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INTRODUCTION 

At the beginning of the industrial development of heavy non· 

ferrous metallurgy, the raw materials used -were rich norunetallic 

oxide ores from which the metal was easily recovered by thermal 

reduction with carbon. With the gradual exhaustion of these ore: 

Jreserves, the problem of utilizing sulfide ores instead of the 

oxides arose. The standard practice was to prepare the ores chemi-

cally for melting by calcinatiQr1, a11d thereby convert the stJlfides 

to oxides. Furthermore, exhaustion of the rich nonmetalU.c sulfide 

ores led to the processing of poorer polymet.allic sulfide ores. 

'!bis required an additional physical treatment known as mineral 

dressing. Toward the end of the 19th century systematic tnvesti• 

gations were started on c~lcination of Fe, Cu, Zn, and l'b among 

othets. 

Research work at the beginning of the 20th centuJ:"y covered 

some reactions in the Me-S-0 system, both in a .etate of equilibrium 

and a state of nonequilibrium. Reactions of the zinc-sulfur-oxygen 

and copper•sulfur•oxygen systems were studied in detail since the 

reactions of sulfides with sulfates and of sulfides with e>xides of 

metals were found to be of decisive importance in zinc and copper 

systems. 

'!he main economic sulfide minerals in the bulk sulfide flota• 

tion and in the table concentrate of the. Gossan Lead Ore are pyrrho• 

tite (Fe8s 9) or (Fexs:it+l> ma%'matite (Zn, Mn)Sf pyrite (FeS2), 
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chalcopyrite (Fe,Cu)S and galena (PbS) in the order of their de-

creasing importance. '!he objective of the research effort in this 

paper w~s to separate selectively the important. conetituents of 

iron, copper, and zinc from each other. 

'l'Jte roasting technique applied in the present reseatch con-

sists of heating the complex sulfide ore in the presence of air 

below the fusion point of the constituent minerals. The oxygen 

then r.ea~ts with the complex sulfide ore at a high temperature 

converting the sulfides into soluble oxides. 'lhe significant 

factors affecting roasting were bed temperature, air flow rate, 

feed rate, and roasting time. 

Next the ore was leached by putting the qxidhed solute 

m:tnerals into s<;>lution :with thEI addition of an apprQpriate sol• 

vent of sulfuric acid and under the specific. conditions .of high 

temperatures and pressures. 'lhts oxidation resulted in the loss 

of electrons to the ondizing agents such as oxygen, chlorine, 

and nitric oxide, which requires electrons to achieve their most 

stable state. As a result these reactants actively retn.ove elec-

t't"ons from the minerals,. forming charged metallic ions in solution. 

In this process, leaching time, temperature, pres.sure and concen .. 

tration of H2so4 must be considered. 

Combinations of roasting and leaching of the ores pr,oved 

successfull in previous wotks,. and the present paper is chiefly 

concerned with the feasibility of these procedures with high 
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temperatures and pressures for a oomplex sulfide ore from the Great 

Gossan U2ad, Carroll County, Virginia. 

The ore is i.-ich in iron units, .and before it can meet nta.X"ket 

spe-eifications, the removal of critical impurities is necessary. 

Thei:-efore the objective is to selectively separate the impol"tant 

constituents of iron, copper, and zinc from each other. Special 

attention will be paid to the removal of zinc in the calcine, since 

zinc in iron ores 'Vigorously attacks the refractory lining of steel 

furnaces. 
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LITERATURE REVIEW 

Location ,9f The Great Gossan lead Ore 

''.l'he le>c$:tton of the Great Gossan Lead ore body is in Carroll 

County, Vil'ginia, near the No.rth Carolina·Virginta state line. 

(Fig. 1). Mineralization c4n be traced for about 17 miles, more 

or leu cont;inuously with the exception of only a few unexplored 

areas· near Galax, Virginia. 

'Ibe airline distances 'from the prin¢ipal cities of commercial 

and shipping intei;ests to the central area of the deposit are as 

follows: 

Pulaski, Virgb1ia ............... 20 miles 

Roanoke, Vi~ginla --··--- 70 miles 

Richmcmd, Virginia ........... 200 miles 

Norfolk,. Virginia ............ 260 miles 

Birmingham, Alabama ----- 410 miles 

U. S. Highway 221 rQughly parallels the outcrop from Galax 

to Hillsville. Virginia State liighWay 100 crosses the ore deposit 

a.nd connects with u. s. Highway 221, which goes to Pu.l1tski. All-

weather secondary roads branch from the main highways and cr9ss 

the Gossan lead in mAny places giving an access to most parts of 

the deposit. 

The entire length of the deposit can well be served by rail• 

way transpcrtation. Nearby Galax, Virgin.ia, has a branch line of 
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the Norfolk and Western Railroad·. In the past history of the 

Gossan Lead, branch lines e~.tended to the Betty Bake:t: and Line-

berry segments of the deposit. 'l'hese road beds could be repabed 

end ma.de to se~ve any new mining development. 

'lhe deposit U located in an area where some of the chea?est 

electric power is provided both in the state •s well as in the 

South. '.!he Appalachian Power Company, with dams and generating 

plia-nts on the nearby New lUver, bas p'(l)Wer lines travetsing all 

sections of Ca.rrell County and the Gossan lead. 

For any significant beneficiat!on process a large dependable 

water supply is a prerequisite. tittle lead If land creek crosses 

the deposit at three pl4ces iiear the no'l:'theast end, Crooked Creek 

erQases it near the center,, and Chestnut Cli'eek cuts through it 

near the aouthwest t;!nd. In addition,, the New River, the master 

stream of the area, flows near the southwest end of the Gossan 

lead deposit. 
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Geology of Carroll County, Virginia 

(1) 
'lhe general trend of the Gossan U:!ad is N.25°·60'E., but 

abrupt changes of strike are common. 'lhe dip of the IA!ad is moder-

ate, typically about 45 degrees to the southeast, and it is char-

acterized by a pronounced flattening on the northeast end. 'lhe 

lead pinches and swells along the strike, ranging from a width of 

a few feet to a maximum width of 150 feet within short distances. 

The configuration of the lead at depth is not well known although 

early drilling proved an ore body to a depth of some 700 feet in one 

locality. More recent drilling has indicated that the U!ad may be 

continuous along its entire length despite the opinion of early 

workers that it is a series of disconnected lenses. 

'!he main lead and its off sets lie in a complex of crystalline 

schists and gneisses which has been termed by various workers as 

"CaJ:olina Gneiss," "Lynchburg Schist," and ' 'meta-sediments of lower 

Cambrian Age • 11 'lhe schists and gneisses are intruded by masses of 

relatively unmetamorphosed diorite, and by small bodies of granite 

and syenite. A fine-grained mica or sericite schist is the main 

host or country rock throughout the main Great Gossan Lead region, 

although lenses of gneissic material are found immediately adja-

cent to the lead. 

'!he most commonly observed schistose rock in contact with the 

Lead as both hanging and footwall rock consists essentially of 

muscovite or sericite, with minor amounts of chlorite and a garnet-
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mica complex (the mica being either biotite or muscovite), and 

talcose masses. 'lbese talcose masses represent alteration of the 

muscovite-sericite schist a.djacent to the Lead. 

The major structure responsible for emplacement of the ore-

bearing fluids al~ns the main lead can have one of several, or a 

combination of several, origins. It may be a major thrust fault 

or it may represent a major shear zone with predominating strike-

slippage, In addition, accompanying the latter suggestion is the 

possibility that the offset deposits are subsidiary shears within 

the major fault structure . Detailed field work will be necessary 

to work out all of the complexities of the structural pattern. 

Following the emplacement of the primary sulfides at depth, erosion 

with subsequent weathering and leaching of the upper part of the 

vein zone formed a gossan with its usual oxides and carbonate ores 

of copper and iron. Secondary or supergene copper sulfides formed 

immediately below the water table. As secondary sulfide enrichment 

is intimately tied in with past water tables, base-leveling, pene-

planation, and periods of uplift, the problem of determining older 

erosion surfaces may have some bearing not only on the geomorphic-

history of this region, but also on the actual age of the deposit. 
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Mineralogy of 'l'he Great Gossan U!ad 

'l'he mineralogy of the muscovite•sericite schist wall rock is 

relatively simple. 'Ihe comm.on minerals are muscovite or sericite, 

with some biotite, chlorite, garnet, and quartz . Fragments of inten-

sely altered country rock are also found within the ore body. 

