•5
.2
.2 x
.4 x
.2 i
.2 x
.2 x
.1 X
.5 x
.6 t
.1
Gained, grams...... .......... ........ t
.0 x
.6 t
Iron, total;
;
;
;
;
;
*
;
t
*
t
;
t
19.6 i 19.5 x 19.5 x 19.6 x 19.5
19.5 i 19.6 x 19.6 « 19.6
Added in head solution, grams.... .
x 19.8 * 19.8 x 19.9 :
15.8 x 19.9 x 19.6 x 19.5 x 19,5 t 19.6 % 19.5
Recovered in effluent solution, grams......t 19.2 ;
19.6 x 19.5 s 19.6 i 19.4
.0 *
.0 :
.0
.0 :
.0 i
.0
.0 x
-.1 t -4.0 x
-.1 t
Gained, grams..... ..... ..... ......... ;
.0 x
.1 X
Sulphuric aoid;
_
;
;
;
t
*
i
;
*
t
*
i
s
2.50
2.4 x 28.1 x
1.6 i
8.0 t 36.6 x
2.50 x
2.50 *
26.4 t
Added in head solution, grams:—.......... t
0.9 ;
8.0
1.1 X
2.4
1.5 $
2.8 t 86.1 x
26.5 >
2.1 *
2*1 t
.5 ;
1.8 i 21.6 x
Recovered in effluent eelution, grams......
2.8
.7 *
-.2 *
-.5 $
-.4 t___ S A - , _ _ _ _ _ a _ j i
—.4 i , > 4 — a ___ I a Iu .
-.6 x - , - 1 . 5 . 1 ___ a A . . a
j ____
6, To maintain acidity, sulphuric acid was added at the end of each ef the first four eireolations. Total acid thus added was 0.7 grams.
Solution was lest during the last circulation.
& Solution contained 0.5747 grams of copper sulphate— 0.0036 molal.
d Solution contained 5.7468 grams ef copper sulphate— 0.036 molal.
Jt Solution eentaluad 0.6733 grams of manganese sulphate— 0.0036 molal.
£ Includes all acid added. The first wash in every instance was acid.
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Summary of Resrolts, Seats 31 to 4S« inclusive
feswlts »f

$heojf taste» 31 to 42, Inclusive, inaioate
that, under open-drainage conditions, there is a slight retarda
tion in the rate of oxidation of ferrous sulphate to ferric
sulphate In successive circulations of the same solution in any
given test.

Variations of acid concentration did net effeet

any marked change in these rates of oxidation,

neither did in

ert as ing the flow of available oxygen alter these rates of ox
idizing the iron.

The addition of 0.0036 mol of cupric sulphate

per liter of solution apparently increased the rate of oxidation,
and the addition of 0.036 mol of cupric sulphate effected a
marked increase in the reaction rate.

The addition of 0.00*6

mol of manganous sulphate per liter of solution apparently had
little effect on the rate of oxidation of ferrous sulphate.

Detailed Effects of Copper Sulphate on the Rato
of Oxidation of Ferrous Sulphate. Using Open-Drainage ITethods
Tests 40 and 41 indicate that copper sul
phate accelerates the oxidation of ferrous sulphate to ferric
16
sulphate. This cenfirms previous work by Posnjak.
A fur
ther study of the acceleration of the rate of oxidation ef
ferrous sulphate in the presence of euprio sulphate was made
16— ^Osnyak, E . , Acceleration of Aate of oxidation of ferrous
Iron in Presence of Copper and Its Application to "Eespleaohing" Processi Paper of Amor. Inst, of Min. <& Met*
Eng., Ho. 1615-D, issued with Mining and Metallurgy. Dee.,

In fests 42 to 46, inclusive*

Ottawa atendera sand, minus 20

plus 30 mesh, was used as the solid Bate*!ate

Glass columns

V l / 4 inches in d iaatter and charged with 1>700 grams of sand
were used in Tests 43, 45, and 46*

A glass column 1-3/0 ladhe#

in diameter containing 1,900 grams of Ottawa standard sand was
used in Test 44*

The depth ef bed @f eelid material was 53

inches, and one liter of bead solution was used in each test*
The solution# were trickled through the beds of solids at the
rate of 1 liter per 12 hours*

The solutions used in Tests 44

to 46 contained 0*036 mol of cupric sulphate; those used in
Tests 43 and 45 did not contain copper sulphate.

In Tests 45 and

46 the solutions were trickled through beds ef solids for 12
hours each day*

The effluent solutions were sampled for analy

ses end diluted to 1 liter and the following day^reoiroulated
through the column of sand*

Oxygen flowed count or currently to

the solution at the rate ef 500 cable centimeters per hour in
each test.
in Table 4.

The details and results of these tests are given
Figure 4 shows the rates of oxidation of ferrous

sulphate in Tests 46 and 46 based on the ratios of ferric to
ferrous iron, in the head solutions and in the effluent solu
tions at the end of each circulation, plotted against time
intervals*

fABLS 4.— D M A OH OXIDMIOH OP PEHROUS SULPHATE, USING OTTAWA STAHDAHD SARD

Test

.... .

fetal time of test, hours..........
Mean temperature of eelmtiem, •0.....
Mean temperature of air, "0..........
Humber of times solution was circu
lated through solid material.......
Head solution contained, grams per
liters
Iron as ferrous sulphate.....
Iron as ferric sulphate... .
Sulphuric acid...............
Iron as ferrous sulphates
Added in head solution, grama......
Recovered in effluent solution.
grams.... ............
Gained, grams....... .......
Iron as ferric sulphates
Recovered in effluent solution,
grams.......... ..... .
Gained, grams....... .
Iron, totals
Added in head solution, grams......
Recovered in effluent solution,
grew..... ..... .
Gained, grams..................
Sulphuric acids
Added in head solution, grams....
Recovered in effluent solution.
grams....... ............
Gained, grams... ........ ......

48
without
Cu++
12
21.6
23.6

44
with
0u++
12
*1.6
23.6

45
without
Cu++

46
with
Cu++

144
18.3
19.9

144
18.3
tS.9

1

1

12

12

19.2
;3
2.0

19.2
.8
2.0

19.0
.5
f.O

19.0

19 ;2

19.2

19.0

19.0

19.0
-.2

18.8
— #4

17.4
-1.6

17.2
-1.8

2.2
1.7

2.4
1.9

.6

2.0

■Vft# w
.6

iZ

A

19.6

19.6

19.5

19.5

19.6
.0

19.6
.0

19.6
.1

19.6
.1

3.01

S.01

2.6
.4

2.3
-if

3.62*
1.9
-4.7

S.68
1.2
-2.4

(1) — Inoludea acid added In first wash.
(S) - Inoludea acid added In first wash and 0.9-gram of acid added at
beginning of ninth circulation.
(8) — Inoludea acid added in first wash and 0.9-gran of acid added at
beginning of seventh circulation.

