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A PROCESS FOR THE UTILIZATION OF PYRITE ASH

Introduction.

The purpose of this Investigation was to find a
cdmmercial process by which the iron could be recovered,
as ferrous sulfate, from burant pyrite.

Pyrite; Fe 82, is very widely distributed in na-
ture., The largest deposit is at Rlo Tinto, Spain, where
it occurs associated with both Jold and silver. The
chief mines in the United States are in New Jersey, Penn-
gylvania, New York, Massachusetts, Virginia, Georgia,
Colorado, and California (1l).% Practically the entlre
output 1s used in the manufacture of sulfurie acild. The
total consumption in the United States, for 1915, was
1,358,758 long tons, By 1920 it had fallen to 607,606
iong tons, because of the increased use of sulfur (2).

The burnt residue of ferric oxide, known as
"plue-billy", has various uses. At the Stauffer Chemical
Company's plant in Los Angeles, it was used solely as a
road-bed material. Although the roads are at first fim
and dry, they are soon pulverized by the traffic and in

wet weather become very muddy.

#* Numbers refer to Bibliography at end of paper.



The materlial is used as a catalyst to proumots
‘the combination of sulfur dioxide and oxygen (3). It is
a1s0 used to catalyze the ferrite process for the manﬁfac-
ture of sodium hydroxide (4).

| A process has recently been developed in Italy,
for. the preparation of ferric sulfate from pyrite ash and
niter cake (5). The molstened cinders may also be used
to absorb hydrochloric acid from salt-cake furnace gases,
etec. (6)e Paint pigments may be made from the ash elther
directly or by first forming ferrous sulfate (7). Numerous
methods are proposed to cut down the sulfur content of the
ash so that it may be used in the manufacture of pig iron
(8).

There are two main processes for the manufacture
of ferrous sulfate from pyrite ash. _ In the first, known
as the A. and P. Buisine process (9), the material is
heated with 60° Be'. sulfuric acid (boiling point 190°C.)
to somewhat less than 300° ¢. Although the resulting
mass of ferric sulfate 1s not immediately soluble in water,
i1t becomes soluble by hydration at somewhat higher tenmpera-
“bures. The solution, after being reduced to ferrous sul-
fate by digestion with iron, is evaporated to 27-28° Be'.
(measured at 90°C.) and crystallized with pieces of serap-

iron suépended in the vat,
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In thé other method devised by Pezzolato (10),
 the pyrite ash is heated to a red heat in a closed vessel
with'enough powdered charcoal to reduce it to magnetic
iron oxide. After concentrating with a magnetie separa-
tbr, it is treated with sulfuric acid until dissolved.
From‘there the process is similar to the one described
above. In both cases any copper present lg separated

out on the excess scrap-iron.

Plan of Experimental ¥Work.

The logical methcd of utilizing burnt pyrite
from a sulfurie acid plant would be to preoduce ferrous or
ferric sulfate. The two methods, at present used for
this purpose have been deseribed above.

Preliminary experiments with the ash showed it
to be but slightly soluble in cold sulfuric acid of.moder
ate concentrations. This partlially explains why, in the
Bulsine process, & concentrated acid at a very high tenp-
erature is used. This method, besides requiring a con-
siderable initial outlay for equlpment would alsc have a
large upkeep cost due to the high pressures used.

’The Pezzolato process appears to be unnecessar-

ily complicated besides being difficult to carry out in

practice. The magnetic separation removes the non-mag-
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petic impurities from the iron. However those impuri-
ties;_which are soluble in sulfuric acid, may probebly be
geparated by fractional crystallization. A preliminary
experiment with a horse-choe magnet showed that consider-
able finely divided carbon, from the reduction, was
carried mechanically with the large lron partleles and =&
eclean separation was not obtained. The material would
need to be ground extremely fine to separate each ifon
particle from the adjacent gangue and this would greatly
increase the cost of operation.

The first step of this investigation was to
determine the efficiency of the solution of the ash with
various temperatures, times of treatment, concentrations
end amounts of acid. It was hoped that with this data
an inexpensive procedure for the solution of the ash
'éould be worked out. it was desired to determine from
an econcmic standpoint the relative efficiencies of the
several processes and also to test out thé method finally

selected on a large scale,

Analysis of the Pyrite Ash.
The sample for this work was obtained from the
Stauffer Chemical Company of Los Angeles. It contained

material ranging from about 50-mesh up to lumps nesrly
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halfvan inch in diameter.} The'finer portion of the sam-
 p1e abpeared to beAwell burnt to a reddish purple color
but the larger lumps when broken up showed a core of un-
burnt pyrite. In some of these a yellow substance, ap-
pérgntly free sulfur, could also bte seen. The thorough-
1y burnt pyrite could be pulverized readily but the larg-
er lumps, conteining the unburnt portion, were hard.

| Lunge states (11) that the pyrite cinders when
pfoperly burnt have the red color of ferric oxide, but if
ﬁuch copper is present they are black. They are light
and porous, have no unburnt core in the larger pieces,
‘énd contain no fused slag, (the latter showing that the
temperature of the combustion was correct). The sample
~used In thils work fulfilled these requirements, except
that it contsasined some unburnt material.
| The sample was ground down to approximately 80~
mesh in a Braun Pulverizer, type UA4, driven at about 570

TePolla

Moisture Content

Yhen a sample was dried in an electric over at
108° ¢., it gave a distinct odor of sulfur dioxide. It
reached a constant welight, after heating for two hours,

- ghowing a lecss corresponding te a moisture content of
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. 9,40%. Another sample, dried to a constant weight in a
.sulfuric acid dessicator for 50 hours showed a loss of
2.15%. The higher value is undoubtedly due to the loss
of sulfur. This action has been noted by Jones (12) who
éfates that hydrogen sulfide and thio-sulfide acid are
formed.. (Iunge , however, (13) recommends determining
the moisture in sulfur by heating a sample for several
hours at 100°).