Identification of the primary sulfides of the Great Gossan 

Lead has been made from a study of polished sections of diamond 

drill cores and of selected hand specimens. From this study, the 

following conclusions were reached: 

Pyrrhotite (FexSx+i> in the sulfides varies from 70 to 95 

percent. '!he general chemical analysis of the pyrrhotite is:(Z) 

wt . % 

Fe 60.2 

s 39.3 

Zn 0.2 

0.1 

TOTAL 100.4 

Martnatite [Zn (Fe , Mn) S] , is of a chocolate brown color. It 

is assumed that the brown color of the mineral results from the 

presence of manganese. Marmatite accounts for 3 to 8 percent of 

the sulfides. Marmatite association with the gangue minerals is 

important and may result in the eventual loss of substantial amounts 

of the zinc during concentration. 
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P\Wit& (FeS2), representing 1 to 20 percent of the sulfides, 

was qoted as replacing an e~ivalent quantity of pyrrhotite. 

Phtlcopqite (CuFeS2), averages 2 to 3 percent and is uniformly 

distributed in the sulfides. 

Tet[Ahedric and/or 'l'enanit@ (eu8sb2s7), are found with galena 

in contact with marmatite, but only rarely and in very min.Ute 

4lllounts. l'bis is similar to· tetrahedrite with arsenio replad:ng 

the antimony. 

Irs;m Qxide lmagnetite - Fe3o4 ), ·heme.Ute • Fe2o3, and the 

hydrated iron oxides. 

'!he following exhts in very $ll1~11 amounts: Cubanit§! -

(Cu.Fe2S3); · fialena - (PbS); .Arssnogyrit·e - (FeAsS); and Lollindte -

(F~As2 ) end/or leucopyrite - (Fe3As4). 

'lhe gangue consiSts largely of silicates with significant 

amounts of carbonate minerals which occur in stringers and vein-

lets up to 6 inches in thickness. 'lbe gangue minerals include 

quartz, muscovite, biotite, sodium micas, chlorite, iron and man-

ganese garnets, hornblende, actf.nolite, talc, serpentine, epidote, 

catbonates, zircon, end small amounts of soda•rich plagioclase. 

Locally the gangue minerals may constitute as ·wch as 50 percent 

pf the ore. lt is reported that the gangue was 40 percent of the 

o:re at the Betty Baker mine. (1, 2) 'lbe head sample analysis of the 

ore is shown in Table 1, and the analyses of the drill core alre 

given in Tables 2 and 3. 
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TABLE 1 

Analysis of Great Gossan Uiad Head Sample 

Weight % 

Fe ·--~---------------------- 35.52 

s ------------------------·- 25.37 

Zn -----·----··-----·-·---··· 1.96 

Cu -------------------------· .63 

Pb ----·---------·----------- .34 

63. 72 

Gangue by Difference -------·------ 32.28 

TABLE 2 

Drill Hole S8mple Analyses Betty Baker Mines* 

- -

Drill Hole Ore Body Analysis, percent 
l'bmber Width, Feet 

Fe s Insol. Cu Zn -
BM-1 11.5 35.2 22 .3 19.6 0 .44 2.7 

BM-2 28.0 29.4 17.7 27.2 0 .35 2.0 

BM•3 17 .o 30.0 17.7 27.3 0 .30 1. 7 

BM-4 49.6 31A 19.6 27.6 0 .28 1.8 

BM-5 100.2 25.6 14.2 32.5 0.10 1.8 

BM-6 11. 7 28.0 16.0 32.4 0.43 1.4 

BM-7 9.5 27.6 15.9 28.0 0.55 2 .3 

*Modified from Bureau of Mines Report of Investigation No. 4532. 
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TABLE 3 

DRILL HOLE SAMPLE ANALYSES LINEBERRY MINE* 

Drill Hole Ore Body Analysis, percent 
Number Width, Feet 

Fe s Ineol. Cu Zn 

H•l 115.0 35.2 18.7 31.4 0.20 

H-2 12.0 40.0 22.7 24.1 o.so 0.55 

H•3 6.9 29.8 19. 7 28.9 0.32 1.64 

H•4 15.5 38.1 21.7 22.4 0.41 0.10 

H•S 40.3 35.2 18.7 27.0 0.93 0.26 

H-6 22.0 29.9 15.9 33.5 0.36 0.36 

H-7 19.8 32.4 16.9 29.6 0.35 0.28 

H-8 36.7 26.5 11.6 39.2 0.25 0.06 

H•9 4.6 25.4 12.0 37.1 0.20 0.08 

H•lO 57.8 34.9 19.1 29.8 0.40 0.49 

H-11 48.5 24.2 11.4 ·41.6 0.25 0.35 

H-12 5.7 25.6 13.8 38~8 0.41 0.07 

ll•l3 85.3 23.2 10.7 22.1 0.12 0.08 

H-11+ . 1.8 29.2 14.6 33.7 0.37 0.19 

H-15 33.4 29.4 13.6 16.9 0.14 0.28 

H .. 16 21.5 24.2 11.9 41.6 0.29 0.18 

H-17 17.4 29.6 15.5 34.4 0.85 0.14 

H-18 18.5 25.7 14.2 38.7 0.30 0.16 

*Modified from Bureau of Mines Report of Investigation No. 4532. 
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Principles of Fluid!zatioq 

The fluidized state is achieved when a bed of particles is 

brought into a continuously agitated state by an upward moving 

fluid. (l) When a stream of gas or liquid is passed through a mass 

of solid particles, reproducible changes in the physical behavior 

are observed, and the solids pass through successive f.iltages as the 

fluid velocity is increased. 

Fluidiz1tion Stages: When the velocity of a gas or liquid 

flowing up through a mass of solid particles is insufficient to 

life or S\tpport any of the solid, the mass is called ~ fixed bed 

or a moving bed, dependi•g on whether the soli~ is stationary or 

moving ~ith respect to the containing vesse1.<4> With slight in-

creases in the fluid velocity, the particles are fully supp~ited 

and the expanding bed becomes fluidized. Just at the point of 

fluidiiation, ot' the critical mass velocity, the mass may form a 

quiescent fluidized bed. Finally, if the fluid velocity is still 

f~rthe~ increased, or if the aolids feed rate is sufficiently low, 

the surf ace of the fluidized bed disappears and the whole mass be~ 

comes a dispersed suspension. 

Behavior of a Bed of Solid Particles ft t1'1e Critical Mass 

Velocit~: At. the critical mass velocity, the particles are fully 

--~M· -rted by the fluid. Experimental data has indicated that before 

fluidization can begin, a definite amount of expansion is necessary, 
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which depends entirely on the original bed density for any one 

material. '!he limiting be d density at which fl~idization b~gins 

has been termed ''maximum fluid density," and the ' fractional voids 

associated with this condition has been called ''minimum fluid 

voida.ge. "(S) 

!mPortant <llaracteristic• of a Fluidized Bed and Solids: '!be 

following discussion contains a description of various characteristics 

of a fluidized bed and solids, including voidage, particle density, 

and p$rticle diameter. 

