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From theoretical speculations and previous work 

it appeared probable that by the use of catalytic a 

agents, the efficiency of the reduction of iron ore 

by varmous gaseous reducing agents could be increased. 

The first work on the reduction of iron ore of 

which we h~ve a record was performed by Lowethian 

Bell, who published his results under the title of 

"Chemical "Phenomena of Iron Smelting" . 

Re demonstrated th1t the temperature of initial 

ac<tion of carbon monoxide on ferric oxide varied from 

1'11° to 211° C., condition 

of the ferric oxide. 

and 

the temperature sufficiently that it was reduced to 

FeO or possibly Fe 16§1 ~. 

The next work to be done on the subject was by 

Alder wright, A.P.Luff, rnd E.TT .Rennie. They pub

lished our papers in the Journal of the hemical 

Society of Iondon in 1878 to 1880. 



They worked with the oxides of copper, iron, 

zinc, lead, and mangenese . wrom themr work they drew 

the following conclusions. 

1. Differences in physical state are attended with 

correlating differences in the temperatures at rhich 

the actions of the reducing a~ents carbon mono~ide, 

hydrogen, and carbon on metallic oxides 1re first na 

manifest. 
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2. In the case of the oxides of the Metals, iron and 

copper , which fonn different oxides corresponding with 

different series of salts, the telT'per::i.ture o.f ini ti 1 

action of 1 given reducing agent on all the oxide s 

of ·iny one metal is ser.si bly the same unleos the dif

ference in physlcal structure is very marl ed. 

3. The temperature of initial action of C'lrbon mon

oxide on a given metaJlic o~ide is lower than that 

of Hydrogen on the sar.1e sample of metallic oxide. 

That the temperature of hydrogen is similarly lower 

than that of carbon on the same sarrple. In some 

cases the differences between the temperiture o 



initial action of the carbon monoxide and tbe hydro

gen is not very large . 
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In their later work they showed th:..1.t when a me

tallic oxide w::i.s acted upon by a reducing agent under 

constant conditions : 

1. In many C'1ses the existence of chemical ind11ction 

is trac~ble , ie . the ~ction is at first sli~ht, but 

after a time it commences, and proceeds at an accel~ 

erated r te ul'"'til other ret rding influences ca.use 

the rate of reduction to dirrinish. 

2. The period of incubation , when rieasur.:lble, is 

shorter the higher the tem1erature. The rate of 

reduction attained to after ~ny given time ( before 

the retarding 1cticn comes rra.rkedly into play ) is 

gre.J.ter the higher the temper1ture, as is also the 

maximum r3.te attained. 

3. On comparing two reducing ~~ents , the o·id1tion 

of which gives rise to different amounts of heat pe~ 

given amount of oxygen consumed, the action on these 

of ~ given metallic oxide ( under con itions the 



the S'..llle for each reducing ~gent ) rr.ay be expressed 

by two curved surfaces, such thi:Lt the surface corres

ponding to the reducing agent evolving the least heat 

during o~idation, lies inside the other surface. 

( e.g. hydrogen and carbon monoxide. ) 

4. A partial exception to this is noti eble wben iron 

is errployed with hydrogen J.nd carbon monoxide ,as re

ducing agents , owing to the interference with the re

ducing action proper, of the tendency of carbon mon

oxide to give a second re1ction, indicated by the 

e~uation: FexOY + CO = ~exOy+t + C 

This second reactior tending to reoxidize the 

iron, and havinp; no analogue when hydrogen is sed 

as the reducing agent. 
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5. Ar.other partial exception to the ruJe as noticable 

when mangenese dio:dde is errployed, and hydrogen and 

carbon monoxide are the reducing agents, owing to the 

unequal re tarda ti on ir1 the rate of reduction produced 

by the fon"'ation uf a film of the partially reduced 

substance on tbe exterior of the p9.rticles of rr.etallic 



oxide employed, the superior diffusive powers of hy

drogen and steam over those of carbon monoxide and 

carbon dioxide respectively, causing the retardation 

to be markedly less in amount wi tb the hydrogen than 

with c rbon mono~ide, so that after a certain lapse 

of time the totril .amount of rednct ion produced by hy

drof"en under given conditions rises up to incl then 

imrpasses that produced by the carbon rronoxide. 