The latter of the two results, giving a mois-
ture content of 2.15% of the original semple, is taken as
the correct value and all snalyses reported in this paper
are determined from the dessicator-dried saemple and cor-

rected by this value.

Free Sulfur.

The free sulfur will be assumed to be entirely
crystalline. It was determined by extraction, for 11%
hours, with c.p.carbon disulfide in a Soxhlet apparstus.
The result computed from the loss in weight of the sample
gave 0.88% free sulfur. Yhen computed from the weight
of the reslidue, after veolatillzing the carbon dlsulfide,
1,02% was obtained. The mean of these two, giving 0.95%

free sulfur in the original sample, is teken as correct.



Totel Sulfur.

At first it was attempted to determine total
sulfur by the Fresenius method (14). In this procedure
the sample is fused with sodium carbonate and potassium
nitrate in a nickel crucible. The anelysls was attemp-
ted three times but each time the crucible was eaten
through before the charge could be completely fused. The
aifficulty appesared to be due to the high temperature re-
quired to flux the mixture.

The sodium peroxide fusion method (15) was
tried as it was known that this would give a readlly fusi-
ble mixture. Here the sample is fused with sodlum perox-
ide and sodium carbonate. The sulfate is extracted with
dilute acid and determined as the barium salt. Two de-
terminations gave 3,04 and 2.81% of total sulfur in the
6riginal material. A blank test showed no barium sulfate
precipitate.

Mellor's fusion method (16) was used as a check.
Here the sample is fused with a sodium carbonate and
sodium nitrite mixture. The result obtalned by this
‘method was 2.96%, giving an average for all three of 2.94%

which 1s taken as the correct value.



Determination of Iron.

During the first part of the work the iron was
determined by the permanganate method after reduction by
stannous chloride (17), but later the electrometric di-
ohromate method was used (see below).

Two analyses of the pyrite ash by the permanga-
nate method gave 48.42 and 47.65% of iron in the original
material. (Average value 48.03% iron). A definite end-
point and consistent results were difficult to obteain by
this method. The chief trouble seemed to be due to the
lack of permenence in the end-point when titrating an ac-
tual iron solution. Experience in -this analysis would
probébly remedy the difficulty but since the time was
limited it was thought advisable to try another method.

The electrometric tiltrsation of iron by potas-
sium dichromate has been studied by Hostetter and Roberts
and found to be very satisfactory (18). While the pro-
cedure used here 1s essentially the same as described by
them a few minor changes were made. A diagram of the
apparatus 1s shown in Fig. 1. The titratlon nalf-cell
consisted of a 250 cc. beaker, surrounded by‘cotton and
asbestos paper to provide heat insulation. The tempera-
 ture of the solution during the titration dropped from
about 100° C. at the start to from 20° to 50° at the end,
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depending on the time taken for the analysis. This be-
bame shorter as experience was gained and varied from two
and a half hours for the filrst few titrations to about
half an hour for the last ones made. The capillary at
tﬁé end of the bridge from the calomel cell was flushed
out ét intervals from an elevated reservoir containing
1-normal potassium chloride solution saturated with calo-
mel. The sum of the two resistances in the decads boxes
‘was kept always at 10,000 ohms, By this arrangement the
voltage of the titfation cell is directly proportional to
the reasistance of one of the boxes., The voltage of the
storage batiery, during the two months it was used, did
not drop more than 0,004 volt.

The procedure used in the analysis is as fol-
lows:

The solution to be analyzed ismade up to 500
"ec. in a standard volumetric flask. A B0 cec. portion is
placed in the 250 cc. besker and 100 cc. of 35.0 normal
sulfuric acid added. The solution is allowed to stand
for about ten minutes in the air or from three to five
minutes in running tap water until the temperature has
 dropped to about 100° C. While this is being done, the
electrode is ignited and the tip of the capillary bridge

rinsed out. The salution is then put In place and stan-
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nous chloride run in until the voltage is lowered to
about + 0.03 volt. The dichromate solutlon is then ad-
ded in about 0.05 cc. portions and the e.m.f. read to

the nearest 0.002 volt. Hand stirring was used through-
5ut; being stopped for sbout two seconds before each
reading was taken. It was found that the e.m.f. at the
-sténnous chloride end-point rises from ten to twenty min-
utes before reaching a constant value. The average in-
crease at this end-point is about 0.28 volﬁ. The second
or ferrous end-point comes to a constant value in less
than one minute with a rise of about 0,16 volt.

It was noticed that when hydrochloric acid was
used instead of sulfuric acid in making up the solution
the stannous chloride end-point passes through zero,
while with sulfuric acld the curve 1s entirely positivs.

In all, over fifty analyses were made by.this
method and, while at no time could an analysis be made as
rapldly as with the permanganate method, the resulis ob-
tained check with one another and are regarded as much
more rellable. In every case In which an indistinect
. end-point was obtained, it was found that the platinum
electrode in the titrating solution was at fault. If
the glass near the tip 1s cracked the results are ex-

tremely variable.
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A representative set of curves 1s shown in
Pigure 2.

An idea of the accuracy of this method of
analysis may be obtained from the standardization data
of the dichromate solution. The normality of the solu-
tion when computed from the amount of c¢.p. potassium di-
chromate used in its preparaﬁion was 0.12598. The nor-
mality found by an electrometric titration with standard-
ization iron wire was 0.12592, the difference being .05%.
The latter value is taken as the correct one becausze it
includes all errors inherent in the method. It is prob-
able that some of the analyses, to be given below, are
not this accurate, for in a few the solution was added
in 0,10 cc., portions at the end-points. The maximum
error due to this cause depends on the total iron con-
tent and in no case is greater than about 1%.