Voidage: a>servations have indicated that a bed of fine, solid 

particles must have a certain minimum voidage before the particles 

in the bed are sufficiently disengaged from each other to permit 

free motion within the bed.<6) I.eva et al noted from a study of 

fluidization characteristics of an irregularly-shaped, iron, the 

Fischer-Tropsch catalyst, that minimum fluid voidage depended upon 

the shape of the particles as well as upon the effective particle 

di8llleter.<7> '!bey further stated that the minimum fluid voidage 

was greater for sharp, rough particles than for round, smooth par-

ticles. <5> Beds of small particles have larger minimum voidage 

than do large particles and the actual height of tt.e bed of fixed 

particles before fluidization does not have any effect on the 

miniuunn fluid voidage.(8) 



Particle Density: lewis et al have shown that the critical 

mass velocity is directly proportional to the density of the 

solids. (lO) Matheson et al noted that increasing the density of 
(11) the solids increased the maximum bed density. Morse found that 

segregation was favored by increased particle density. <12> Ketten-

ving et al observed that for a given particle size the mass and 

heat transfer coefficients increased with incre.asing particle den-

aity because of an increase in slip velocity with particle 

density. (ll) 

Particle Diameter: Leva et al reported that the minimum fluid 

voidage increased with a decrease in particle diameter, and that 

slugging was favored by large particles.<6> Simi1arly, Miller and 

Logwinuk have shown that the critical mass velocity, for particles 

of a given density, increased with increasing particle sh;e.<14> 
~is et al observed that for a given length-to-diameter raUo of 

bed, the pressure drop across fluidized beds increased with an 

increase in particle size.(lS) Leva et al ~bserved that channeling 

was favored by fine particles, whereas Morse found that the segre-

gation of particles increased with increasing particle size. (l l, l6) 

Also, leva et al reported that the smooth range of fluidization 

was larger for small particles than for l~rge ones. <7> 
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Particle Si ze Control 

The particle size of so1idB if;! of. critical tmportanee in the 

fhd.dtzetion process, becaus.e it affects Ouidhatton, solids flow 

eharaeteristica; , bed densities, solids loss , and &qu!pment ero.sion . 

the range of size$ uaed depends on the density of the solids and 

the natuli'e of the process . Some typical size distr:lbuti.ons for 

fluidi:zatfon proc:e$ses ate .!ihown in Table 4 ~ (lS) 

:f:tt the ~pe .ratiott ef the £1u!db•ti~11 tn:oeess, eftel' start ... up$ 

or utHJets , there may be high solids losses from the aystem. TempOf"' 

ary failure of the dust l:'eco.very equipment: may be experienced during 

st:;al;'t '"\tP before the cyelone dip .. legs are sealed in the fluidized bed . 

In s.~e upsetE; , pressure sur.ges ceusa high bed velocities . tJndei; 

these condition$ all elut:t'ia.tion o~ smaller pal'tieles ~akes place 

and leave$ abnormally high contents of coarse particles in the 

system. 'Ibis situation may be tectified in a numbel:' of ways . First, 

th~re is a natural tendency to testore the equ!lib~ium partiele 

l!li-"e di£.1tributi()n thrbt,!gh attl!'iti·~n of thra coarse mate.rial. Second, 

the additten ·of f:i.-esh $o'lids w.ill tend to increase the amounts of 

fine• and intermediate ... :S tzed part icle,s . Howeva-r ,. with a high solids 

hold .. up in the 3ystem and a relat:i:vely lQW fresh sol.ids make- up 

rate, as in catdytie processes , considerable time would b~ required 

to re.store the proper particle sbe distr:ibuti6n.by these means . A 

t'hi'.ll'd successful method use~ high velocity steam jets ·submerged i1' 

tbe dense phase of the fluidized solids . 'lhis increases the rat·e 

of attrit;ion of solids considerably, thereby increasing the fine -
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TABLE 4 

StZE•WEIGHT DISTRIBUTION 

Size US Sieve Wt.% Rock 

+ 20 1-4 

20 - 48 24 .. 26 

48 • 60 20 .. 30 

60 - 100 20 • 45 

100 - 200 9 - 10 

- 200 - 0 
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and intermediate-sized particles and decreasing the number of 

coarse pat'ticles . It should be pointed out, however, that the 

use of such attrition agents cannot be justified in normal opera• 

tions since they will increase the loss of solids from the system . 

Another example of the importance of particle size control 

in operating the fluidization process was encounter~d in a process 

for the catalytic oxidation of naphthalene to lphthalic anhydride 

utilizing a fluid catalyst . The reaction is exothermic, and heat 

must be removed from the reaction zone by continuously removing a 

stream of fluidized solids from the reaction upward through a shell 

and tube . 

It is also possible to. reduce the amou.nt of coarse material 

in the fluidized solids system by selectively withdrawing the 

coarse particles. An elutriator or density classifier can be used 

to separate the fine and intermediate particles from the larger 

and more dense particles. (l9) 'lhe fine- and intermediate-sized 

particles at""e returned to the system and the coarse particles are 

discarded. Another method depends on an increased concentration of 

larger and denser particles existing at the bottom of fluidized 

beds when the peak of the size distribution curve has shifted con-

siderably towards the coarse range. In this case a withdrawal of 

solids from the bottom of the fluidized bed will selectively remove 

material having a coarse-particles content greater than the average 

in the system. 
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Recovery and Losses of Solids 

'lhe loss of solids from fluidized systems can be related to 

the rate of attrition of the solids. Attrition produces fines 

which may not be re·tained by the recovery system. 'lhere is a lower 

limit in the size of particles which are produced because the 

attrition rate decreases with decreasing particle size, and under 

5 microns further reductions in size are negligible. Consequently, 

if the lower limit of dust recovery remains substantially above 5 

to 10 microns, an increase in recovery efficiency will not reduce 

I 
I 

solids losses appreciably, since the particles will eventually 

attrite to a size below the minimum retained by the system. When 
! 
' the tower limit of particle. size is below approximately 10 microns, 

an increase in recovery efficiency will result in a considerable 

reduction of solids losses and accumulation of fines. 

Losses may come from fines present in the fresh solids which 

can n~t be retained in the system. In addition, the manner in 

which fresh solids are added to the system may have an effect. It 

is believed that if fresh solids containing moisture or some vola-

tile material are added to a high temperature system, the sudden 

vaporization of material in the pores will fracture the particles 

and produce fines. 

Age and Residence Time of Solids 

Solids in a fluidization system age during the operation and 

the effects of this aging are an important process consideration. 
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'lhe difficulty in determining the effects of residence time and 

exposure to process conditions is that they are obscured by ·the 

continuous losses, withdrawals and additions of solids. 

ln catalytic processes it is desirable, therefore, to keep an 

accurate record of catalyst losses and replacement so that the 

average catalyst age may be calculated. 'lhe average catalyst age 

in a system where there is a loss, withdrawal, and tuake-up of 
(18) 

catalyst, may be calculated from the relationship: 

A = 1-a -a -----··-···-----·---··------·------·--(A) 
where A n average age of solids in the system in days or 

other units of time. 

a = fraction of inventory replaced per day or other 
unit of time on a fines-free basis. 

'lllis applies to systems which have been operating for a consider-

able length of time and represents the equilibrium average. age 

approached if the replacement rate has been maintained constantly 

throughout the entire period. It should be noted that the replace-

ment rate is on a fines-free basis, eince it can be assumed that 

fines entering with the make•up w:Ul be rapidly lost from the 

system. 

If the replacement rate is not constant and if operating con• 

ditions are changed from time to time, the age should be calculated 

from the following relaticnship:(lS) 
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A = {AD + n) rn - [ 
(r) 

(1-r) 

where A = average age of solids in the system at the start 
0 of run or new operating conditi~ns; 

AD = A calculated at end of previous run or 
conditions. 

n = number of operating days or unit of time 
of run, 

r = l - a ~ fraction of inventory retained per 
day or per unit of time. 

'Ibis relationshi.p is derived from the general equation for 

average age of solids in a fluidization system expressed as:(lS) 
n-1 

A "" (AD+n)rn + ::E ar + 2~2 - la.r3 --"'----
0 

+ (n-l)ar (n•l) 

'lbe calculation of catalyst age front the above equations is 

not entirely rigerous because it assumes that the losses during 

any period ate distributed equally for all particle sizes and ages. 

This is not true since all solids particles dq not at trite equally. 

'Lhe strength and attrition-resistance of particles vary so that the 

weaker particles fracture at a higher rate and are lost more quickly. 