O
fro/i

Summary of Results> goats 4S to 46, inolusive

These tests, 43 te 46* inolusive, show
that under open-drainage oonditiona eapper sulphate appreoiably increases the rate of oxidation of f erreue sulphate te
farris sulphate hy exygen*

A comparison of Tests 41 and 44,

whioh were performed with ouprio sulphate dissolved in the
solution, indicates that the size of particle used to disperse
the liquid phase has no appreciable offset on the reaction
rate between the limits used in those tests— namely, minus 3
plus 4 mesh in Test 41 and minus 20 plus 30 mesh in Test 44*
A similar result may he noted by comparing Tests 35 and 43,
which were made using solutions free of copper sulphate*
Figure 4 indicates that, with and without copper present,
each successive circulation of solution shows a retardation
of the reaction rate*

The Requotlon of Ferric Sulphate in Open-Drainage sna FloodPercolation Teats Compared V<hen Lesohlng Chalcoolte

The probable ultimate reaction of ferri®
17
sulphate with ehaleaelte has been given as:
Cu2S ♦ SPe2 (S04 )s « 2CuS04 ♦ 4PeS04 + S
The stoichiometric relations demand that 1.75? parts of ferric
iron be reduces to the ferrous condition for each part of cop
per dissolved.
Tests 48, 49, and 50 were made to determine
how rapidly the ferrous sulphate, formed according to this re
action, would be oxidized to the ferrio state by open-drainage
end flood-percolation methods*
■

"'

-

■ ■ '■

:

It was hoped that the final
■

'

.

..

'

■■

'

.

/ratio of ferrous iron to copper dissolved would be less than
■ M\: ;
. 1 ■;
: "- ■
; .
.
the amount indicated by this equation, is it has been shown
/ •' ^
that copper sulphate accelerates the oxidation of ferrous sul'

‘

phate, there was a possibility that the copper sulphate formed,
as indicated in the reaction, would accelerate the oxidation
if; t h e ,reduced ferrio sulphate, thus accounting for more ferrio
!/ ?,v ' : ; •
,
'
"
;
" •
sulphate than would be indicated by the atelohiometrlo relations
Clven.
In Test 48, minus 100-mesh ohalcocite which

f'l

Weighed 10 grams was placed in a Geo eh filter, and this in turn
- '/

.

Z

-/was mounted in the top of one of the l-l/4-inch glass columns.
' H

.

'

'

■

'

■

’nt
if - Sullivan, John D,, Chemistry of leaching Chaleocite:
/,
Teohnioal Paper 473, U.3 .Bureau of Mines, 1930, 24 pp.

The glass column was charged to a depth of 53 Inches with
1,700 grams of Ottawa standard sand.

The leaching solution

was trickled onto the bed of ohnloooite at the rate of 1 liter
per 12 hours, from whence it gravitated through the column of
sand.

The test was carried on during the day only.

At the

end of each circulation period the effluent solution volume
was measured and sampled for analysis.

A given solution was

net recirculated, but fresh head solution was used for each
circulation cycle.

Oxygen

flowed counter currently to the solu

tion at the rate of 500 o.o. per hour.
Tests 48 and 50 are duplicate tests.

In

each test, Ottawa standard sand and chaloooite were mixed in
the proportions of 425 and 2-1/2 grams, respectively.

The mix

ture was placed in a lead vet, 5 Inches in depth by 3-1/2 inch
es in diameter, and filled the vat to e depth of 2 inches.
solution contact was obtained by downward percolation.

The

The

vats were drained every 12 hours, and the effluent solution re
moved was replaced by 250 cubic centimeters of fresh head solu
tion.
day.

Testa 49 and 50 were run continuously during night and
The results of Teste 48, 49, and 50 are given in Table 5.

TABLE G.—THE REDUGTIGII OP PEHRI0 SULPHATE IH OPES—DRAIHAGS AND FLOOD-*
PEHOOLATIOH TESTS CCKPAHED t'/HES LEACH150 CHAIOOCITE

Test Ho............. ...... .
Total time of teat, beers......... .
Mean temperatare of solution, *0....
Mean toaperature of air, * C . . . . . . . . . . .
Ember of circulation cycles..........
Head solution contained, grams per
liters
Iron as ferrous sulphate... .
Iron as ferric sulphate,........
Sulphuric sold ................
Iron as ferrous sulphate, grams;
Added in head solution..........
Becorered la effluent solution..
Bained.............. .
Iron as ferric sulphate, grams;
Added in head solution..........
Becorered in effluent solution..
Gained...
Iron, total, grans;
Added in head solution... .
Becorered in effluent solution..
Gained.....;..... .
Sulphuric mid, grams:
Added in head solution*.......
Becorered in effluent solution..
Gained......................
^Includes acid added in first waah.

48

49

60

100
17.6
19.0
9

108
18.6
19.8
9

106
18.5
19.8
9

0.1
10.9
6.0

0.1
10.9
6.0

0.1
10.9
6.0

0.6
8.4
7.9

0.1
1.9
1.8

0.1
2.0
1.9

98.1
90.1
-8.0

24.8
22.6
-2.0

24.6
223
-ti#

98.6
96.5
-.1

24.6
24.4
-.2

24.6
24.6
— .1

64.6
68.6
-1.1

15.8
18.8
— .6

18.8
18.8

|

— .6

Summary of Results of Testa 48 to 50, laolualTe
In Teat 48, copper was dissolved to the ex
tent of 4.25 grams; in Tests 49 and 50 the copper dissolved
amounted to 0*90 and 1*00 grams, respectively*

The ratios of

ferrous iron produced to copper dissolved were 1.86, 1*94, and
1.85, respectively, for Tests 40, 49, and 50.

These ratios are

virtually the same and indicate that* under the conditions of
these tests, the oxidation of ferrous sulphate hy the opendrainage method is met appreciably greater than that obtained
by the flood-percolation method, even when a positive supply of
oxygen is furnished with the former method.
The ratio of ferrous c u l % e 4o produced to
copper dissolved as indicated by the equation of reaction be
tween ohaleoeite and ferric sulphate amounts to 1.757.

It may

be noted that the ratios obtained in Tests 48 to 58 are greater
than the theoretical indicated.

It is known that the chaloo-

oite used was not pure chatooeite*

The Effect of Activated Sllioa on the Ogiaatioa of
Snlphete

In Test 47, Ottawa standard sand and acti
vated silica were mixed in the proportions of 1,700 and 6
grams, respectively.

The mixture was placed in the usual col

umn to a depth of 53 inches.

The silica was prepared hy treat

ing sodium silicate solution, specific gravity 1*61, with con
centrated hydrochloric acid at room temperature.

The gel wee

washed practically free of chlorides and then mixed with the
Ottawa sand*

The mixture was dried and heated to 400 C*

Be

fore starting the test the charge in the column was washed hy
trickling distilled water through the sand until the effluent
liquid was clear and free from activated silica*
of 12 hours* duration*

The test was

One liter of head solution was trickled

through the column of solids at the rate of 1 liter per 12
hours.

Oxygen flowed through the bed of solids count orcurrently

at a rate of 500 cubic centimeters per hour*
this test are given In Table 6.