The amount of iron in the pyrite ash, deter-
mined electrometrically and calculated on the basls of
the original semple was 48.22%. This agrees fairly well
with the mean permanganate value (48,03%) end will be
used (as the correct value) rathér than a mean. The
sample for the electrometric titration was dissolved in
hydroflﬁoric acld while the one for the permanganate was

dissolved in hydrochloric. The agreement shows that
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all of the iron in the pyrite ash is soluble in hydro-
 chloric acld.

Silica.

The residue from the hydrochloric acid treat-
ment was a sandy white and probably pure silica; of the
other impurities found in the qualitative analysis: S,
Cu, Al, Zu (?), and Ca, all but the first have soluble
chlorides. Vhile the free sulfur is insoluble, it may
be destroyed by ignition. The residue from each of the
two analyseé was filtered{ washed, ignited,and weighed.
The welghts give as the per cent of silica in the origi-
nal sample the values 23.679% and 23.682% with a mean of
23.68%.

The state in which the combined sulfur is_pres—
ent in the sample is unknown. From the large amount of
unburnt pyrite in the center of the lumps, it is reason-
able to assume that most of it 1s present in that form,
although some may be in the form of sulfate, either of
iron or the other metals. Assuming that all of the com~
bined sulfur is present as pyrite and that the remsinder
of the iron occurs as ferric oxide, the following com-

puted results are obtained (based on the original sample):
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Moisture 2.15%

Free S 0.95%
Fe S, 3.72%
Fep Og 66 .53%
51 0, 23.68%
Undetermined:

Cu, Al Zu (?)

and Ca oxides»

or sulfates 2.97%

100.00%

s

Theoretical Behavior with Sulfuriec Acid.

Ferric oxide is "attacked by acids with diffi-
culty, the more-so the higher it has been heated. Hydro-
chloriec acid is the best solvent, in whieh it 1s more
quickly soluble by long digestion at a gentle heat than
by boiling. * % 3% Iﬁ is most easily soluble in six-
teen parts of a mixture of eight parts sulfuric acid and
three parts water." (19) This latter is equivalent to
6.3 times the theoretical quantity of 25.4 normal acid..
Friend states that nitric acid does not attack the ig-
nited oxide (20).

No direct theremo-chemicél data for the solu-

tion of ferric oxide in sulfuric acid could be found.



16.

The following values are given by Landolt-Bornstein (21)
-for the heats of formation of the compounds involived:

Fe, 0z, solid +195,600. cal.

Ho 50, 16.6 HZO +208,600 (6-normal)

Fey (S80,)z, solution +650,500.

H50, liquia +68,150.
Therefore in the equation

Fey 0z (solid) + 3H, SO, (solution) <

Feg (804)3 (solution) + 3H50 (liquid)+ 4H,
AH % - 33,5660 cal., and the reaction is exotheralc. it
would be expected, therefore, that ' a small increase in
temperature although increasing the rate would decrease
the solubllity. If the temperature is raised above the
bolling point of the solution, both the speed of the re-
action would increase and the equilibrium would be shif-
ted forward, because water, a product of the reaction,
will then be partially removed. If the temperature is
increased beyond 5170 C., the pressure remaining at at-
mospheric, the suifuric acid completely boils and the re-
action stops. Further increase beyond 530° ¢, reverses
the reaction by decomposing the ferric sulfate to ferrie
oxide (22).

The amount of pyrite ash dissolved by a given

solution of acid depends on both the concentration and



the total amount of hyvdrogen ion avallable, Jinee the
ionization deersases with increasing acld concentrstion
and since for low concentrations the hydrogen ion is al-

so low, it would seem that there should be a concentra-

et

tion most efficient for dissolving the ash. Tne greater
the amount of acid present the larger should be the per
cent of the totel iron soluble in a given time. The
magnitude of these effects cannot be determined theoret-

jeally for the concentrabed solutions which are to be

oo

used but must be ascertained by experiment.,
Since the rate of the reaction depends on both
the hydrogen and the sulfate ion concentration, it might

be expected that it would fall off rapidly as the amount

o)
Iy

ferric sulfate increases, Since, moreover, the ion=-

zatlion constant for a concentrated sciution is much

e

smaller than for a dilute, a given amount of ferric sul-
fate in soluition in each would cause a grester decrease

fe)

in the rate in the first case than in the latter
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Solubility Experiments on the Original Material.

All of the experiments reported below were made
in one of two ways:

A 2.50 gram sample was weighed out to the near-
est 0.0l gram and placed in a thin 6-inch test-tube to
whieh the proper quantity and normality of acid was then
added. The test-tube was placed in a 50-cc. boiling
flask, nearly filled with concentrated sulfuric acid, and
heated over a small [lame. The temperature was régulated
to the nearest degree using a thermometer, whose bulb was
completely immersed in the acid, and so placed that it
just touched the outer surface of the test tube. In near-
ly all cases the solution was stirred by hand, with a
glass rod, for about fifteen‘seconds per minute. (In the
two exceptions noted below, the stirring was not possible
because, due to either the high temperature or the small
quantity of acid added, the mixture caked-up before the
end of the run). After the sample had been treated in
this manner for times ranging from 15 to 180 minutes, the
test-tube was removed, the solution immediately filtered,
and the residue thoroughly washed with boiling water.

The filtrate was made up to 500-ce. in a volumebtric flask
and a 50~cc. sample taken for analysis. The permanganate

method was used end, for the reasons given above, these
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results, which.are all underlined when quoted, are to be
| regarded as somewhat less accurate than those obtained
by the other method. The results are, if anything, too
high so that the errors, which are perhaps as high as 2%
in some cases, do not affect any of the conclusions to be
drawn below.

The second procedure used the electrometric di-
chromate method of analysis desecribed above. The maxli-
mum error is perhaps about 1% with the average error much
lower. Samples Qf 1.250 grams were weighed out to the
nearest 0,005 gram and plgced with the acid in small 50~
cc. flat-bottomed flasks.- All of the samples were kepti
at from 15° to 20° C. (normal room temperature), and the
stirring effected by shaking the solution about once
every three hours in the daytime. The solutions were
filtered, washed and the sample taken as described above.