'lbere is evidence that the older particles are more dense and 

attrition-resistant, and, therefore, are lost from the system at 

a lower than average rate. With older catalyst in the system, 

there is a greater difference in the attrition-re$istance between 

aged material and the fresh solids resulting in a higher loss of 

fresh solids. 
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Heat Transfer 

~t '!):'§nsfer Between Fluidized System and Surf ace of Heat 

Exch4nge: 'lhe rate of heat transfer between the fluidized system 

and the surf ace of heat exchange is closely related to the general 

behavior and geometry of the fluidized system, the rate of particle 

mixing within the bed, heat transfer between particles and the adja-

cent fluids. 'lhe rate of heat transfer between the fluidized system 

and the surface of heat exchange is given by the customary 

expression: (20) 

where h ts the heat transfer coeff ieient between the fluidized 

system and the surface of heat exchange. 'lbis heat transfer co• 

efficient will be governed by the following factors:(l0, 2l) 

1. Properties of the materials 

Fluidizing fluid -- thermal conductivity, denaity 

viscosity 

Fluidizing particles -- thermal conductivity, 

shape, Size, aize distribution, density, 

specific heat• 

2. Design of fluidization chamber~· location and 

geometry of heat transfer surfac~. 
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3. Operating conditions flow rate of fluids, feed 

or recycling rate of solids, bed height, and 

concentration of solids in bed, ete~ 

A complete correlation of .the heat transfer coefficient with 

all of these variables has not yet developed.<20> 

Hea:t Transfer Betw@.en Fluidized Bed and External Wall: 

Assu:n1ing a reversible syste\n, the h~at t,r,ans:fet between a fluidized 

bed and its container wall is described mathematically as: 

0.263 

h • 0, 0118 [ ~ j -------------------------· (D) 

For a noil ... spherical particle, the parti.ole di$nete1', DP, is given 

by: 

where b· is the aTea of surface per un:i.t volu,me of a particle. 

In view of the postulated mechanism of heat transfer' in a fluidi .. 

zed system, Eq. (D) rep-:resents some sort .cf prelimirtat'y a.nd 

empirical correlation which does not include all important vari• 

ables required for a generalized correlation. '!he equation is 

derived from a. study of glass beads with dia1"1reter of the beads, 

solid conce11tration~ and velocity of air as the variables. (21) 
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He.!J: :;t\:ap,sfer Between Flttidi:ited Bed p.d internal Sur,aee 

Immersed 'lherein: Mickley and 'Ihrilling indieated a general trend 

for the heat transfer between fluidized bed aud internal surface.(21) 

The sets of data are correlated graphically by three dimensionless 

gt'Oups. 'lhese dimensionless groups are Nusselt number (hDP/K.), 

Reynolds number (DpUm.fpl ;.t ), and ratio of superfi.cll.a.l velocity of 

the fluid to the minimum superHcial ·1elocity necessary for fluid-

ization U/Umf • 'Ibe Reynolds number (Dp~{ µ ) represents the 

continuous phase along the immersed heating surface. The ratio 

of superficial velocities, (U/Umf), could be consider,e<J as an index 

to represent the effect of the particle movement. With the excep~ 

tion of small particles at the lower velocities where channeling is 

unavoidable, dl the points lie closE! to a itraight line represented 

b . (19) y: 

hD J. 
I< 

"" 3,75 ( n,~tf 1T ) 0.47 
log jf-

mf 
·--~--------~~~(F) 

Ha,ss Tran~fer 

Fo:t" the design of a reactor, cat,$,lytic reacti,ons have been 

postU,lated to take place consecutively in the followi~g .steps.: <20> 
1. Mass tr·ansfer of reactants to the exterior surface 

of catalyst particle fro-m the mi:'l,in body of the 

fluid. 



3.2 

2. Mass diffusion of reactants into the pore structure 

of the catalyst particle . 

3. Activated adsorption of reactants at the interface 

of catalyst. 

4. Chemical reaction between activated reactants 

adsorbed at the interface • 

.5 . Activated desorption of products at the catalytic 

inter-surface. 

6. Maas diffusion of products Ot.lt of the pore structure 

of the catalyst particle. 

7. Mass transfer of products from the gross exterior 

surface of catalyst ~o the main body of fluid. 

nie rate of mass transfer of a given system under a fixed con• 

dition of operation is characterized by the mass transfer coefficient. 

For the mass transfer across the fluid film between solid surface 

and fluidizing fluid, the transfer coefficients of mass are defined 

by the fallowing equation: 

Gas as fluidizing fluid 

fill 
--·---·-----------···-~----------------·(G) 

In the case of gas, the driving force of the mass tran.sfer is given 

by the difference of partial pt'essures of adsotbate between the 

main body of fluid and solid St.n'face, P·P1. 

A convenient method for relating the mass transfer coefficient 

and physical properties of the fluid is through a dimensionless 
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group. For a dilute solution, mass transfer factor, Jd, is defined 

by: 

Jd • f.;~ ( ; ~-----·------------------------- (H) 

Where Mg iS the molecular weight Of the fluidi2ing gas, rBM is 

the average pressure of the inert gas not involved in diffusion. 

{ )J I f D) represents Schmidts number, another dimensionless group 

which consists of viscosity, .fl, density f , and diffusivity, D. 
(20) The subscript g refers to gas phase. 

Mathematical Correlations 

Great differences exist in the methods employed by various 

investigators in making experiaental measurements for particle size, 

density measurements, fraction voids, and the like.<21 > Each time 

a new investigation on f luidization is planned, it is necessary to 

specify the procedure to be followed in detail. Campbell explained 

that many of the mathematical relationships develot>ed in fluidization 

are satisfactory for commercial use, yet they are unsafe in universal 

applications. The mathematical correlations to be discussed are 

the determination of pa:ticle diameter, particle density, and frac-

tion voids. 

Determination of ;>article Diameter: The Gregg and Gress methods 

for determining the average diameter of spherical particles are pro-

bably the best and easiest methods if the particles are uniform in 
(23) shape. 
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Gregg has presented a method for determining particle size 

based on the average projected length and breadth of at least 20 

representative particles.<23) Gregg's expression may be stated 

as follows: 

D = p ;4 x C x Bx L 
1( ----------------·--------·---·-(!) 

DP = average particle size, inches. 

B = average breadth or width or the particle perpen-
dicular to the longest axis of the particles, 
inches. 

L = average length of the particles along the longest 
axis of the particles, inches. 

C = an experimentally determined constant equal to 
0.77 for rounded particles and 0.75 for rough 
particles, dimensionless. 

Gregg has pointed out that the average breadth, ]!, is related to 

the size of the aperture in a sieve through which the particles 

will pass. 

Particle Density: 'l'be density or specific gravity of solids 

is generally obtained by means of water displacement using pycno-

meters or various specific gravity methods which are available for 

this purpose.<18) 'l'be equation used is as follows: 

W1 x s1 x dl 

W2 • W3 ( ~ J 
------·--------------·-------------(J) 
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where; 

~ = absolute density of solid particles, lb/cu.ft. 

w1 = dry weight of solids, gm. 

s
2 

& s1 = specific gravity of water at temperature T1 and 
T2 

= density of water at temperature T1, lb / cu.ft. 

:::: weight of water to fill gra.vity bottle at T1, gm 

~ ~eigbt of water to fill gravity bottle at temperature 
T2 minus weight of water displaced by solid particles 
at l'emperature T2, gm 

Voidage: '!be fraction voidage volume within a bed of solids 

may be obtained from the following equation:<14) 

\ 

( # (L - IIJ)/L ---------------------------------~--·fK) 

where: 

r = fraction voids, dimensionless 

L = height of bed containing voids in feet 

Lo ~ height of voidless bed, in feet 

where: W weight of solids charged into vessel, lb. 

e, 3 absolute density of solids, lb./cu.ft. 

A d cross-sectional area of vessel, sq.ft. 
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1'1ysical Conside.ra.tiQn of Seurad.on 

lb.ere are three me thods available for separation of the 

Great Gossan Lead Ore. '!hey are froth flotation, sink-float, 

and magnetic separa.U .. on. 

Jtloth Flotation: Flotation may be defined as a method ,of 

materials separation developed fer the concentration of metallic 

mirterals.<25> Its principle depends on the affinity of air 

bubbles for properly prepared mineral surfaces. In froth flota• 

tion, a froth is formed by introducing air :Lnto a pulp of the 

finely divided ore and water which contains a frothing .agent. 

'lltose minerals that have an affinity fo~ air bubbles rise to the 

surface in the froth and are thus removed from those that at"e 

completely wetted. 'llle frothing agents that are most commonly 

used fo'I:' bubble stabilization ate tall oil, pine oil and cresylic 

id (26) ac • 'lb.e substances which cause air bubbles to adhere to the 

material which is to be floated are termed collectors. · lbe choice 

of collectors in ia flotation process depends upon the materials 

to be separated. 

MJ.ch work concerning the froth flotation .of pyrrhotite has 

beea done at the Virginia Polytechnic !n.stitute. Corriveau has 

stated that bulk sulfide concentrates are available recovering 

98 percent ·of the sulfide and as.saying 49 .5 pe'tcent iron, 36. l 

percent sulfur, 3.3 percent zinc, 0.87 percent copper and 0.67 
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percent lead.(2) However, the differential flotation of the 

individual sulfides would require extremely fine grinding. 'lhe 

significance of this is that in order to obtain high grade con~ 

centrates, recovery will have to be sacrificed or vice versa. 