The results of

liBIl 6*— EFFECT OF ACTIVATED SIIICA OD THE OHDATIOH OF
FERROUS SULPHATE
(Mean temper»t«reet Air, 80eC. | solution, 18.8°C.

Test 47
:

i

:
:

(Sained,
grams

18.9
0.7
19.6

:
I
:

-0.1
0.2
0.1

2.4

:
:

-0.3

Addon,
grams
:

Iren as:
Ferrotia suT/nhnto*#*#*#.#
Farrlo anltihates ......a
Total.................. ....«

19.5

Sulnhuric acid . . . . . . . . .

$■
.1.
i
:
:
:

*Inol»4es 0# 7-gram a£ aoid adaed in the first wash.

An increase in the rate of oxidation of
ferrous iron was not obtained by the use of activated silica.
It must be noted, however, that since the silica would not
adhere to the sand particles, it is possible that no appreci
able amount of the material was present in the charge after
washing* 1 ''

;

''

"

’

' ■'

'

Effects of Small Quantities of Stilpaur ;

ie_on

ihe..(^fleUoja of Perr tma ,R i s h a t 9

Tests 51, 52, ana 53 were maae to determine
the rate of oxidation of ferrous sulphate to ferric sulphate
when using sulphur dlrndde, in catalytic quantities* and when
using oxygen at the rate of 500 cubic centimeters per hour*
'

A method of controlling a very slow, uni

form flow of sulphur dioxide mixed with oxygen ranging from l/2
to 20 cubic centimeters per hour was essential for these tests*
The method devised consisted in bubbling oxygen through a solu
tion of sulphur dioxide in water*

By setting the rate of flow

of oxygen at the desired point and then varying the strength of
the sulphur dioxide solution until the oxygen leaving the solu
tion had the desired sulphur dioxide content, it was found that
this content remained virtually constant for 15 hours provided
the temperature of the solution remained constant*
Each test was of 12 hours' duration.

One

liter of head solution, trickled at the rate of 1 liter per 12
hours, was used in each test.

The tests were performed in the

usual glass columns en charges of 1,700 grams of Ottawa standard
sand.

The depth of bed of solids in eaeh instance was 53 inches

Head solutions of identical analyses were used in Tests 61 and
52.

In Test 63 a solution of lower total iron and acid contents

was used to determine the effect of changing these variables on
the action of the sulphur dioxide*
ere given in Table 7.

The results of this test

TABLE J.— EFFECTS OP SUAIi QDABTITISS OF SULEEEOR DIOXIDE OS SHE OXIMSIOH OF FEHBOUS SULPHATE

*She oolTBms of sand w r e not washed following these teste. She gains were, therefore, ealoalated on the basis of
solution analyses. Experience had show that at least 98 per cent of the solution m o recovered by draining and
the variation In the analysis of the remaining 2 per cent of the solution would have no appreciable effect on the
totals.

Conoluelona of Result a of Tests 51 to 53. inclusive

Tests 51, 52, and 53 indicate that catalytic
effects were not obtained from sulphur dioxide under the condi
tions that the tests were performed.

Test 53 shows that an in

crease in the quantity of sulphur dioxide in the gas stream be
yond a certain point brings about a reduction of ferric iron,
which is accompanied by an increase in the sulphuric acid pro
duced.
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m M U o n

Of Heutral Solutions of Ferrouo Sulphate by Aiy
Experiments by McBain18 Indicate that ferr

rema sulphate solutions are more readily oxidized, by oxygen,
as the concentration of the ferrous sulphate is increased and
as the concentration of sulphuric acid is decreased.
Tests 59 and 60 were made to determine the
amount of oxidation of ferrous sulphate obtained by bubbling
large amounts of air through neutral solutions of ferrous sul
phate for periods of six hours.

In each test the solution,

which amounted to 200 cubic centimeters, was placed in a 500ouble centimeter size Brlenmeyer flask.

Each flask was equipped

with a two-hole stopper which permitted the air to bubble through
the solution and leave the flask without any loss of solution
by splashing.

Air was bubbled through the solution at a rapid,

although undetermined, rate for a period of six hours.

At the

end of this period the precipitate and solution were separated
by filtration.

The solutions used were neutral, before and

after the aeration, as determined by titration with standard
sodium earbenate solution.

The details of the tests and the

results obtained are given in Table 8.

18 - MdBain, J. W., Oxidation of Ferrous Solutions by Free
Oxygen: Journal of Physioel Chemistry, vol. 5, Deo., 1901,
p. 688

.

TABUS 8

EFFECT OF OOICSETIUTIOH OF FXRKOUS SULPHATE OH THE
OHDATIOH OF FERROUS SULPHATE SOLUTIOHS BY AIR

Teot HtuaUer........*
*..................59

' *

.SO

Heat solution contained, grama per liter:
t
Iron as ferrous sulphate.............
86.00
t 77.60
Iron as ferrie sulphate..............;
0.06
t
0.60
Iron as ferrous sulphate, grams:
t
*
Added initially....... ........... .
6.00 i
16*60
Recovered after a e r a t i o n . 4.88
t 15.41
Gained...........
-.12
j
-.09
Iron as ferric sulphate, gramsi
t
t
Added initially.....................
0.01
i
0.06
,17
s
.SO
Recovered after aeration..........
Gained............ :
,16 j
.14
Iron, total, grams :
i
s
Added initially.................*....:
5.01
i 15.56
Reeevered after aeration........... .:
5*06 t
15,61
Gained.......................
.04
:
.08

■._______________;
__;
-- L _ __;
_*
Summary of Results of Tests 57 and 60
The results of Tests 59 and 60 indieete
that the rates of oxidation of neutral ferrous sulphate solu
tions do not vary, appreciably, between the limits of the con
centrations used— namely, 25.0 and 77.5 grams ef iron as fer
rous sulphate per liter.

These test# also indicate that no

appreciable increase in the rate of oxidation of ferrous sul
phate is to be expeeted when treating neutral solutions, above
that found by treating slightly acid solutions by open-drainage
methods.

CHAPTER III

RES OH THE FOR-

EFFECTS OF VARIOUS
MAT 101 OF FERRIC SUSPHAfE

SIXUKATE IH SOLUTIOHS

A prooees has /been developed by the United
States Bureau of Mines for preparing solutions of ferric sul
phate or sulphuric acid by passing gaseous mixtures of sulphar
dioxide and air, preferably in the fona of very small bubbles,
through solutions which contain varying amounts of iron as sul
phate*1,9

The work that follows is a study of the oxidation of

ferrous sulphate by sulphur dioxide and air mixtures when the
open-drainage leaching methods are used*

The air used was taken

from a compressor pipe line and the sulphur dioxide from an iron
cylinder*

The rates of flow of the two gases were measured by

means of flow meters, from whence the gases flawed into a mani'
'/ - '
^
fold for mixing. The gas mixtures from the manifold flowed
'

''

"

,

..

,...

...