The same amount of acid was added to both the
reduced and the uﬁreduced samples where the theoretical
quantity specified was the same. (The error in this,
based on an analysis of the reduced material, was about
0.1%. The decrease in weight due to the oxygen lost
was almost exactly balanced by the weight of the carbon
remaining).

A1l of the results given below are expressed



20.

on the basis of the per cent of the total iron, present
at the start, dissolved by the acid treatment.

The effect of the temperature of the acid on

the amount disgsolved. Samples, treated with 5.6 times

the theoretical amount of 35,0 normsl sulfuric acid
for 15 minutes, showed the fbllowing results:

Temperature Ratio of %
in © C. % Dissolved to abs. temp.

100° 34 . 8% .09

1756 67.8 15
250 71.2 14

'These results show that the amount of the ash
dissolved by sulfuric acid is greatly increased by in-
creasing the temperature. For high temperatures it
seems to be roughly proportional to the absolute temper-
ature but for lower ones the rate falls off.

The second conclusion is shown more clearly by
another experiment. A sample treated with 5.6 times the
theoretical amount 6f 6-nornal scid for 15 minutes at 90°
C. showed 8.91% dissolved while one treated with 8.4
times the theoretical amount of 6-normel scid for ten
days showed only 9.24% dissolved. It will be shown be-
low that the amount of acid used has but little effect on
the percentage dissolved so that it may be seen that in-

creasing the temperature from 20° to 90° ¢. is nearly
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equivalent to decreasing the time of treatment from ten
days to fifteen minutes.
Two samples were treated with 5.6 times the

theoretical amount of 20-normal acid for 15 minutes:

Temperature % Dissolved
130° ¢. 72.4%
120° c. 65.4% :

In the first case all of the zeid boiled away and left a
pink colored residue of ferric suifate and ferric oxide.
In the second case the acld did not boil. These results
show that the amount cf soluble material formed is some-
what increased by allowing the water contained in the
scid, or formed during the reaction, to evaporate.

The effect of the concentrstion of the acid.

Sanples were treated with verious coneentrations of acid
at temperatures ranging from 8° to 25° below the boiling
point ¢f the acid. The time of treatment was 15 minutes,
using 5.6 times the theoretical amount of acid.

Concentration Temperature B.P. % Dissclved Ratioc of

of of % to
Treatment. Aecid, Cone.2

6 n 95° 106° 8.91% 0.24%7
10 n 105° 113° 20.4% 0.204
18 n 115° 127° 52.9% 0.235
20 n 120° 150° 65.47% 0.164

35 n - 250° 281° 71,24 0.058
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These results represent about the highest temperatures
‘and therefore the maximun solubllities which can be at-
tained without boiling the acid. If the last result be
neglectgd the solubllity can be approximately determined
by the empifical formulas

% dissolved = 0.2 x (conc. of acid)g

It would have been very interesting to coumpare
the per cent dissolved with the concentration of the acid,
the temperature remaining constant, but becsuse of the

lack of time this was not poasible.

The effect of the amount of acld. The solu-

bility of the ash in 35.0 normel acld at 250° C. for 15

minutes was determined:

Amount of acid. % Dissolved.
2.8x theoretical 58.2%
5.6x ; 71.2%
8.4x " 72.8%

The amount of the acid used is seen to have ccmparatively
little effect on the per cent dissocolved. These results
sre not complete enocugh to form the basis for any empiri-
cal relation but they indicate that the increased yield
from large amounts of acid is not large enough to compen-
sate for the increased manufacturing cost.

Effect of changing both the concentration and
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the smount of sacid, keeping the volume constant. It has

. peen found by previous experiments that the higher the
concentration of acid thé larger the amount of soluble
irén formed per unit weight of pyrite ash. However, the
higher the concentraticn of the sulfate ion the smaller
the amount of ferrie sulfate‘which.can go intc solution.
A coating of ferric sulfate may form on the surface of
the particles in the more concentrated solutions and pro-
tect them against further action by the acid. But in-
creasing the sulfate ion concentration automatically de-
creases the hydrogen ion concentration. If this decrease
is appreciable, as it pro%ably would be 1in & cdncentrated
soluticn, it would diminish the rate of the reaction as
explained above.

It might be expected, therefore, that the solu-
bility in & concentrated solution at first would be much
greater than for a dilute soluticn. As the reaction
procgeds, however, and ferric sulfate is formed and ion-
ized, the.reaction in the concentrsted solﬁtion ghould
slow down, for the two reasons-given above, The reac-
tion in a dilute golution, due to the greater ionization
constant, (and hence the greater hydrogen iron concentra-
tion), would continue at a more uniform rate.

To test this experimentally a series of runs

were made at room temperature, extending over a period



24.

of three weeks.

| Time in days: - 1 3 7 10 14 21

Acid used:
8.4x theor.of 6-n 4.56% 7.30% 7.41% 9.24% 9.46% 10.70%
4.2x theor.of 3-n 3.65 3.76 5.69 6.73 8.32 10.60
l.4x theor.of 1l-n 3.99 4.22 4.79 5.59 6.38 7.41

These results which are plotted in Fig. 3, are
in accordance with this view. The initial reaction rate
in each case (or the slopes when t = 0) should be some-
‘what proportlonal to the concehtration of the acid. - This
may be seen to be roughly true by an examination of the
curves. Afterward, the slope for the 6-normal solution
steadily decreasgs, while the other slopes remain aspprox-
imately constant, showing that only the ionizaticn con-
stant for the former is sufficiently small to retard the
solution, _

In general, for a short time of treatment, (up
to about one week) a better yield is obtained, at room
temperature, by using a'large émount of concentrated acid.
For times of treatment between one and three weeks, it
seems that J-normal acid is the best to use. In all
cases, judging from the curves, it is undesirable to use

dilute acid at room temperature.
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The effect of the time gg_aéid treatment.