Sink-Float: 'lechnically, the simplest and most effective 

method of separating a mixture of particles of different specific 

gravities ts to suspend them in a liquid of intermediate density, 

whereupon the heavier particles sink and the lighter float. 

As a commercial operation, however, the sink•float method 

has definite limitations imposed by the lower size limit of parti-

cles which can be handled. Material finer than three-sixteenths 

of an inch introduces complicated changes in medium viscosity, 

which affect the sharpness of separation and further introduces 

problem in the removal of medium from the products. For this 

reason, sink•float is most effective for materials for which the 

size of liberation is above three-sixteenths of an inch. 

Magnetic Separation: nic art of sepa~ating one oubstance 

from another by means of a magnetic field is called magnetic 

separation. lhe art and machines developed for making such • 
separations are highly ~pecialized . <2t) Minerals and metallic 

substances which are permeable to some extent and which are 

attracted by a magnetic field are called paramagnetic, and the 

relatively few that are repulsed are classified as diamagnetic. 
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Paramagnetic substances are usually classified tnto three groups, 

namely, strongly magnetic or ferro-magnetic (magnetit~, ilmenite), 

weakly magnetic (hematite, pyrolusite), and nomri.agnetic (quartz 

or cal~ite). <27 ) 

In order to obtain statistical information for the limited 

concentration obtained by the initial differential flotation tests, 

magnetic fractionations were carried out on the -324 -1400 mesh 

size fraction of the reground bulk sulfide concentrate using a 

Frantz Isodynamic separator. (2 ) In the execution of the frac-

tionations, overlapping due to locked particles can be expected. 

Furthermore, it is known that the magnetic susceptibility of 

pyri-hotite varies with tis .cQtnPosition and also not t;o be ignored 

ts the fact that the diff.iculties in separation a:re magnified by 

the pteponderance of such a magnetic mineral as pyrrhotite.<2> 

Chemical Consideration of Separation 

R.oaating 

Roasting can be defined as heating sulfide ores in the pre-

sence of air below the fusion point of the constituent minerals 

but at sueh temperatures which will convert metallic sulfides to 

oxides. 

Materj,al to be l~ached is roasted (heated in contact with air 

to oxidize sulfides to oxides or sulfates) fo-r one or more of the 

following reasons. 
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1, To convert the metal into a soluble form. 

2. To vplatilize certain solubl~ impurities that 

could ctmtaminate the solution. 

3. To render the metallic compounds porous so that 

they are readily atta~ked by the solvent+ 

'lbe l;'O~Sting temperature must be accurately regulated, if it is 

too low, iron will be solubilized and if too high, some of the 

coppel!' will be rendered insoluble. (28) 

'lbe quantity of sulfate found in the reaction products does 

not always correspond to the actually ct"eated qu.antit:y; fJince 

th~ formation and decompoSition reactions of sulfates are com• 

bined. Depending on the conditions under which the process is 

conducted, these reacti'O'llS may have different velocities, which 

can result in the accumulation or in the disappearance of sulfate 

in the products of oKidation. The raising of the oxygen ,concen• 

tration promotes the formation ,of sulfate according to the reaction 

previously citea.<4> 

The chemical stability of the sulfate :ts of great importanee. 

Thus lead sulfate may be more easily detected at calcination tem· 

perature than zinc sulfate. For accumulating the latter in the 

products of oxidation special fixation mixtures are required to 

slow dQWn its decomposition, (for example, Na2so4), or the partial 

pressu~e of o2 can be increased, se as to shift the equilibrium 

of the ~eaction (4) and (10), from right to left. As a consequence 
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of the reaction between the metal sulfide and its sulfate, sulfur 

gas and metal are formed. 

The separation of so2 according to equation (5), on a e .45, 

may pass through a series of intermediate stages. As a result of 

one of these intermediate phases an unstable compound•• sulfur 

monoxide ·- is formed, which has been observed by N. P. Diev, and 

A. N. Okunev as being an intermediate product of the oxidation 

of some sulfides. 

Thornhill, P. G. and Pidgeon, L. M. found that the pyrrho-

tite, on the other hand, roasted at measurable rates over a rela-

tively wide telllferature range. <29> When 65 to 80 mesh particles 

of this mineral were roasted linearly at 550°C., the oxidation 

rate of the 30 to 40 mesh particles was retarded after the for-

mation of about 160 times of oxide. The oxidation rates, in the 

linear parts of the rate curves, are given in Table 5. 

They concluded that the pyrrhotite used in their experimental 

work probably falls into the latter class, since in this case the 

defect structure is obtained at the outset . Accurate lattice 

parameter measurements were not made on the partially roasted sul-

fide to determine whether the sulfide kernels had suffered further 

depletion in iron. Determination of the roasting rates by measure• 

ment of the thickness cf oxide shells was successfully done only 

in the case of sphalerite anc'l pyr;-hotite. The 'columnar nature of 

the sulfide-oxide interfaces obtained in the pyrrhotite roast rendered 



TABLE 5 

Oxidation of Pyrrhotite 

Mesh Thermal Average Temp. Oxidation Rate 
Particle Diameter oo )J per minute 

30-40 sooµ 502 0.14 

532 1.40 

550 2.00 

65•80 190~ 550 2.ss 
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accurate measurement difficult and even impossible. On the other 

hand, ki,netic studies on the roasting of tho$e sulfides which 

undergo selective oxidation are understandably complicated by the 

fact that the oxidation takes place according to the mechanisms 

which differ from one stage of a roast to the next, and the 

irregular nature of the multi•payered oxides on pro.ducts precluded 

all l>ut the roughest estimation of oxidation rates. (lO) 

In summing up; all of the reactions of the sulfides with sul-

fates and of the sulfides with oxides of the various metals, one 

can see that the first gJ"oups (i.e., the interaction of MeS with 

Meso4 ), proceeds at a fa,ster 1.'ate and at a lower temperature. 

Kinetics bf Roasting; In the early stage of investigations 

the kinetics of this process were studied. 'lhe influence of the 

oxygen concentration and of the temperature on the rate of oxi-

dation of sulfides was in most cases characterized by the degree 

of desulfurization, i.e., the amount of sulfurous gas liberated 

during oxidation. 1he stages of this process taken separately 

were not investigated. 'Ille next step was the study of the chemi-

stry and of the mechanics of the oxidation process of sulfides. 

The principle of the kinetics of roasting is illustrated by 
(31) the work of G. G. Urazov and L. R. Edel'son who studied the 

reactions ·of lead sulfide with lead sulfate, and found that con• 

sidering the following two possible equations; 
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PbS + 3PbS04 ::;;;:=:- l~PbO !- 4So2 --------···-----~--~--~-·(l) 

PbS + PbS04 ~ 2Pb + 2SOz ----·-.. ·--··------.. -·----... - (2) 

the ~eaction proceeds more successfully according to equation (2), 

because in this case a considerably highel;' partial pressuJ"e of 

sul,.:forov,:$ gas is devel1oped, whereas in equation (1} the -.<elitction 

equilibrium is shifted from right to left and the reaction sharply 

comes to an end. 

Later on, V. D. Penomarey and I. R. Polyvyanyi, who studied 

the kinetics of the reactions of lead sulfide with sulfate accord-

ins to the same stoichiometric equation, showed that in the range 

of 600-900°C. the reaction proceeds vigorously enough, but at 

tempe~atures in excees of 700°C. the reaction accord~ng to equa-

U.on (1) proceeds very rapidly. (Jl) In addition it was established 

that the interaction of sulfide with sulfate is imperative for 

o~idizing and a,gglomera.Ung calcina.tion in byers. 

v. D. Ponomarev and I. R. Polyvyanyi, also studied the 

kinetic3 of the exidation of lead sulfides by atmospheric oxygen 

aud established that this process is characterized by a kinetic 

phase and a diffusion phase with the borderline at 700°C. 'lhe 

mechanics of oxidat:l.on of lead ,9ull;ide changes when passing from 

lower to higher tempe,ratures. 