,

couatercurrently to the solutions through beds ef Ottawa standard
sand 53 inches deep, which were contained in l-l/4-inch dia
meter glass columns*

The weight of sand used in each test was

1,700 grams*
Experience had shown that at least 98 per
sent of the solution which trickled through the sand would be
recovered by draining and that any variations in the analyses1
9

19 - Ralston, Oliver C., The Ferric Sulphate - Sulphuric Acid
Process: U* S. Bureau of Mines, Bulletin 260, 1927, 120 pp*

of the residual solution would not appreciable affeot the tot
als.

Therefore, the columns of sand were not washed at the

end of each teat and the gains of solution constituents were
ealeulated on the basis of the solution analyses applied to
the volumes of solutions added.
In these tests of the total sulphur diox
ide usefully used, part went into the formation of ferric sul
phate and part into the formation of sulphuric acid.

In this

work total sulphur dioxide efficiency means the per cent of
sulphur dioxide used to form both ferric sulphate and sulphuric
acid.
All calculations which involve gases are
based upon a temperature of 25°C., and a pressure of 700 milli
meters of mercury.
Tests Using Gas Mixtures of Sulphur Dioxide and Air
Which Contained 1 Part of Sulphur Dioxide to 100 Parts of Air,
by Volume
In Tests 57, 64, and 79 the solutions were
trickled through the columns of sand at the rate of 1 liter per
18 hours.

Sulphur dioxide and air flowed oounter-eurrently to

the solution at the rates of 0.8 and 20 liters per hour, re
spectively.

Each test was of 12 hours' duration.

and results of these tests are given in Table 9.

The details

TABUS 9.— EFFECT OF GAS MIXTUBE, WHICH COBTAINED 1 PABT OF SULPHUR D I O U M
TO 100 PARTS OF AIR BY VOLUME, ON THE OXIDATION OF FERROUS SULPHATE

Test Number.....................

57

64

79

Mean temperature ef solution, •0....

11.6

20.7

14.0

Mean temperature of air, •0.........

21.9

11.3

14.7

Head solution contained, grams per
liters
Iren as ferrous sulphate..
Iren ae ferric sulphate...
Sulphuric acid. i.........

9.70
10.64
1.90

10.15
7.10

Iron as ferrous sulphate, grams:
Added in head solution.... .
Becorerod in effluent solution...
Gained........ ..............

9.70
8.24
-1.46

10.15

Iron as ferric sulphate, grams
Added in head solution,..........
Recovered in effluent solution...
Gained.......... ...... ......

10.64
11.10
1.46

Sulphuric Mid, grams
Added in head solution...........
Beoovered in effluent solution...
Gained............. .........

1.90
7.S8
5.42

2.SO

6.49
-8.66
7.10 .

10.76
S.6S
2.30
8.15
6.85

9.60
9.83
2.25
9.60
5.01
-4.69
9.83
14.42
4.89
2.26
7.05

4.66

Total SO, efficiency, per cent......

74.0

99.6

97.5

Per cent of S0e oxidising iron....

14.2

55.4

44.6

The results of Tests 57, 64, end 79 indicate
the possibility of an optimum acid concentration for the forma
tion of ferric sulphate by sulphur dioxide.

A comparison of the

temperatures of the solutions and the per cents of sulphur diox
ide which oxidized iron, in Tests 64 and 79, indicate that as
the temperature is increased more of the sulphur dioxide is used
to oxidize iron.

These tests also indicate that the sulphur di

oxide is, relatively, easier to convert to sulphuric acid than
to ferric sulphate, when open-drainage conditions are fulfilled.

Tests m i o h Used Sulphur Dioxide and Air Mixtures of a
Ratio, by Volume, of 2 to 100. Showing Effect of Acid Concentra
tion on the Formation of Ferric Iron
Tests 62, 77, and 54 were each of 12 hours*
duration.

In each test the solution was trickled through the

tied of solids at the rate of 1 liter per 12 hours*

The ratios

of flow of sulphur dioxide and air were 0.4 and 20 liters per
hour, respectively.

The acid concentration was varied in each

test to show the effect of initial acid concentration on the
efficiency of sulphur dioxide obtained in the oxidation of fer
rous iron.
Table 10.

The details and results of the tests are given in

fABIS 10.— KPKSCT OF ACID CONOSBTMTIOH Oil THE OXIDATION OF FEHROUS IRON IT
AIR WHICH CONTAINED 2 PARTS OF SOtPKOl DIOXIDE TO M O PARTS OF AIR, BY VOLUME

Test Weaker................ .

62

77

54

Mean temperature of eolation, *0......

18.1

88.6

24.5

Mean temperature of air, *0...........

18.6

14.8

24.7

Head, solution contained, grams per

liters
Iron as ferrous sulphate....
Iron as ferrio sulphate...
Sulphuric acid....... .

M.25
10.46
8.66

9.45
9.75

8.06

7.05
M.so
6.08

10.86

Iron as ferrous sulphate, grams:
Added in head solution. .........
Recovered in effluent solution...
Gained.............. ...........

6.88
-4.8?

9.45
5.08
-4.57

7.05
5.24
-i.il

Iron as ferrio sulphate, grams;
Added in head solution.............
Recovered in effluent solution.....
Gained........... ............

10.46
14.82
4.87

9.76
14.18
4.87

12.71

Sulphuric acid, grams:
Added in head solution... ......
Recovered in effluent eolation....
Gained... ......... .

8.85
16.81
12.66

5.06
12.78

11.48

7.78

5.42

Total SO8 efficiency, per cent..... .

90.3

68.7

88.6

Per cent of 30a oxidising iron..... .

81.8

21.2

8.8

10.90
1.81
6.03

$he results of these tests Indicate that
the acid concentration of the initial head solution has a marked
effect on the total sulphur dioxide efficiency.

It may he noted

that no difference exists in the amounts of sulphur dioxide
used in oxidizing ferrous sulphate in Tests 62 and 77.

This

condition might he explained in the difference in observed tem
peratures which obtained in these tests.

If the mean tempera

ture of the solution used in Test 62 had been approximately
24°C., it is believed that the amount of sulphur dioxide used
to form ferric sulphate in Test 62 would have been greater.

Effect of Sulphur Dioxide and M r Mixtures of a Ratio
of 4 to 100. by Volume. on the Formation of Ferric Sulphate
In Test 61 the solution was trickled through
the column of send at the rate of 1 liter per 12 hours and sul
phur dioxide and air flowed oounter-currently to the solution
at the rates of 0.8 and 20 liters per hour, respectively.
The test was of 12 hours1 duration.

The head solution con

tained 9.70, 10.64, and 1.90 grams per liter of iron as ferrous
sulphate, iron as ferric sulphate, and sulphuric acid, respect
ively.

The results are given in Table 11.
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3?ABIiS 11.— EFFECT OF GASEOUS FIXTURES OF STOOTH 5I0XIM
AED A H C0HTAIHIHG 4 FARTS OF 3UIPHUR DIOXIDE TO 100 PARTS OF AIR,
BT T01UHE, OH TEE FORHATIOH OF FERRIC SOIPKATR

‘Ad elect,

Test6l*
_
{Recovered,: Caihecf,

Iron as:
i
Ferrous sulphate,..........i
Ferric sulphate.......... ..

t.f©
10.64

i
l
i

7.88
18.46

t
t
i

-1.82
1.82

Sulphuric acid................ .