For conditicns et room temperature this may be shown by
the curves from the preceding section. From them it
may be seen that if the more concentrated acld is to be
used it would perhaps be more economical to treat the ash
for two short time intervals than for one long one (assum=-
ing that it is not due to a surface effect). For the
other conditions of acidity there would be, apparently,
no difference.

The fesults for the l-normal sclution may be ex-
pressed by the empirical gquaticn,

% dissolved = 3.82 + 0.17 x time in days.
Although this can only yield approximate results ﬁhen ex~
trapolated beyond the experimentzl data, it 1s probable
that the time for complete soclution, so calculated, will
be the miniﬁumvvalue. This 1is found to be 566 days.

The similar equation for the 3-normal solution

% dissolved = 3.25 + 0435 x time in days,
which gives 276 days as the time for complete solution.

The results for the 6~-normal soluticn are not
sufficient to form the basis for either an empirical
equation or an estimate of the time for totel solution.

A setv of experiments carried out with 5.6 times
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the theoretical quantity of 35.0 normal acid at 250° C.

-gave the following results:

Time of treatment.

b minutes
15 u

30 1

% Dissolved.

68.9%

71.2%

:

S

1.8

:

These results also show that the reaction rate

deereases markedly with the time, just as'noticed above.

It is probably due to the small ionization constant of

the acid and the high sulfate ion concentrsation.

Summary .

The above experiments on the solu-

bi1lity of the original material in sulfuric acid show,

that in order to obtain any appreciable solution it is

necessary to use fairly concentrated acid, (20-normal

or above), at a temperature close to its bolling point.

There is no benefit to be derived from treating the acid

for a long time at this temperature, in fact it would

seem better to treat it for two shorter time intervals

with fresh portions of acid.

The total quantity of

acid need not be high, probably not over the theoretical

amount.
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Solubility of the Reduced Material.

The effect of the reduction. Since the solu-
tion of the orlginal material in sulfuric acid was found
sC difficult, a few preliminary experiments were made to
determine whether the solubllity could be increased by
first reducing the material to either magnetic oxide,
ferrous oxide, or iron, by heating with finely powdered
wood charcoal as suggested by the Pezzolato process.

The results quoted below are grouped in sets,
in each of which, usually, all of the experimental con-
ditions, except one, are kepbt qnifoer Any change in
the solubility of the ash will, therefore, be due to the
effeqt of this variable. To avoid unnecesgsary repeti-
tion, these experimental conditions and results are col-
lected in Table II, to which frequent reference will be
made.

By comparing runs 14 and 15, it is seen that,
where the subsequent acid treatment is for 17 hours at
room temperature, reducing the ash increases the amount
dissolved from 5.95% to 36.3%. By comparing 11 with 17
it is seen that, where the acid treatment is at 105° C.
for one hour, reduction inereases the solubility from
44.4% to 95.8%. These results show thet the solubility

is markedly increased by first reducing the material.
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The effect of the method of reduction was next

studisd. Both porcelain and iron crucibles heated to a
bright red heat by a bunsen burner and a fireclay cruci-
ble heated to about 1050° C. in a crucible furnace were
used. A1l of the crucibles had covers of the same ma-
terial.‘ After the reduction the mixtureé were treated
with 5.6 times the theoretical amount of 6-normal acid

for the time given.

Method. Time of Time of Acid % Dissolved.
Reduction. treatment.
18, Iron Crueible 1 hour 1 hour 80.6%
19. Porcelain " 1 hour 1/2 hour 73.8
20, " " 1 hour 2 hours 73.9
23, Fiveclay " 1/2 hour Sample entirely reduced

and fused in Crucible,

It was noticed that the iron crucible had a
tendency to scale off during the heating. This was
probably the cause of the high result in comparlison with
the mean of the two values for the porcelain crucible.
For this reason those vaiues quoted below which were ob-
tained by reduction in iron crucibles may be regarded as
somewhat unreliable. It was seen that although the mix-
ture was heated for only one-half the time in the cruci-

ble furnace the reduction was much more complete.

The effect of various reduction mixtures on
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the solubility was shown by the following set of experi-

ments:
Ratio of pyrite ash % Dissolved.
to carbon.
24, 2:1 65.3%
28. 13.5:1 73.4
25. 20:1 62.9
27. 40:1 57.3

The ratio 13.5:1 1s the theoretical nmixture re-
guired to give ferrous oxide and carbon monoxlde as the
products (regarding the samples as 100% Fe,05)s The re-
sults show that this is approximately the composition
giving the best results under the conditions stated. It
could be seen that this reduced material contained some
unconsumed charcoal but not in a large amount, The pro-
duet was a dull black and the reduction to ferrous oxide
appeared to be fairly complete.

The low yield for the mixtures with a larger
proportion of carbon was undoubtedly due to the incom-
plete reduction of the material. These samples were
very crisp and contained, apparently, but little uncon-
sumed carbon, Each contained a considerable quantity,
{estimated at about 5% of the total weight), of a very
hard metallic material, either iron or magnetic oxide,

present in small particles about 1/32" in diameter.
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The run made up in the ratio of 2 to 1 yielded
a product in which a large amount of unreduced carbon
could be seen, The material when cold and pulverized
was a dark brownish black showing that the reduction was

not entirely complete.

The effect of the time of the reduction was

studied with the results given below. For a porcelain
cruéible at bright red heat:

Time of reduction., Color of Product. % Dissolved

20. 1 hour black 73.9%
22. 2 hours reddish-black 13.3%
X 3 hours o reddish-purple X X

Sinece the 1 hour sample was black, the reddish-
black color of the two hour sample showed thsat it had evi-
.dently been reduced and later partially reoxidized. The
3 hour sample was not analyzed as it weas apparently con-
pletely reoxidized to ferric oxide.