Mechanics Qf .oxidation of sulftdes: The different opinions 

on the reaction of sulfide with oxygen may be summarized as follows: 
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1. Ju:cording to the so-called oxide theory, metal 

sulfides ra:acting with oxygen are directly oxidized 

to oxides. lhe sulfates are a formation origin• 

ating from the reaction of metallic oxides with 

sulfur oxides. 

2. Another so .. called sulfate theory claims that the 

oxidation of sulfides goes through an inte~mediate 

stage of sulfates formation,. the decomposition of 

wn4ch result$ in metal oxides and sulfur. 

3. There is abo a third view, according to which 

the mechanics of sulfidf:'l Oltidation is <lepertdent 

on t;emperatur~s: at a low temperature the prhnary 

product of oxidation is sulfate, while a.t a high 

temperature oxidation proceeds directly to oxides 

with intermediate. sulfate: fOl;'tnation . 

Danilova studied the reactions in the Me-S-0 system: 
' (.31) 

MeS ·:- MeS04; MeS -!· MeO; }feS f• S02; Me +· Meso,_.; Me + S02. 

This investigation was ma.de to eStCJ.blish the chemistry of the 

interactions between the sulfides of heavy metals and oxygen, 

l~hich may be represented by the following basic reactions: 

Oxidation of sulfide to sulfate: 

Decomposition of Sulfate: 
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MeS04 l· MeS = 2Me l- 2S02 - • --"."- - .. ----------- (5) 

Oxidation of metal : 

2Me + 02 = 2Me0 ----------------------------(6) 
3Me + S02 • 2Meo4 !· MeS -·----··--- - ---··---- (7) 

Me + Meso4 ... 2Meo •- so2 ---- -- -- - - - --------.. (8 ) 

Roasting Reaction of Ferrous E:ulfide : K. Niwa, t . Wada, and 

y. Shiraishi studied the rate a.nd mechanism of oxidation of ferrous 

sulfide by means of the spring balance and X- ray diffraction ana-

lys.is over the temperature range from 500° to Y00°C . lbe results 

of their investigations are as follows : <31 ) 

1 . '!he complete oxidat ion to oxides begi ns at 600°C . 

2 . At the initial stage of oxidation, a slight increase 

of weight was foun& . It was observed by X-ray 

techniques that the deficieny of the iron ion in 

FeS occurs in this stage . This is interpreted as 

follows : iron ion reacts with oxygen by migrating 

from the interior of the FeS crystal t:o the surface, 

withou-:: evolution of S02' until the deficiet)C:y of 

iron attains a lirniting value . 

3 . Above 600°C . the rate of oxidation does not change 

with temperatul;'e , so the rate-determining factor 

is diffusion of gas . Since the observed rate of 

ox:f.dation depends upon the quantity of the sample , 

the diffusion in the bed of sample may determine the 

rate . 
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Advantages of Roasting: lha advantages in roasting when 

operating under autoclave conditions are: 

1. Greatly increased rates of the reaction. 

2. Favorable displacement of thert1todyn~.mic equilibrium. 

3. 'l'be possibility of using certain gaseous or highly 

volatile reagents such as C2' H2 • 

Together with the apt:ilication of h'igh temperature, high 

pressure techniques are also used. 

1. 'Ibe direct leaching of Cu and Zn sulfides with 

4cid (H2so4 ) is genet1ated by autoxidation of the 

sulfides. 

2. The precipitate of ne tallic Cu and Zn frorn aqueous 

solutions of their salts by hyd·rogen reduction. 

l01i17ing scheme for oxidation of iron sulU.de : 

2FeS + 302 ... 2Fe0 + 2S02 ------ ... --------- .. ------- (9) 

2802 ·•" 02 "" 2S04 -------- .. ·----------·-----..... ·---(11) 

2Fe304 + S03 "" 3Fe203 + S02 ---·--~----------- .. - ... (l.2) 

G. I.. Chufarov and :B. D. AYerbukh found that oxidizing of 

iron sulfide by oxygen at low temperatures results in a first 

'reaction of oxidation represent:f.ng an associat:ton of the oxygen 
(31) 

with the sulfide to form sulfate. 'lhe sulfate is strongly 

dissociated at temperatures above 450°C. Products of reaction 
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are Fe2o3 
and Fe3o4 ; and the ratio of Fe2o3 :Fe3o4 increases with 

the bqrning .of sulfur. 'l'he gradual rise of the extent of iron 

oxidati0n in the ·course of calcination. leads to the assumption th~t 

an intermediate metallic phase was formed, which was gradually 

oxidized to f~rrous, ferrosulferric and ferric oxide. 

v. l. Smironev also confirmed the sulfate theory which ex-

plains the mechanics of oxi,dation as follows: at first sulfates 

are formed due to adsorption of oxygen at the surf ace of crystals 

and then by the atomic dissociation of oxygen molecules and the 
. (31) 

penetration Qf oxygen into the crystal lattice of the sulfide. 

At 620·650°C. the sulfate formed on the surface interacts with the 

sulfide and as a result -0£ this an oxide film is formed and sul-

futt gas fs liberated. 

Roasting of Cupric Sulfate: N. p. Diev and Yu. v. Karyakin 

~xpressed similar views tn theit earlier works on oxidation of 

sulfides with oxygen-enriched air. 'ftl.ey assumed that an oxidiz-

ing cuprous sulfide, the ba,s.ic reactions depending on oxygen 
(31) 

con.tent are: 

er 
2Cu

2
S + == 02 ::: 2Cu20 + 2S02 • ·----------................. --(14) 

Since, however, secondary reactions could take place between 

cuprlous sulfide and the products of oxidation so formed, the 

total reaction cf oxidation could be expressed by the following 

equation: 
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Therefore, metallic copper does not react with sulfurous gas 

within the temperature range between 20-1290°C. in the absence of 

oxidizing or reducing agents. This is why in the calcination 

process of sulfides, metallic copper and lead are present in the 

reaction products, while zinc is never detected. 

Ro·asting of Zinc Sulfide: Zinc concentrate containing 

sphalerite is roasted in multiple hearth furnaces, and the follow-
(16) ing reactions take place: 

2ZnS + 302 - 2Zn0 + 2S02 ·---------·-----·----(16) 

The roasting temperature is low in order to form some ZnS~ 

{water -- soluble zinc) and also to prevent the formation of zinc 

ferrite {ZnFe204). 'lhe ferrites are practically insoluble in the 

solvents used OJiO + H2so4 ), so that any zinc in this form is not 

recovered. In the treatment of zinc minerals the fluidized-bed 

roasting technique has been applied as a preparation for leaching. 

With ma.rmatite, (Zn, Fe)S, it is very difficult to prevent the 

formation of a certain amount of zinc ferrite. 

Regarding the mechanics of oxidation of zinc sulfide, most 

investigators support the oxide theory, that ZnS is oxidized as 

follows: 



49 

2ZnS + 30 ~ 2Zn0 + 2SO ------------------------(18) 2 2 

zno + so3 ~ Znso4 ------·----··--·---••·--·-----(20) 

'lbe possibility of the formation of ZnS04 through the o*idation 

of ZnS together with the indirect sulfate formation from zinc and 
(31) sulfur oxide was assumed as early as 1911 by v. Ya. Mostovich. 

He later confirmed the possibility of direct formation of sulfate 

from the sulfide by oxidation of lead sulfide. 

!&aching 

Leaching consists of placing oxidized minerals in solution 

with the addition of an appropriate solv·ent undersspecific con-

ditions. Oxidation results in a loss of electrons in oxidizing 

agents such as oxygen, chlorine, and uitric oxide. 'lhese sub• 

stances require electrons to achieve their most stable state, and 

therefore will actively remove electrons from minerals, forming 

charged metallic irons in eolutions. 

In recent years, interest in hydrometallurgical processes 

has been greatly intensified. Many of the newar developments in 

this field involve leaching operations which are conducted at 

elevated temperatures and elevated pressures. Some of the obvious 

advantages which may be derived through the use of such techniques 

are: <33> 



50 

t. The rate of reaction is increased by opera.ting 

at temperatures above th~ boiling point of the 

leach solution! 

2. Chemical reactions will proceed raptdly at high 

pressure and temperatures. 

3. Chemical reactions can be effect.ively carried 

out only in closed vessels under pressure. 