The present work was began with the idea of 

studying the efficiency of the reductiun o iron ore 

by various g seous reducing agents, at v rious tem

peratures, nd to learn if this efficiency could be 

increased by means of catalytic agents. 

In the wor} of ell, wr:.ght, I,ut'f, and 'Rennie 

only tenrperat11res below 360° r. were used. In the 

experiments which are de8cribed below a temperature 

of about 730° c. was used. 

In the construction of the app ratus the most 

essential points are: 

J •• The best method of bringing the reducing a ents 
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in contact with the ore. 

2 . A satisfactory means of measur:'..ng the tempera tu re. 

3 . A method of collectir.g the water ar.d carbon dioxide 

forr1ecl durinp; the reduction. 

Apparatus 

After ccnsiders.ble prelirrinary work withstat

ionary tubes it seerned advisable to construct a spec

ial rots.ting furnace so that the ore could be thour

oughly exposed to the reducing agents. 

Plates I, II, ~nd III will give a clear idea 

of the furnace ~s finally constructed. Plate I 

shows the rotating joint. On account of the high 

te~perature to be used the babbit ring and bearing 

were left out . The joint was ground so that the 

two faces were in perfect contact, and. were held 

together by me·ms of the spring devise. Plate I Ile III. 

The tension on this spring could be aasily regulated. 

Plate III. shows an assen-pled view of the furnace. 
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The motor is 1/8 -r:t.P., rotating the furna11re by means 

of the wonn gear at about 15 R.P. ~ .. The gs was pass

ed in through the tube beside the pyro~e er wires. 

Iron cones vrere placed in the furnace pipe to prevent 

the ore from ro1Jing away from the heat. The tube 

holding the pyrometer wires was supported by spider 

so that it was stationary in the center of the furnace. 

Py ror11 e te r 

The pyrometer constructed for measuring the tenp

erature was a recording inst 'vent , with one wire of 

platinum and the other an alloy of pl i um u.nd 10 % 

rbodium. The hot junction was inserted in the center 

of the furnace, encased in a small iron pipe, while 

the cold junction was kept in a beaker of ice water. 

he inst~1~ent w s set so that it recorded every 

thirty seconds. 

In calibration the pyro~eter the .P. of copper 

was talrnn as a starting point. About tllree J·ounds 

of electrolytic co1per were placed in a graphite 
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crucible in the electric furnace. rhe wires were in

closed in a magnesia tubing , the bottom of which was 

near the bottorr. of the graphite crucible. he temp

erature wus then raised to about 1250° c., nd the 

arn011nt of current reduced so that the cooling took 

place very gradually. At the freezing point the 

terr:pera.ture remained constant for .ibout four minutes, 

and the resistence was adjlJsted so that the instri·ment 

recorded 1084° c .. The temperatvre wau agai raised 

and allowed to cool as be ore. The instrurent re

cording 1084° as before. 

The melting point of antirrony ( 630° c. was 

next determined. The antinony was placed in fire 

clay crucible and heated byu blast larr,p. The antim

ony was covered by powdered crarcoal to prevent oxid

ation, and the crucible w s enclosed so as to better 

control the te~perature. he general procedure was 

the sa~e as in the case o~ the copper. The instrum-

ent recorded 650°.C. 

The melting point of lead 327° . ) was then 



determined. The procedure wu.s t11e same as in the case 

of antir:r.ony. rrhe instrument recorded 382.5°. The 

J .P. of the test lead used was chec}ed with normal 

thermometer and found to be 327° c. 
The next point to be detennined was the boiling 

point of naphthalene. ( 217° c. ) The Naphthalene 

was placed in a flask and the boiling point taken with 

a normal thennometer. The magnesia tube wbich con-

tained the wires was lowered so trat tbe bottorr was 

just ahove the surf1ce of the liquid. The boi1ing w 

was continued until the recording was constar.t, at 

285°. 