Reduction in a fireelay crucible at about 1050°

Cet
Time of Reduction. % Dissolved.
23 & 29. 1/2 hour 55.4%
26, 1/4 hour 78.9%

The sample for the 1/2 hour treatment was com=-

pletely fused in the botiom of the erucible. On the
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‘assumption that it was principaily metallic iron, an
analysis was made on an equivalent weight of cleaned and
- polished iron wire, It had a diameter of about 1/32
ineh and was cut in pleces about 5/4 inch long. It is
probable that the lower result obtained with it is due
to the larger particles used and not wholly to the change
in the time of the reduction, Since the iron was quite
pure the decreased solubility might also be due to its
"passivity."

While the above experiment gives inconclusive
results for the relative solubilities it does at least
show that the time of the reduction should be less than
1/2 nour. Additional experiménts should have been made
at shoriter time intervals. However, even if this had
been done it would throw no light on the best conditions
for large scale operation, for the efficiency of the re-
duction is so dependent upon the character and the tem-
perature of the furnace that what might be best for a
small scale laboratory process would probably not be at

2ll sultable for commercial practice.

The effect of the amount of acid on the solu-

bility of the reduced material is shown by a set of ex-

periments with the following results:
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Amount of acid. % Dissolved
28. 1.4 times theoretical 73.4%
26, 4.2 " " 78.9%
30. 8.4 " " | 52 .3%

On this basis, the maximum solubility is ob-
tained with about 4 times the theoretical amount of acid.
However, since the amount dlssolved by sbout the theo-
retical quantity is so little lower, it should be pref-
erred for economy and to prevent the evolution of hydro-

gen when the ferric sulfate is reduced.

A study of the effect of the concentration of
the acid yielded the following results: '
Concentration. % Dissolved. %/Concentration.
31. 3-normal 37.9% 12.6
26. 6-normal 78.9% 13,1
It is seen that the per-cent dissolved is
greatly increased by increasing the concentration of the
acid and that for treatment at room temperatures it is
roughly proportional to the concentration. The normal-
ity of the acid which may be efficiently used is limited
by the volume of the solid material which is to be dis-
solved. The smallest convenient amount of acid for 1.25
grams of the reduced material is about & cc. If only the

theoretical smount of acid is to be used, this limits the
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concentration toc about G-normal.

The effect of the temperature of the acid

treatment is shown rather poorly by the two results fol-

lowing:
Tenmperature. Time of treastment. % Dissolved.
21. 20° C. 2 hours 72.0%
7. 105° c. 1 hour 95.8%

It is seen that, for 1l0-normal acicd, despite
the doubled time of treatment at room temperature, the
other at 105° C. dissolves about one-third more.

An increase of the temperature of the treat-
ment with 6-normal acid from goo to 90° ¢. is approxi-
mately equivalent to inereasing the time of the treatment
from 1/2 hour to 24 hours as shown by the following data:

Time of Temp. of Time of Temp. of Amt.of ¥ Dissolved

reduction reduction acid acid acid
treatment
19. 1 houwr red heat 1/2 hour 90°C. 5,6x 73.8%
theoretical
24. 1/4 hour at 1050°C. 24 hours 20°C.  4.2x 65.3%
theoretical

It is seenr that ralsing the temperature of the
acid greatly accelerates the solution of the pyrite ash,
but it should be noted that varying the concentration of
the acid changes both the temperature and the time required

for a given quantity to dissolve.
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The effect gg the tinme gg the acid trestment

on the amount dissolved 1s shown by the following re-

sults at S0° C.:

Time in hours. % Dissolved.
19. 1/2 nour 7348%
20. 2 hours : 73.9%

This shows that the curve is very flst which
is the same effeet noticed above in the case of the un-
reduced materiel.,
For room temperatures the effect of the time
of the acid treatment on the amount dissolved is shown
by the following table. iThe reduction mixture ratic
was 13.35 to 1 and the time of the reduction 1/4 hour
in the crucible furnace.
Time in days: 1 3 7 10 14 21
Aeid used: |

8.4 times theoretical of

-normal 52.3% 70.3% 87.3% 87.4% 91.2% 99.6%
4,2 " theoretical of ' - '
i 5-n0rm8.1 5’7.9 5503‘ 68 .5 7908 85 .4? 94: 07
1.4 " theoretical of
1"n0rma1 27 .7 31 .7 45:6 48.0 58.8 72 09

These results which are plotted in Fig. 3, are
rather peculiar in that the curves for both the 8~ and
3= normal soluticns show a decresasing rate with respect

to time while that for the l-ncrmal is constant. This
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verifies. the assumption ﬁsed in the previous discussion,
that the reaction in a concentrated scid solution slows
down as the concentration of the sulfate ion increases
becausge the ionization of the aecid is depressed. Appar- -
ently the ionization constant of the 3-nornial solution
is sufficiently small to cause the rate to decrease
where the sclution is fairly concentrated in ferric sul-
fate, as in this case, but where the sulfate ion concen-
tration is small, as was the case with the unreduced
material, the rate remains uniform. Although these re-
sults cannot be directly compared with those quoted im-
mediately above, which were obtained at 90°, yet, a pos-
sible reason for the flat portion of the curve occcurring
at a lower per~cent in the latter cage may be due to the
fact that, since the reaction is excthermie, the equilib-
pium is displaced as the temperature rises.

By extrapolation, which msy be subject to con-
siderable error, the minimum time necesssary fér complete
solution mey be determined in each case:

S-normal 21 days
5—norﬁal 29 days

l~normal 33 days

The effect of changing both the concentration

and the amount 9£ the acld 1s also shown in the sbove
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table. Vhile specific conclusions cannct be drawn it
may be seen that in general s large amount of concentra-
ted acld is conéiderablﬁ more efficient for short time
irtervals than a small guantity of dilute acid. This
shows that during the first period, even though the scl-
ution of the materizl mey be somewhat retarded by the
large sulfate ion concentration the amount the hydrogen
ion is increased more than compensates for this.