4. It is possible to use certain gaseous or highly 

volatile reagent& such as o2, ~, and NH3 • 

5. ravorable displacement of thermodynamic 

equilibrium. (JZ) 

Under the high temperature and pressure of this process the 

ore '°;ill be leeched with sulfuric acid, for which the skillful 

handling of acid becomes a dittinct feature. 

In a sulfuric acid solutd.on, the reacting species may be H+, 

nso4·• ' '"', so4~ , Qr tbe undissociated n2so4 • Only Qne of the S})ecies 

is likely to be involved in the slow steps of the reaction. lt is 

assumed that there is very little dissociation of the bisulfate ion, 

and that the dissociation of sulfuric acid to bisulf ate ion and 

hydrogen ion is nearly complete. Only the It+ ion is d.irectly 

associated with the surface reaction and the effects of the Hso4-, 

so4=, and undissociated H
2
so

4 
are secondary. 

'!he effective factor$ considered are leaching time, temperature, 

pressure and concentratien of H2so4 • 
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Dilute sulfuric acid is used in the forming of solutipns 

from oxidized metals. 'lhe chemical reaction iS; <34 ) 

tbermodypa.mic consideration: By the use of thermodynamics it 

is possible to define the eqtiilibrium in a chemical system and to 

predict how the ctqUilibrium will shift with chanting <:,onditions such 

as temperature, pressure, concentration, etc, tn gel!leral an increase 

in the concentrations or pa~tial pressures of the reactants will 

shift the equilibrium of a reaction in the forward direction, while 

an increase in the concentrations of the products will have the 

reverse effect. Where any of the J;"el:!.cts.nts or products are gases 

()r highly v,platile substances, the role cf pressure in influencing 

the thermodynamics becomes readily appax-ent. 'l'he principles and 

procedures involved in such thermodynamic calc\llations are well 

known, and several comprehensive tabulations of thermochemical 

data are available. 

';the thermodynamic aspects of a number of systen.1s of hydro-

metallurgical interest were discussed in detail by Pourbaix and 

conveniently represented by him in the form of potential-pH dia• 

grams.<35 > A typical diagram for the system, Cu-H2o, defining the 

l,"egions of stability of different forms pf copper as funations of 

the potential and FH, is shown in Fig~ 2.C34 ) 

On the same diagram the ther~odynamics of the reduction of 

oxygen (at 1 atm) are represented by: 
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and the oxtdat.iop. of hydrogen (et 1 atm) is: 

2H+ + 2e =i lfi --··-·····---....................... _ ............ ,,.,. .... ,.(23) 

From the diagram the following therm-Odynam.ie information is 

read'Uy apparent. (:3S) 

l. 'lhroughout the ·pH range considere.d (O to 14) 

metallic copper is ther!llodynamiea.Uy stable in 

contact with an aqueous solution, in th~ absence 

of oxygen or other oxidizing agents. 

2. Q,tidation of the coppeJ; can be effected by gaseous 

oxygen at ordinary pressures, since the potential 

for the reduction of Qxygen lies well above that 

for the oxidation of coppet throughout the diagram. 

Several oxidation products are posstble, correspond• 

ing to different reaction paths, which may be 

represented as: 

{ 

eu-++ + 2oa· --···-·~----------·----<24) 

Cti + l. 02 + HOH + CuO +HOH ..................................................... (25) 
2 

euo; + 2n+ .................................................. (26) 

ln the pH region between 6 and 13, the insoluble 

oxides, eu2o and Cu Cl are thet"modynamically favored, 

while at lower and higher pH values, the topper can 

~-r "" dissolve as Cu and euo2 , respectively. 



3. All the oxidized forms are thermodynamically 

reducible to metallic copper by gaseous hydJ;Dgen 

at ordinary pressures, sinc:e th~ potential for the 

pxidatton of hydrogen lies we11 below th(At for 
(34) copper throughout the diagram. 

Kinetic Considerations: Hydrom.eta1lurgical processes in general, 

a.nd the leaching reaction in particular, ca.n be conducted under con-

ditions in which the thermodynamics are very favorable and the limit ... 

ations are therefore largely of a kinetic nature. In particular, 

wher~ the thennodynarntcs of several alternative reactions do not 

differ greatly, kinetic factors may determine what products are 

formed. Because c;>f these considerations, it appears increasing1y 

important to understand the kinetic aspects of hydrometallurgical 

processes. 

Most hyd:rometallurgical processes involve heterogeneous 

reactions Qccurring at a solid .. liquid interface. M()$t Qf the 

heterogeneous reaetiotuJ of interest in the present connection may 

be regarded as involving the following sequence of steps:<36 ) 

1. absorption of gaseous reactants, if GUY, by the 

solution; 

2. transport of dissolved reactants ~rom. the main body 

of the solution to the solid-solution interface; 

J. adsorption of reactants on the solid surface; 

4. reaction on the surface; 



55 

5. desorption of the soluble products from the surface; 

and 

6. transport of the desorbed products into the main body 

of the solution. 

For example, Forward and Halpern found that the cupric salts 

can react homogeneously with hydrogen in aqueous solutions under 

certain conditions, and hence no catalyst ib required to initiate 

the reduction.<38> 'lbe homogeneous reaction proceeds rapidly above 

100°C. and the rate is directly proportional to the concentrations 

of eu~+ and of ~· In the light of recent kinetic studies, it seems 

probable that in the overall reduction of eu-++, the following se-

quence of steps occurs: 

eu·i+ + ~ -- CuH+ + H+ (slow) -----·-•·-·---.. ---(27) 

CuH+ + eu* -- 2eu+ + u+ (fast) -------------···--(28) 
2eu+ Cu 0 + eu-++ (fast) -------------·-·-(29) 

In conclusion, it is observed that the hydrometallurgical 

processes are more closely related to ore dressing than any other 

extractive method. 

In hydrometallurgy, as the name implies, the solvent is either 

water or an aqueous solution, containing nonaqueous solvents to 

abstract dissolved metals from the aqueous leaching solution. 

Hydrometallurgical methods have made considerable progress in 

recent years owing both to the improvement in practice and to the 

fact that hydrometallurgy is particularly suited to the treatment 
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of many low-grade ores. ln addition hydrometallurgy is a very 

important method of ti-eating sulfide zinc concentrates.<39> 

Pressure ~.aching a.nd Precipitation: For the past several 

years there has been an intensive study made of leaching in auto.-

claves where the leaching process can be conducted under high 

pressures and with higher temperatures than are possible in open 

vat leaching. 

'!here are two adV$ntage:s to pressure leaching at atmospheric 

pressure: 

l. It permits much grea.t~r concentration of gaseous 

reagents such as o2 and lf:l• 
2. It permits higher operating temperat·ures which 

usually mean much faster dissolutions. 

Practically, leaching and precipitation can not be carried 

on at excessively high tempera:tures because the materials will not 

stay in solution, also excessively high temperatures would require 

extremely high pressures. 

Leaching Rate and Contact Time: 'Ibere are two main reasons for 

the high initial rate <;>f diSsolution; the concentration of the sol• 

vent is usually at a minim.um, and the greatest possible surf ace of 

soluble mineral is exposed. As dissolution pl:'oceeds, however, the 

rate slows down for a number of reasons ... the small minerals dissolve 

completely and thus greatly decrease the active surface of contact: 

the strength of the solvent may be depleted; and the minerals that 
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remain may be almost completely encased in gangue minerals so th~t 

they present very little surface to the solvent. Most Qf the dis .. 

solution takes place in the e.arly stages of leachin~ ~ In practice 

~e can never get 100 percent extraction end we must decide on the 

extraetiOn time that will give the maximum economic return~ <39) 

s:r:s.tems Consisting of Solid and Liquid Phases: It is well 

recogni:z;ed that the rate of solution qf solute in a solvent is 

greatly accelerated by pulverizing the mat·erial so as to expose ~ 

largeir area to the solvent. Quite apart from this effect, t;:he 

actual equilibrium solubUity of v~r:y sma.11 crystals is greateli 

than that of large crystals. The gteater solubility of the very 

small crystal ts_ analoguous to the higher vapor pressure. of sma.11 

droplets ,of Uqufd. 'lh!s increase in solubility with decreasing 

size is not a. significant factor unless the crystals are extremely 

small• However, if a !'llixture of la:lfge ci-ystalS and very amall ones 

is allowed to stand, the small -ones disappear and the larger ones 

grow larger.<36) 

Rate _ of Solgtion of Solid: 'lbe rate at which solids dissolve 

in an unsaturated solution depends upon the concentration gradient 

in the immediate vtcinit}r of the solid and upon the surf ace area of 

the solid. lbe latter fact is sometimes called Wenzel's Law. 