The boiJ~ng point of waterwas also taken in the 

swn~ way. I then had the following points located, 

and from which the correction c11rve plate !V was 

plotted . 

Temperature Recorded 
Oopper '"". p. 1084° c 1084° 

Antimony " 630 650 

ead " 327 382.5 

Japh thalene 217 285 . 
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The ore was the ordinary hae~atite or iron ore 

from the Mesaba Range, col"taining 62.27 % iron. This 

would give 283.lgrns of iron per pound of ore. he 

ore was crushed so tl:la t ir passed a 60 mesh sieve, 

then thouroughly mixed and placed in a wide mouthed 

glass stoppered bottle. 

The gas used for the reduction w s the ~inneap

olis illuminating gas which has the follovring comp-

ODitiGn: 
002 3.75 

Ce 6 2.73 

C2H2 9.44 

0 1.14 

co 19.40 

R 26.75 

CH4 25.02 

N 11. 77 
100.00 

The amount of ere used was one pound. The ore 

contained a considerable amount of moisture, ind o 

get rid of this, before starting the experiments, 
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the teroperature was raised sufficiently high to 

drive it all off. During this process air was passed 

through the furnace, which had been passed through 

caustic potash and the through two large calcium 

chloride towers. hen a temperature of about 400° c. 

was reached no more moisture crur.e off. 

The apparatus for collecting the moisture and 

carbon dioxide formed during the reduction was arrang

ed so that it rotated on the 3/8" pipe w. c extended 

from tbe end of the furnace. ~he gas sed out at 

the end of the furnace into a weighed !lask kept cool 

by ice water. 

in this flask. 

Most of the water formed was colJected 

rt then passed into a calcium chlcride 

tube in order to re~ove the remainder of the water, 

then into two 12" U tubes 1 1/2" in dirureter, which 

were filled with caustic potash in sticks about 1/2" 

long, moistened with water for the purpose of remov

ing the carbon dioxide. rt then passed into soda 

lime to rerr•ove the last tr .ces of carbon dioxide. 

Finally it passed through another tube of soda li~e 



which was not ~eighed, but arranged so as to prevent 

carbon dioxide from entering the apparatus through r 

back pressure. 

The apparatus was then thouroughly tested at 

every joint so as to be sure there was no leakage at 

the terrperature and pressure which I was using. 

12 

In the first few experiments several minor diffmcul

ties were experienced and changes made to overcome 

them. 

F.xperiment I 

The te~perature was first raised in order to 

drive out aJl moisture. ~he flow of gas was then 

started, with the following results: 

Ore! 1 lb. crushed to 60 mesh 

Length of experiment: 1 Hr. 

Temperature of " 600° to 650° c. 

Gas H2 0 C0 2 

22 liters 6.209 gms. lost 
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Experiment II 

The conditions were the same as in experiment I. 

The results were as follows : 

Ore: 1 Jb. crushed 60 mesh. 

Length of experi~ent: 1 hr. 

~emperature: 650° to 715° c. 
Gas 

27 

C0 2 

16.68 gms. 

Assumingthat the iron was reduced from Fe 2 08 , 

and calculating for the amount of iron, ~ould give 

the following: 

Fe from H2 0 Fe from co, Total Fe 

20.62 gms 14.12 gms 34 . 74 gms 

These figures would then show a reduction of 1 

12.30 ~ of the iron present. 

Experiment III 

The method of procedure was changed soE!ewhat. 

The so.me amount of ore was used as before, but the 

temperature was raised until it was constant while 



Experiment III ( Con.)_ 14 

the dry air was passing through, then the flow of gas 

allowed to pass through for one hour. The flow was 

stopped,and the absorption apparatus weighed and ch 

changed. This method was contir-ued for ten hours, 

the temperatt're remaining constant during the entire 

time. The results were as follows: 

Fr. Gas H2 0 C0 2 

1 20 liters 7.15 grns. 9.15 ems. 