1.90

:

26.00

:

24.40

:

Total SOg efficiency, per cent:

71.6

Per cent of S02 oxidizing iron:

4.4

*Mean temperatures, °C.s

;

Solution, 22.8; air, 22.8.

Summary of Results, Test 61
A comparison of the results of Test 61 with

those of Test 67 (See Table 9) indicates that an increase in
the ratio of sulphur dioxide to air from 1 part in 100 to 4
■>.; V:
•:• ■
■
'
• ■■
..........
parts in 100, by volume, does not appreciably change the tothl
sulphur dioxide efficiency.

However, Test 61 does indicate

that there is a marked decrease in the per cent of sulphur di
oxide used to form ferric sulphate, as the ratio of sulphur
dioxide to air is increased.

Effect of Inoreaalng the Rate of Solution Flow on the

All preceding tests on the oxldalien of
ferrems sulphate hy sulphur dioxide and air mixtures were made
using a solution flow of 1 liter per 12 hours.

The time of

residence of solution in the column for this rate of flow, as
indicated hy Figure 1, is 47.G minutes.

Test 65 was performed

using a rate of flow of solution of 2 liters per 12 hours; the
time of residence for this rate of solution flow, as indieaSel
by Figure 1, is 26 minutes.

A sulphur dioxide and air mixture

of a ratio of 1 to 100, by relume, was used, the rate of flow
being 0*4 and 4 liters per hour, respectively*
of 12 hours' duration.

The test was

The head solution contained 10.15, 7*10

and 2.30 grams of iron as ferrous sulphate, iron as ferric sul
phate, and sulphuric acid per liter, respectively.
of the test are given in Table 12.

The results

TABLE IS— EFFECT OF IliCRKASIUG RATE OF S0LUTI02I FLOW Oil THE
FORMATION. OF FERRIC SULPHATE BY SULPHUR DIOXIDE AND AIR MIXTURES
Test 6^*

Gained
Added,: Recovered, Gained,
illL,
#
grama
grCmS
:
:
v' .
:
:
-3.30
20.30:
13.70
-6*60
6.60
3.30
20.80
14.10:
:
5.00
10.00
4.60:
14.40
■
1
:

Iron as:
Ferrous sulphate..... .
Ferric sulphate............
Sulphuric aoid............. .
fetal SOg effioienoy, per cent

87.1

Per cent of S02 oxiaizing iron

82.0
i

*Eean temperatures, °C.j Solution, 22.3; air, 22.8.

Summary of Results. Test 65
A comparison of the results of Test 65 with
those of Test 64 (See Table 9) Indicates that shorter periods of
eonteot between solutions and gases results in a decrease in the
total efficiency of the sulphur dioxide as well as a decrease in
the per cent of the sulphur dioxide which reacts to oxidize the
iron.
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tions which contained 0,026-mol of copper sulphate per liter.
Each test was of 1 2 hours* duration; the rate of trickling the
solution was 1 liter per 12 hours.

She acid concentration sad

the ratio of sulphur dioxide to air used was varied for the
different tests.

In Tost 78, sulphur dioxide and air flowed

at the rates of 0.2 and 20 liters per hour, respectively; in
Tests 56 and 80 sulphur dioxide and air flowed at the rates of
0.4 and 20 liters per hour, respectively.

Table 13 gives the

details and results of the test.
Summary of Results, Tests 78, 56. and 80
A comparison of Test 78 results with these
of Teat 57 (See Table 9) tmiieates that the addition @f ©.OSS*
mol of copper sulphate per liter of solution does not increase
the rate of oxidation of f errous sulphate when the initial acid
concentration of the solution is 1.90 grams of sulphuric acid
per liter and the ratio of sulphur dioxide to air is 1 to 100,
by volume.

A comparison of the results of Tests 56 and 80 with

these of Test 54 (See Table 10) indicates that the presence of
0.036-mol of copper sulphate per liter of solution results in
a marked increase in the rate of oxidation of ferrous sulphate
and a marked increase in the formation of sulphuric sold, when
the ratio of sulphur dioxide to air is as 2 to 100, by volume,
and the initial acid concentration of the solution is apprext*
'
\

TEST 13.-— EFFECT OF COPFBB SULPHATE OH THE OXIDATION OF FEBBOUS SULPHATE
BY SULPHUR DIOXIDE AEG A H MISUSES

feet Humber.....................

78

66

80

Mean, temperature ef eolution, •0. ..

25.4

23.1

23.5

Mean temperature of air, eC........

26.3

23.7

Batio, by volume, of SOe to air....

i to m

2 to 100

[

*4.7
2 to 100

Head solution contained, grama per
liters
Iron as ferrous sulphate.
Iren as ferric sulphate..
Sulphuric acid,..........

9.66
9.93
1.90

10.90
6.08

9.35
9.65
6.10

Iron as ferrous sulphate, gramas
Added In head solution..........
Becovered in effluent solution..
Sained................ ......

9.66
7.40
'—84®

7.05
4.58
-8.67

9.35
5.42
-8.9*

Iron as ferric sulphate, grams#Added in head solution........
Becovered in effluent selmtion..
Sained............. .

9.98

10.90

12.18
2.85

15.67

9.65
18.68

2.67

8.98

l.S©

6.08
19.96

Sulphuric aeid, gramas
Added in head eolation .........
Becovered in effluent solution..

Sained........................

6.80
4.90

7.06

6.10

18.12

16.70
9.60

Total 90* efficiency, per cent.....

76.0

83.1

71.8

Per cent of SO* oxidising iron.....

21.9

12.5

19.0

-41-

mately 6 grams of sulphuric acid per liter.

She apparent dis

crepancies in the results of Seats 56 and 80 are accounted for
by F. S. Wartman20 in the sensitiveness of the system to slight,
physical changes that may occur during any one test.

Wartman

stated that it was found to be especially difficult to check re
sults of tests when the total sulphur dioxide efficiency was
under 90 per cent in work performed on the Bureau of Mines*
Ferric Sulphate - Sulphuric Acid Process.

The Oxidation of Sulphur Dioxide to Sulphur Trioxide
Preceding tests indicate that, under opendrainage conditions and other variables imposed in these tests,
the sulphur dioxide tends to form sulphuric acid more readily
than to form ferric sulphate.
Three tests were made to determine whether
or not the presence of ferrous or ferrio sulphate was necessary
for the formation of sulphuric acid from sulphur dioxide and
air mixtures.
In Test 55 a saturated solution of sulphur
dioxide in distilled water was trickled through a column of
sand at the rate of 1 liter per 12 hours; oxygen flowed countercurrently to the solution at the rate of 0.6-liter per hear.
The test was of 12 hours* duration.

The solution was analyzed

for sulphuric acid before and after trickling through the bed

20 - Private oommmioatlcm#

of Sana.

The sulphuric sola contents of the head ana efflu

ent solutions were determined hy difference.
analysis is given on page 11 of this paper.

The method of
The mean tempera

tures of the air and solution during the test were 81.9 and 81.6
degrees 0., respectively.