Since the cause of the retarding of the solu-
tion does not seem to be wholly a surface phencmenon, it
would apparently be also better in this case to treat
the material for two short time intervals rather than

for one long one.

Sunmary . These experiments on the solubility
.of the reduced material lead to the following conclusions:

l. To secure rapid and complete solution the
material must be reduced to the ferrous state.

2. The best recduction mixture for treatment
at 10500 C. is cne part of carbon to approzimately 13
parts by weight of pyrite ash.

3« The time of the reduction giving the best
results varies with the method used.

4, The theoretical amount of secid should be

used.
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5. The concentration should be as high as
possible but it cannot be greater than about 6-normel
for practical reasons.

6. Raising the tempersture greatly increases
the initial rate of solution.

7. It is better to heat for two short time

intervals rather than one long one.
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Thermo~Chemistry of the Acid Treatment

The theoretical volume of 6-normal scid requir-
ed to dissolve 1 kg. of the pyrite ash as ferrie sulfate
1s 4.36 liters. The weight of the resulting solution is
54635 kg From above, the heat libersated by the solu-~
tiqn of 1 mol. of ferric oxide to ferric sulfate is
33,550 cal. Therefore, assuming the specific heat‘of
the solution as .8, the amount the temperature will raise,
if there is no loss by conduction, will be 32?5. The ac-
tual heat loss will depend on the physical characteristics
of the treating tank and the time of treatment, and cannot

be determined until these are known.

Distillation and Crystallization

After all of the iron has been gotien into g0l~
ution the next step is the reduction of the ferris sul-
fate to ferrous sulfate by digestion with scrap iron.

The solubility of ferrcus sulfate in water is shown in
FPig. 4. The following results are calculated on the as-
sunption that the solution 1is evaporated at 55° (the point
of maximum solubility) until saturated, and crystallized
at 20° C. It is further assumed that all of the dis-

solved iron is present in the ferric state.
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Initial charge of pyrite ash -

Volune of 6-normal acid used
(1 times theoretical)

Weight of scrap iron necessary

fater to evaporate before first
crvetallization

Weight of Fe SO, 7H20 recovered
in first ¢érop

% of total Fe S0, TH,0 recovered
in first crop

Vater to evaporate bvefore second
crystallization

Weight of Fe 8047 0 recovered
in seéona c¢rop

% of total Fe S0, TH,O recovered

in first two crops

Water to evaporate before third
crystallization

Weight of Fe S0, 7H,0 recovered
in third crop

% of total Fe S0, 7Hy0 recovered
in first three crops

Total yleld for 1 kg. pyrite ash

41,

- 1.000 kg.

4,36 liters
0.246 kg.

None
2.49 kg.
67 .6%
1.25 kg.
0.75 kg.
88.1%
0.453 kg.

0.28 kg.

05 6%
3.52 kg.
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The heating with =an excess of scrap lron, over
the theoretical amount. recommended sbove, should occcur
in an open tank, with the solution at 55° G. The time
necessary for the complete conversion must be determined
by eXperiment. As soon as the reduction is complete,
the solution should be at once transferred to a erystal-
lizing tenk and cooled tc 20° C. It may be found ne-
cessary to add sane excess water to the liquor in the
reduction pan to take up the ferrous sulfate which will
crystallize out, but this should be avoided 1f possible.

The subsequent goncentrations should occur in
a vacuum evaporator.

The c¢rop from the first erystallization should
be quite pure but the others, especially the last, may

contein small amounts of a2luminum and zine sulfstes.

Large Scale Laboratory Crystallization

This portion of the work, while it yielded no
important quantitative results, showed that

l. A more efficient vacuum than can be readi-
ly obtained commercially is necessary in order to evapor-
ate the solution at 55° ¢, It was found that toward the
end of the concentration the liquor boiled at 75° under

a vacuum of 27 inches. However, since the solution con-
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_ tained an unknown.amount of free acid during the concen-
tration, not too much réliance should be placed cn this
result. Landolt-Bornstein (23) quotes results which
show that at 4692 a saturated solution of ferrous sul-
fate has a wvapor pressufe only 5.5 mm. lower than pure
water at that temperature.

2. It is very advissasble to use only the theo-~
retical amount of acid to eliminate the undesirable evo-
lution of hydrogen during the reduction.

3. Experiments should be made on a large
scale in order to minimize as far as possible mechanical
losses.

4, The recovery of.the copper from the excess
serap iron will be difficult becsuse of the smasll smount
present.

5. TFurther experiments are necessary in order
to determine the quality of the product obtained as time
was not availasble to analyze either the cerystals or the

mother liquor.
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outline of a Suggested Plant Method

A commercial method for the preparation of
. ferrous sulfate from pyrite ash might be as follows:

The material should be pulverized until approx-
imately 95% passes through a 70 mesh screen. Since none
of the pleces are larger than 3/8 inch in diameter it may
e run directly through any of the dry pulverizers of
which probably some form of the steel ball mill would be
most suitable.

A smaller and intermittently operated mill
could be used to pulverize the charcoal. It should be
| carried to about the same degree of fineness recommended
above for the ash. |

The cherge of the pulverized material and
crushed charcoal car be mixed in small bins with a shov-
'el as needed. It should be made up in the proportion of
sbout 7-8 pounds charcoal per 100 pounds of pyrite ash.

Some form of a muffle furnace must be used for
the reduction, as the material is so finely greund that
if it were exposed to the gases as would be necessary in
a reverberatory or kiln furnace, part would be blown awsay.
It would be best to use two furnaces heated by the same
fire-bdx so that while the charge in one is being reduced

the other may be emptied and recharged. It would prob-
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ably be best to spread the charge only six or eight in-
ches thick but this, as well as the time and temperature
of the reduction, must be empirically determined by ac-
tual runs with the furnace.