2 8 3.59 6.65 

3 g 2.28 6.56 

4 19 3.54 12.00 

5 22 4.11 12.17 

6 27 4.57 8.45 

7 12 : 1. 71 4.78 

8 g 1.18 2.95 

g 16 1.84 4.04 

10 19 3.67 3.80 
l6l 32.64 70.~~ 

Ore: 1 lb. 

Temperature! 725° to 735° C 
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Hixperiment III ( Con. ) 

Hr Gas Fe from R?O,Fe from C0 2 Total Fe 

1. 20 14 .44 gms. 7.743 gms. 22.183 grns. 

2. 8 7 . 419 5.627 13.046 

3. g 4.712 5.551 10.263 

4 . 19 7.316 10.150 17.466 

5. 22 8.495 10.300 18 .7 . 5 

6. 27 9.445 7.151 16.596 

7. 12 3.534 4.045 7.596 

8. g 2.439 2 . 496 4.Sn5 

9. 16 3.803 3 .419 7.282 

10. 19 5.518 3.216 8.734 

J1.~JL 67.460 59 .700 l ')7. 160 

Assuming a before that the iron is reduced from 

Fe 2 0 3 , the above results would give a reduction of 

45.02 ~ of the iron present. 

On examination of the residue it was ~ound to 

consist of free iron and ferrous oxide. o satisfact-

ory method of obt~ining the amount of the ferrous oxide 

in the presence of the free iron, was found. The 



Experiment III ( Con. ) 

method adopted was to determine the total iron by 

tahing a weighed sample and igniting it to burn out 

any carbon, then getting it into solution by hydro

chloric acid, reducing with stannous chloride, and 

titrating with potassium permanganate. 
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The free iron wt:i.s then determined by measuring 

the amount of hydrogen liberated on treating the res

idue with dilute hydochloric acid. The apparatus used 

for this was that of Frnkforter and ~r ry ( Journal 

of the Amer. Chem. Soc. Vol. 27 pp. 744. ) for de

termining the hydrogen equivalent of zinc. 

The analysis of the residue by the above method 

ga~e the following results: 

~rec iron 41 . 96 % 118.77 gms . 

"t:'errous oxide 55 .04 164.33 

~he residue in the above experiment, as are 

those in the l~ter experiments, 1s cooled in an tm 

mosphere of the reducing gases. 
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Fxperiment III ( Con. 

During the fifth hour a sample of the escaping 

gas was taken, and the examination of this showed 

that all the benzine and the unsaturated hydrocarbons 

had been decomposed. 

Experiment IV 

In the previous experiment it appeared that the 

amount of reduction depended to a considerable extent 

on the amount of gas passed in, consequently in this 

experiment the gas w~s passed in faster. 

~he results were as follows: 

( lJext page ) 



"P;xperiment IV Qon.) 

Ore: 1 lb. crushed 60 mesh 

Length of experiment: 11 hrs. 

Temperature! 705° to 725° c. 

t:rr. Gas H?O C0 2 

1. 32 liters 10.69 gms. 20.05 gms. 

2. 27 6.04 12.61 

3. 40 8.74 12.16 

4. 41 P.60 4.09 

5. 38 8.36 0 .96 

6. 44 5.Q3 7.09 

7. 50 8.17 6. 58 

8. 45 3 .45 3 .50 

9 . 55 4.31 4.12 

10 J1r. 11 9 .81 
372 74.04 81.06 

It appears that part of the carbon dioxide es

caped during the fourth hour, and the weight during 

the tenth and eleventh hour wa3 not obtained. 

18 
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Experiment IV Con. 