The indicated gain in sulphuric acid

wee approximately 3 grams per liter.

The word "approximately*

is used owing to the recognised inaccuracy of the method of
analysis used.
In Test 58 distilled water was trickled
through a column of sand at the rate of 1 liter per 12 hours
with sulphur dioxide and air flowing counter-currently to the
water at the rates of 0.2 and 20 liters per hour, respectively.
The test was of 12 hours1 duration.

The mean temperatures of

the air and solution were 22.3 and 21«3°<3., respectively.
Analysis of the effluent solution showed the presence of 0.39gram of sulphuric acid per liter.
In Test 63 a solution which contained 4.90
and 5.80 grams of manganese as manganous sulphate and sulphmrl#
acid per liter, respectively, was trickled through a column of
sand at the rate of 1 liter per 12 hours.

Sulphur dioxide and

air flowed counter-currently to the solution at the rates of
0.4 and 20 liters per hour, respectively.

The mean temperature

of the air during this test was 20.3*0., and the mean tempera
ture of the solution was 19.6*0.

At the end of this test the

column of sand was washed with distilled water.

Analyses ef

the effluent and wash solutions showed a gain of 15*96 grams
of sulphuric acid per liter.

During this test, 88 per cent of

oxiflizoa to milphur trloxide.

Resnlts« Teats 55. 58. ana 63

Teats 55 ana 58 indicate that sulphur diox
ide is not reeSily oxidized to sulphur trioxide, in solution,
when no substances such as ferrous sulphate or ferric sulphate
are present*

Test 63 indicates that manganous sulphate acts

to accelerate the oxidation of sulphur dioxide.

In preceding tests, v/hlcli involved the for
mation of ferric sulphate, hy sulphur dioxide and air mixtures,
from solutions containing ferrous sulphate, the solutions were
trickled through the columns of sand at the rate of 1 liter
per 12 hours*

In Test 65, which was the only exception to this

procedure* the solution was added at the rate of 2 liters per
12 hours*

An estimate of the volume of crashed ore or rock

which would be required to furnish sufficient surface for the
production of ferric sulphate or sulphuric acid at the rates of
solution flow used in preceding tests indicates prohibitive
amounts of materials.
The object of Tests 66 to 69, inclusive,
was to determine the amounts of ferric sulphate and sulphuric
acid produced at more rapid rates of solution flow— noacly.

10 ana 20 liters per 12 hours.
fhe details and results of these tests are
presented In Table 14.
•

S m m a r y _of liesults of. Tests 66 to 69. inalualva
The total volume of sulphur dioxide and
air to be used in each test was determined by allowing the test
to progress for sufficient time to insure the establishment of
equilibrium conditions in the column end then analyzing the
effluent gases leaving the top of the column by absorbtion in
standard iodine solutions.

When the rates of flow of sulphur

dioxide and air were such that not over 2 per cent of the sul
phur dioxide entering the columns escaped at the top of the
column the tests were commenced#

The per cent of sulphur diox

ide allowed to escape at the top of the column— namely, 2 per
cent, was arbitrarily adopted.
This method of procedure, however, proved
faulty in that the analyses of effluent solutions and effluent
gases failed to account for all of the sulphur dioxide which
flowed into the column.

The flow meters were believed, a t ,

first, to be inaccurately calibrated, but careful checks on
these calibrations made by weighing small cylinders of sulphur
dioxide before and after the discharge of sulphur dioxide at
a certain rate for a given period, showed them to be accurate
to the desired degree.

A thorough search for leaks in the

apparatus failed to disclose any such source of loss.

Gravi

metric determinations of the total sulphur in the solutions

lilLS 14.— EFFECT OF ADDING SOLUTIONS AT RATIOS OF 10 AND 20 LITERS PER 12 HOURS
ON THE FORMATION OF FERRIC SULPHATE AND SULPHURIC MID IT
SULPHUR DIOXIDE AND AIR MIXTURES
66

67

68

69

Mean temperature ef eelutiea, *0......

ss.o

81.5

25.2

85.8

Mean temperature of air, *0...... .

23.9

85.6

25.6

24.6

Test Number........ ........ ..

Ratio, by volume, of SO, to air.......

1 to 100

1 to 100

2 to 100

2 to 100

late of flow of SO,, liters per hour....

1.2

1.4

0.8

2.0

Bate of flow of air, liters per hour....

HO

140

40

100

late of flow of solution, liters per 12
hear#........ ...................

10

20

10

20

Head solution contained, grams par liter
Iron a# ferrous oulphate.............
Iron as ferric sulphate..............
Sulphurie aeid...........

10.15
7.10
2.30

9.85
?•§&
2.48

10.58
7.68
2.50

10.IS
7.42
2.40

Iron as ferrous sulphate, gramst
Added in head solution.............
Recovered in effluent solution.... .
Gained........................ .
Gained per liter............... .

101.50
ft .40
-2.10
-0.11

197.00
806.00
9.00
0.45

305.80
106.80
8.60
0.26

202.60
224.40
81.80
1.09

Iron as ferric sulphate, g n m t
Added in head solution............ .
Recovered in effluent eelntien.....
Gained......... ............... .
Gained per liter....................

71.00
75.10
2.30
.81

161.00
148.00
-9.00
-.45

76.80
73.20
-2.60
-.86

148.40
126.60
-81.80
-1.09

Sulphuric acid, grams:
Added in head solution,..... ......
Recovered in effluent eelntien ......
Gained..... ........... .
Gained per liter... .

85.00
58.60
55.60
3.66

49.60
100.00
50.40
6.04

25.00
47.66
88.65
2.26

48.00
124.00
76.00
5.80

Total SO, efficiency, per omt..........

68.9

67.0+

56.0+

68.6*

-81.8**
-12.6** | -6.3**
5.4
J________
*Includes S08 reacting to reduce ferric sulphate.
♦■•Mimts quantity Indicates per cent of S08 reacting to reduce ferric sulphate.

Per cent of SO, oxidising iron..........

vzore f o u M to confirm the volumetric methods of analyses which
had 'been used#

Qualitative determinations for various salts

and acids of sulphur in the effluent solutions were without
avail.
31
Dr. L. E. Roberts

of the Chemistry Depart

ment, University of Arizona, suggested that possibly the oxygen
present in the effluent gas stream reacted with the hydrogen
iodide, formed by the oxidation of the sulphur dioxide, to give
free iodine.

Acting on this suggestion the absorption of the

sulphur dioxide was made in standard sodium hydroxide solution.
The solution, after the absorption, was oxidized and the excess
medium hydroxide titrated by standard hydrochloric acid solution.
The amount of sulphur dioxide thus determined was found to ac
count for that which formerly had not been accounted for;

Un

fortunately, this work was net completed until too late to al
low its application in the eagjerimentrt. work reported in this
paper.
In these tests it was evident that sulphur
dioxide in large amounts was dissolved and carried out of the
column in the effluent solutions.