The material should be dissolved in the theo-
retical amount of 6-normal sulfuric acid at 100° ¢,

The reaction should be complete in about a hour and &
half, It would probably not be necessary tc stir the
mixture more than a few times, although this would de-
pend entirely on the uniformity of the grinding. If
there is a large amount of both large and small material
it may pack.

A large, hemispherical bottomed, enameled=-
steel kettle would probably be the best to use. it
should be steam jacketed and have no cover., The solu-
‘tion and the undissolved material should be drained off,
through a large outlet in the bottom, to a tank on the
floor below. The thermal effeect attending the reaction
has been discussed above.,

The settling tenk, to which the mixture is
transferred from the reaction pan, shculd be made of
wood and lined with shest lead. After setiling the
solution is decanted through a Duriron pump and pipe-

line to a steam-jacketed kettle, similar to the one used
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in the preceding'step.' The resgidue may be washed once
or twice by decantation and then pumped out as waste.

In the second treatment in the open kettle the
solation is digested at about 55° ¢. with an excess of
serap iron. ¥hen the reduction is completc the solu-
tion is dropped into the erystallizing tanks.

These may be made either of wood lined with
lead, monel metal, or enameled steel. Pieces of scrap-
iron should be suspended in some manner in the solution.
Then the crysballization is complete the mother liquor
is drained off through a hole in the lower end and sent
to the evaporators.

These should be single effect high-vacuun
pans. The solution should be completely reduced at
thils stage but to provide against any possible solution
.due to reoxidation it would be best to use enameled
steel. The solution is evaporated at as near 550_0. &as
possible, If the boiling point is considerably higher
it should be concentrated until the water is just suffi-
clent to form a saturated solution at 55° ¢, Vhen this
is complete, the vacuum is shut off and the solution di-
gested with stirring at that temperature until all of
the ferrous sulfate has re-dissolved. It is then crys-

tallized as described above.
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The crystals are removed from the crystaliiz-
ing pan and dried first with a centrifuge and then by

stacking in a warm room.

Suggested Future Work.

This work which had for its purpecsec the deter-~
mination of a commercial method for the preparation of
ferrous sulfate from pyrite ash has been almost entirely
confined to a lsboratory study of the conditions influ-
encing the solution of the mabterial in sulfﬁric acid.
Because of the lack of time very little work was done on
the crystallization of Fe S04 7Ho0 from a given dilute
solution of ferric sulfate. "

Further experiments should be made to deter-
_mine the following:

l. The solublility of various materials such
as Duriron, monel metal, etec., in solutions of ferric sul-
fate.

2. The conditions of temperaturs, pressure,
and time for carrying out the concentration.

3. The most efficient method for the conver-
sion of ferric to ferrous_sulfate with regard to the
amount and kind of scrap-iron, its position in the crys-

tallizing tank, whether or not it is necessary to have
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the iron present during the evaporation, etc.

4, The amount crystallized as a function of
the time of crystalliization.

5. The number of crops of erystals which can
be obtained.

| 6. The purity of the crystals in each crop.

7. The regulation necessary in order to ob-
tain the correct size of crystals.

8. The best method of drying the crystals.

Finally, in order to put the process on a com-
mercial basis it would be necessary to

9. York out completely on the best data ob-
tainable the approximate manufacturing cost per pound of
finished product.

10. Deternmine the sﬁate of the market for fer-
'rous sulfate and compare the selling price with the ap-
proximate manufacturing cost.

11, Iocate and design a plant specifying the
type, material, size and cost of the equipment required.

12, Determine the approximate income on the

basis of the invested capital.
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Summagz

A method has been devised for the prepsasration
of ferrous sulfate from pyrite ash. The material is
first reduced by carbon and then treated with the theo-
retical quantity of 6-normal sulfuric acid at 100° C.
The evaporation and crystallization of the resulting

solution are discussed theoretically.

=00000 =
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Sumnary of Results for

UNREDUCED SAMPLE

Number | 1 2 3 4. 5

o)}
~3
[92]
©
]
<

11 iz

Time ' .
{min.) 15 15 15 15 18 15 15 30 5 i5 &0 15

6'c. | 250 250 {250 | 95 {130 |175 |100 | 250 | 250 | 106 | 105 | 115 ;

Cone. :
Acid 3501 B5.0] 6.0120.0| 35,01 35,.,0]35.0 35,0 35.0 10,0 10.0 15.0

Amount : .
Aelid 2.8xt: 5.61 B.4

(]
.
(o]

5.61 B.B| 5.6 5.8; L.8I B.8| B.6

o

o

iw
3

B

Errous : |
e 10,171 6.1614.8411,37/6.16 9.14!1.554,07/4.84] X | X | X

Fj

[

e 58,2% 71.2172.818,91172,4,67.,8/34,8 71.8/68.9120.4|44.4 52,9

Deys | 8.4x6n | 4.2x3n  1.4x3n

1 4.56% | 3.659 | 5.99%

3 1 7.30 3,76

7, 7.4l | 5.89 4.79

10 9.24  6.73 5.50

PESN S— -§

14 9.46 | 8,32

i

8
21 1C.70 1 10.80 7.41
T 1
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Reduction Ratio

TABLE II. (Cont.)

of 13.35 to 1:

52.

|
; Days¢ 8.4x6n 3 4£.2x3n 1.4x1n :
§ 1 52.5%  37.9% i 27.7%

i 3 |70.3 53.3 P 3L.7
.7 87,3 . 68.5 | 45.6

© 10 [87.4  79.8 | 48.0
.14 i 91.2 85.4 . 58.8

! 21 99.6 94.7 P 72,9

: 2l :
{Ferrous):
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