Hr . Gas Fe from I?O , Fe from co 2 Total Iron 

1. 32 22.09 17.08 39.17 

,.., 27 12.48 160S7 23 .15 .., . 
) . 40 18.06 10. 54 28.60 

4. 41 17778 3.46 21Z24 

5. 38 17.15 8.24 25.39 

6. 44 12.26 5.99 18 .. 85 

7 . 50 16.89 5.57 22.46 

8 . 45 7.12 2 • . 6 10.08 

9. 55 a.s. 3.49 12. 38 

10 ~ 11 20.27 -- -- 20.27 

~::/? 153 .02 68.60 221. 62 

Calculating as before, this gives a re clue ti on 

of 78.10 'f of the iron pre~ent. 

The analysis of the residue gave the following: 

Free iron 46.76 % 132.40 gms. 

Ferrous oxide 5' .24 150.70 



'Experiment V. 

etallic Oopper as a Catalytic Agent 

In this experiment the system of collecting the 

water and carbon dioxide w~s changed somewhat. Cal

cium chloride towers were substituted for the large 

20 

U tubes and arranged so th~t they rotated horizontally 

as shown in plate III. 

The conditions were the same as in the previoun 

experiment with the exception th~t a strip of copper 

gauze 2" wide was placedin the furnace pip~, so that 

the ore sifted through it as the pipe rotated. 

The results were as follows: 

Ore 1 lb. crushed 60 mesh 

Length of experiment: 11 hrs. 

Temperature: 722° to 735° C. 

over 
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Experiment v con. ) 

Hr. Gas H2 0 COp 

1. 34 9.33 8.68 

2. 20 4.43 11.29 

3, 17 3.46 9.49 

4. 2~'3 3.74 8.48 

5. 26 3.99 7.18 

6. 30 6.55 9 .44 

7. 35 .• 18 8.33 

8. 11 i.~n 2.36 

9. 30 :S.61 6.05 

10. 39 i.1: 5.79 

11. 31 B. •)o 5.54 

2.6 50.ll 82.62 
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~x:periment v con. ) 

Hr. Gas Fe from R2 0 Fe from 00 2 Total Iron 

1. 34 19.28 7.35 26.63 

2. 20 9.16 9.55 18.71 

3. 17 7.15 8.03 15.18 

4. 23 7. 7;3 7.18 l". 91 

5. 2fl 8.25 6.08 14. 13 

6. 30 13.54 7.99 21.53 

7. 35 12.77 7.05 19 .8 :.~ 

8. 11 2.50 1.99 4.49 

9. 30 7.46 5.12 12.58 

10. 39 2.29 4.90 7.19 

11. 31 
l ±~~ zi~ 4.69 18.12 

-:me 3.5 60.92 173.48 

The above results would give a reduction of 

61.29 ; of the iron present. 

The analysis of the residue gave the following: 

ree iron 70.90 f 
~errous oxide 29.10 

200.71 grrs. 

82.39 



Experiment VI 

In order to find the influence of time on the 

reduction, it was decided to pass the gas through r 

rapidly. 

The absorption apparatus was removed, and the 

temperature raised until it was constant. The flow 

of gas was then started with the following results: 

ore: 1 lb. crushed to 60 nesh 

Length of e·{periment: 2 1/2 hrs. 

Temperature: 725° to 735° c. 
Gas passed through: 450 liters 

23 

The analysis of the residue showed the following: 

~ree Iron 43.96 ~ 124.45 gms. 

Ferrous oxide 56.04 15P.65 





---- - - - -- - - - - --

From the above experiments the following conclusions 

are drawn: 

1. At a temperature of about 725° C. hydrogen is u. 

more active reducing ~gent than carbon monoxide. 

2. Iron ore can be completely reduced to iron by 

gaseous reducing agents at a temper ture of 725° C. 

3 . Jetallic copper acts as a catalytic agent and 

accelerates the process of re uction. 

4. The rate of reduction is almost proportion 1 to 

the rate at which the gaseous reducing gents are b 

brought in contact with the iron ore. 

24 
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