Titrations of fresh efflu

ent solutions, made at frequent intervals during each test,
indicated that 22.1, 34.0, 41.2, and 53.0 per cent of the total
sulphur dioxide which flowed through the columns was dissolved
in the effluent solutions of Tests 66, 67, 68, and 69, respeo-

81 • Private comnnmication.

tively.

Owing to the method of conducting the tests it was •

not convenient to moke complete analyses of the effluent so
lutions until about 12 hours after the ending of the tost.
In Test 67 a reduction of the ferric sulphate content of the
effluent solution v/as noted.

It was not known whether this

reduction took place during the test or "between the end of the
tost and time of analysis.

In Tests 68 and 69, esmples of

effluent solution were taken at more frequent intervals than
was the case in Tests 66 and 67 in order to place the time of
reduction of ferric sulphate.

The analyses showed that fer

rous iron was oxidised in the columns to the extent of 0.5and 0.5-gram per liter for Tests 68 and 69, respectively.
These tests indicate that sulphuric acid
can be made at reasonable rates when the rates of solution flow
are 10 and 20 liters per 12 hours.

The tests also indicate

that, if the solution of sulphur dioxide could be prevented,
ferric iron could also be produced and probably a reasonable
sulphur dioxide efficiency obtained.

Formation of Ferric Sulphate from Ferrous Sulphate by
LSI

Tests 70, 71, and 72 were conducted under
the same procedure as used for Tests 66 to 69, inclusive.
However, to prevent, if possible, the solution of the sulphur
dioxide in the effluent solution the apparatus was modified.
The glass column was equipped with a tube which extended up

ana enough air to make the ratio of the two gases 1 to 10, re
spect ively, were introaucea into the column through this tube*
The balance of the air, to bring the ratio of the two gases to
the ultimate figure aesirea, was introaucea at the base of the
column through the regular gas inlet.
moaifiea apparatus.

Figure 5 illustrates the

Seats 70 to 72, inclusive, were of 6 hours*

duration.

She details and results of the tests are given in

Sable 16.

:

Summa^tf, He.sult^.Jests. 70r,71, and ,72
Sitretions, which were made at frequent in
tervals during each test, indicated that 2.6, 23.7, end 35.5
per cent of the sulphur dioxide added was dissolved in the ef
fluent solutions of Seats 70, 71, and 72, respectively.

She

results of Seat 70 indicate that the modified apparatus is
efficient in preventing the solution of sulphur dioxide when
the rate of flow of solution is 10 liters per 12 hours.

In

Seat 71, in whioh the rate of solution flow was 20 liters per
12 hours, the prevention of solution of sulphur dioxide in the
effluent solution was not so marked.

A oomparison of the re

sults of Seats 66 and 67 (See Sable 14) with those of Seats 70
and 71 indicates a very marked increase in the per cent of sul
phur dioxide used to form ferric sulphate.

She results of

Seat 72 show that no advantage la to be expected from the use

TABLE 15.— OXIDATION OP FBHROUS SULPHATE BY SULPHUB DIOXIDE ABB A H AT BASS
OP SOLtmOB PLOW OP 10 AND 20 LITERS PER 12 HOURS, USING MODIFIED
APPARATUS

70

71

72

Mean temperature of solution, *0.............

25.2

24.6

24.4

Mean temperature of air, •0..................

25.6

24.9

25.0

Test Number...... ......

Ratio, hy volume, of S08 to air...... .

1 to 100

1 to 100

6 to 10©

0.9

1.2

8.0

Bate of flow of SO*, liters per hour......

85-118

Bate of flow of air, liters per hour.......

9#

126

Bate of flow of solution, liters per 12 hours

16

20

Head solution contained, grams per liter*
Iron as ferrous sulphate..................
Iron as ferric sulphate... ......... .
Sulphuric acid...... ........ .

10.92
7.66
2.50

10.82
7.68
2.50

9.80
7.66
2.20

Iron as ferrous sulphate, gross*
Added in head solution....... ........ .
Recovered in effluent solution............
gained..............................
Gained per liter.............. .......

61.60
43.88
-7.75
-1.88

108.20
99.20
-4.00
— .40

49.00
65.26
6.25
1.25

Gained per liter... ......... ...... .

87.60
46.68
7.78
1.86

78.80
79.80
4.00
.40

38.25
32.00
-6.25
-1.25

Sulphuric aoid, gross*
Added in head solution........ .
Recovered in effluent solution...........
Gained....... .......................
Gained per liter......... .............

12.50
20.88
7.78
1.88

26.00
40.6©
15.60
1.86

11.00
48.60
87.60
7.60

Total SO* offleiemey, per cent........ .

71.2

70.8

70.8*

Per cent of SO* oxidising iron.............

88.4

12.9

-12.1**

Iron as ferric sulphate, gross*
Added in head solution............
Recovered in effluent solution............

Gained......... ...................

16

*InolnAes SO* reacting to reduce ferric sulphate.
quantity indicates per cent of ^Ja reacting to reduce ferric sulphate.
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of ferric sulphate production, hut from the standpoint of sul
phuric acid production the use of such a gas is of great advan
tage.
The Formation of Ferric Sulphate from leutral Solutions
of Ferrous Sulphate hy Sulphur Dioxide and Air Mixtures
Tests 75, 74, 75, and 76 were made to deter
mine the rates of oxidatlen of neutral ferrous sulphate solu
tions hy sulphur dioxide and air mixtures.

la these tests the

usual sulphur dioxide and air mixture of a ratio of 1 to 10,
respectively, which is introduced in the upper end of the modi
fied apparatus, was varied in order to test the effects of
changing this ratio.

The ratios of sulphur dioxide to air

used in Tests 75, 74, and 75 were 1 to 10, 1 to 15, and 1 to
20, respectively.

The ratio used in Test 76 was the some as

that used in Test 74, hut in Test 76 the rate of gas flow was
changed in order to determine the effect of varying the quan
tity of gas mixture on the formation of ferric sulphate# «
The ultimate ratio, hy volume, of sulphur
dioxide to air used in each test was 1 to 100.

The solutions

were trickled through the sand columns at the rate of 5 liters
per 12 hours.

Each test was of 4 hours* duration.

and results of these tests are given in Table 16.

The details

fABLE 16.— OXIDJU?IOM OP HEUTBAL SOUJtlOHS OF FEBBOUS S T O M B — BPPBCf OP VAHTIHG
Brno

op s \ m w m biokidb 20 aib

m

uppsb

m m

Test liumber................... ..... .

75

74

75

76

Mean tsaperatnre of eelutlon, •0........

85.5

24.7

25.8

85.6

lean teaperature of air, *0...... .

24.7

25.6

54,5

24.6

Patio, tgr voliaae, of air to SO* flowing
in upper inlet.......................

1 to 10

1 to 15

1 to 20

1 to 15

Bate of flow of SO,, liters per hour....

0,6

0.6

0.6

0.8

Bate of flow of air, liters per hour....

50

60

60

60

Head solution contained, grams per
liter*
Iren as ferrous sulphate........
Iren as forris sulphate...........
Sulphurle eeld....
....... .

15.40
0
0

16.60
0
0

15.60
0
0

15.40
0
0

26.67

26.00
20.50
-6.50
-5.50

26.00
81.58
-4.67
-2.80

86.67
81,8*
-4.45
-2.66

©
6.60
6.50
5.50

0
4.67
4.67
2.80

0
4.45
4.45
2.66

0
2.92
2.92
1.75

0
2.92
2.92
1.78

0
2.80
8.5©
1.65

Iron ae ferrous sulphate, grams*
Added in head solution...............
Recovered in effluent solution.......
Gained....... ..................
Gained per liter............. .
Iron as ferric sulphate, grams*
Added in head solution......... .
Seeerered in effluent solution,......

Gained.... ...................
Gained per liter............. .
Sulphuric acid, grams*
Added in head solution...............
Becovered in effluent solution.......
Gained...........................
Gained per liter. ..................

mo.#:
—4.75
-2.85
0
4.75
4.76
2.85
0
2.92
2.98
1.75

|

Total SO* efficiency, per cent..........

94.2

86.0

77.6

67.7

Per cent of SO* oxidising iron..........

55.4

55,4

46.2

60.4

These tests indicate that neutral solutions

The tests also show that the beat results are obtained with the
modified apparatus when the gas mixture introduced in the upper
inlet has a ratio of sulphur dioxide to air, by volume, of 1 to
10.

The results of Test 76 indicate that when the ratio of the

two gases entering the upper inlet is 1 to 16 there is no appre
ciable increase in the efficiency of sulphur dioxide obtained
by reducing the rater of the gas flow.

To determine the effect of recirculation of
solutions, the effluent solution of Test 73 was recirculated
eleven times.

tion.

The same rates of flow of sulphur dioxide and

The rate of trickling the solution was 5 liters per 12

hours in each instance.

At the end of enoh circulation the

solution was analyzed and the amounts of ferric iron and sul
phuric aoid produced per liter of solution for each circula
tion were calculated.

Similarly, the total sulphur dioxide

efficiency and the sulphur dioxide consumed in the oxidation
of the ferrous sulphate to ferric sulphate were ealcalated*
These results are plotted for each circulation in the graph
of Figure 6.

c tv?/

.73
An inspection of Figure 6 shows that a re
circulation of solution is accompanied hy a steady decrease in
the total sulphur dioxide efficiency.

Similarly, there is

steady, and more rapid, decrease in the per cent of sulphur
dlezlde consumed in the formation of ferric sulphate under
these conditions.

The figure also indicates that the quantity

of ferric iron produced per liter of solution decreases with
each successive circulation.

The amount of sulphuric acid,

produced per liter in each successive circulation, increases
slowly and in this test reached a maximum during the eleventh
olremlatien.

At the end of the eleventh circulation ever 95

per cent of the ferrous iron had teen converted to the ferrle
state.

Referring to the graph of Figure l, for the time of

residence of solution whloh flows at the rate of 5 liters per
12 hours, it may he seen that twelve circulations of this so
lution has allowed a total period of contact with the gaseous
mixture of 3 hours and 15 minutes for any part of the solution.

-SI

CHAPTER IT
coicmicms

Under the eondltiona obtaining in the fore
going testa the following observations are made:
The rate of oxidation of ferrous solutions
by air or oxygen is exceedingly slow under all conditions tested.
The use of open-drainage methods of leaching in the oxidation
of ferrous sulphate does not Indicate appreciable adventeges
as compared to flood-percolation methods.

The use of forced

oxygen circulation through the columns of sand, in ©pen-drain
age tests, did not appreciably increase the rates of oxidation.
A natural circulation of air through beds
of ore which are contained in small glass columns is not to
be expected.
Recirculation of solutions in open-drainage
tests, to increase time of treatment, results in a retardation
of the rate of oxidation of ferrous sulphate for each success
ive circulation.
The effect of the concentration of sulphuric
acid in the head solution is not appreciable when oxidizing
ferrous sulphate by air or oxygen for periods not exceeding 6
days.
The size of ore particles used to disperse
the liquid phase in open-drainage tests did not have an
appreciable effect on the rate of oxidation of ferrous sulphate
y *

to ferric sulphate “between the limits uses— namely, minus 3
plus 4 mesh size and minus 30 plus 30 mesh size.
Ammonium vanadate and copper sulphate each
accelerate the oxidation of ferrous sulphate to ferric sulphate.
Manganous sulphate has no appreciable effect on this reaction
rate,

Although certain manganese minerals used in these tests

caused a marked increase in the rate of oxidation of ferrous
sulphate.

Small quantities of sulphur dioxide used with oxy

gen do not act catalytically in the oxidation of ferrous sul
phate.
The use of sulphur dioxide and air mixtures
in open-drainage tests results in the formation of sulphuric
sold and ferric sulphate.

This work indicates, however, that

in general the react ion for the formation of sulphuric acid
proceeds more readily than that for the formation of ferrio
sulphate.
Recirculation of solutions to increase time
of treatment in tests using sulphur dioxide and air mixtures
results in retarding the rate of oxidation of ferrous sulphate
to ferric sulphate with each successive circulation.
The effect of increasing the sulphuric aoid
oenoentration of the head solutions in tests involving sulphur
dioxide and air mixtures for the oxidation of ferrous sulphate
normally caused a marked decrease in the total sulphur dioxide
efficiency as well as in the percentage of sulphur dioxide
reacting to form ferrio sulphate.

The possibility of an optimum

aoid concentration was indicated, however, in two teats.

Temperature

obsemtlens whloh were made

during testa involving the use of sulphur dioxide and air mix
tures to form ferrio sulphate from ferrous sulphate solutions

indieeted

that an increase in temperature resulted in a greater

proportion

of the

sulphur

,

dioxide being consumed in the forma

tion of ferrio sulphate#
The per cent of the sulphur

dioxide react

ing to form ferric sulphate from ferrous sulphate decreases as
the ratio of sulphur dioxide to air is

increased.

Sulphur dioxide and air mixtures do not re

act

appreciably to

form

trickled through columns
umns.

However»

sulphuric acid when pure water is

of

of

contained

in small glass col-

formation of

quite appreciable

sulphuric acid.
The addition of

per liter of solution,

in

mixtures, apparently

causes a

phur dioxide efficiency
dioxide used to

oxidize

0.006-mol

of copper sulphate

tests involving the oxidation of fer

rous sulphate to ferrio sulphate

as

by

sulphur dioxide and air

marked increase in the total

sul

well as in the per cent of sulphur

ferrous iron when the concentration of

sulphuric acid in the head solution is approximately 6
per liter.

e

the addition of manganese, as manganous sulphate

to the water results in the
quantities

sand

grams

At lower acid concentrations, approximately l»9

grams per liter, copper sulphate apparently does not alter
either the total sulphur dioxide efficiency or amount of sulphur
dioxide oxidizing iron.

She experimental work indicates that a
commercial process for the preparation of solutions of fer
ric sulphate and sulphuric acid from ferrous sulphate solu
tions is possible.

It is suggested that further work he

directed toward this end, using sulphur dioxide and air
mixtures and the open-drainage method for dispersion of the
liquid phase.
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