'11he first substantial treatment .of the problem of the reaction 

velocity at a solid-liquid interface, by Noyes and Whitney, led to 

the following reaction: (40,41) 
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~ = m (Cs-C) -------··---·--··-·----~--·-·-····-·-(L) dt 

in which C is the concentration in the bulk of the solution at 

time t; Cs is the saturation concentration; and m is a constant 

of proportionality; only if the experimental conditions remain 

the same -- specifically if the surface area of the solid stays 

the same and if the thickness of the viscously flowing film adja-

cent to the solid does not change. 

It is convenient to express the change in concentration with 

time dc/dt, in terms of the velocity constant k and of the ratio 

v/s of the volume of solution to the proposed interface • 

.2£. = .JL 
dt v/s 

'l'his equation on the rearrangement of the variable and inte-

gra.tion gives: 

K = .J__ ln se --·-------~--------·-••••··•(N} 

in which c1 and c2 are the initial and terminal concentrations; 

Cs is the saturation concentration and 9 is the elapsed time. In 

equation (N)., S is expressed in square centimeters, V in cu, cm, 

9 in minutes, K in cm per minute, and the various cts in any con-

sonant units, such as grams per liter. 

It is interesting to observe that equations (M) and (N) take 

no a.ccount of the effect of agitation on the dissolution velocity 

constant K. For the case of rotary stirring at 400 rpm and on an 
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exposed horizontal surface of the crystal estimated at being below 

the impeller, the "International Critical Tables" gives K values 

that range between 0.18 for potassium iodide and 0.021 for hydrated 

calcium sulphate (gypsum). <42> 

Leaching of the Ferric Oxide: 'lbe oxidation of iron sulfides 

has also been studied in neutral and acid solutions. At. tempera• 

tures of 100° to 125°C., with moderately high oxygen pressures and 

with a solution pH below 1.5, pyrrhottte reacts to form elemental 

sulfur. <36 ) 

2FeS + 302 - 2Fe2o3 + 2s• ---------------------(30) 

While the kinetics of the reaction have not been investigated in 

detail; the following mechanism has tentatively been proposed to 

explain the results: 

FeS !· 202 - Feso4 ---·····-------------------.. (31) 

6Feso4 -t· l}°z-. 2Fe2 (so4 )3 -t Fe2e3 ··--------·-•-(32) 

Fe2 (so4)3 + 3H20 --Fe2• 3 · + 3H2so4 ·--------···-(33) 

FeS + ~S04 __... FeS04 + H2S -------------------- (34) 

2HzS -t o2 -211zo + 25° -·--------------------- (35) 

H2S + Fe2 (S04)3--+ 2FeS04 + 11zso4 + S
0 

--------- (36) 

This mechanism is intended to account for the fact that no elemental 

sulfur is observed to form unless a solution pH of below about 1.5 

is established. At temperatures below 130°C. only about 10 to 15 

pct of the sulfur is oxidized to sulfate form. 
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l!ryor $ltd Bv.-ns $.nve"'tigated the de~l!Xnpoq:l.tton of feritte 

oxi,~ by aquec>us solution& of Vat'ioo~ a.ctda~ Hydrated oxide dis• 

•olvad ra~<JU.y in at acids as follo.J~: 
+ +++ re2o3 · 6B - 2Fe + 39a0 ~ ..... - ......................... ~-· (37) 

but the teaetton -proceeds very .lowly QVe-n undel:' the moat favorable 

tbetrao4ynemte c:enditiou&. .Ac;iids wbose an:1o'5S fQt'fli. ¢Qlllplexes -with 

re+;. decompose the o.xtde mere: rqtdly than thone of non•eomplexing 

ti.al •pR dtagr· m in lt_g·. 2 . 

1\le reaction !nv4lvtna ~Cid aolutious i~ the presenee of o~san 

by au1f\1¥tc GC1d sol.uttons. The reaction ls l!'41presente<1 t>y: 

eu2o + 211i-~ eu++ + cu(t + 11ao """' ............................. (39) 

1be f0Uowin3 ntethanism b s been propo ed to explo.in the 

ktnett~s; 

eu2o + ll:iso4 ~ eu2o : H
2 
so4 (absorbed) ............... _ .. ,. .. (40) 

-Ou20.RiSOti. (absotbed) -cu:,. -tr Cu 0 + 820 + so4 --•(41) 

~2G.ffaS04 (abSQirb~d) + tF -GU+t<- +·tu.,, + ~· 

+ BS04 ...... "" ......... (42) 
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This may occur either through reaction (41) or (.'~2); with the 

rates being additive. Af.so results of a series of tests, carried 

out at variable rates of stirring, showed that the stirring effect 

was e U.minated above 300 rpm. <34 ) 

teaching of the Zinc Oxide: Current hydrometallurgical 

practice for treating zinc sulfide concentrates in order to produce 

a high•grade zinc product involves ro~u~ting the concentrate to zinc 

oxide or sulfate. Dilute sulfuric acid is used in the dissolution 

of oxidized zinc according to the reaction: 

Z:n.O + H2S04 - ZnS04 + ~o -----·---.. --........................ (43) 

Many investigators have studied the recovery of zinc by the 

direct leaching of z.inc sulfide at elevated temperatures and 

,presvures. (lO) 

Bjorling mentioned the reaction: 

ZnS + H2S04 + t O:a -- ZnS04 + S0 + ~o ..... -... -- ... --(44) 

and found that the ZnS can readily be oxidized quantitatively to 

zn·r+ and S"' in a solution containing ~so4 in sufficient amounts 

to combine stoichiometrically with the zinc in ZnS without nitric 

acid being present. <43 ) 

H. Veltman and F. A. Forward found that leaching a zinc con-

centrate with an oxygen over-pressure of 20 psi for four hours 

extracts 97 percent of the zinc when about one pound of sulfuric 

acid per pound of zinc sulfide was added to the autoclave.<44) 
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'!he pulp density was 14 percent; As the zinc concentrate used in 

this e~eriment contained marmatite (Zn, Fe)S, it is apparent that 

the substitution of some iron in the ZnS lattice does not adversely 

affect the progress of the reaction. '.I.he galena (PbS) reaction 

with H2S04 is more rapid than the corresponding reaction with ZnS 

and reaches equilibrium by the time 5 percent of ZnS has reacted. 

Therefore, in most of the experiments described, a stoichiometric 

amount of 11iso4 was also added for the lead present.<44> 
M. H. Stanczyk and C. Rainpa.cek have shown that leaching a 

concentrate assaying 55 percent Zn, 32 percent s, 6 percent Fe, and 

containing minor quantities of copper with the equivalent at 0.25 

pound of Hiso4 per pound of contained zinc sulfide was obligatory 

for high zinc extraction. '!be typical rea.ct;ton between. zinc sul-

fide and sulfuric acid is shown as follows: 

2SnS + 302 -- 2Zn0 + 2SOz ·-·-·-·--··--... ----··-·--(45) 

ZnO + H2S04 ~ Znso
4 

+ ll20 ....................... _._ .......... (46) 

When using an adquate a2so4 and maintaining a temperature of 

at least 200QC., about 96 percent of zinc was extracted in one-

hour providing the pulp was maintained at 10 percent solids . A 

minimum partial pressure of 75 psi of oxygen sufficed for good 

zinc sulfide dissolution. Pulp agitation was not critical, but the 

best ~xtraction was obtained at impeller speeds of 1000 rpm. <45> 
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EXPERIMENTAL 

Pulj'pose of Investisation 

The purpose of this investigation was to study the possibility 

of enriching the iron content of a complex sulfide ore from. the 

Betty Baker Mine, Great Gossan lead, Carroll County, Virginia, by 

em.ploying a combination of fluidized roasting with high temperature 

and high prf,'?ssure leaching processes. 'lbe· satisfactory conditions 

for each of these processes were investigated with regard to the 

~oncentration of sulfuric acid and the temperature of the· opera• 

tional processes. 

Plan of F.xpertment 

The plan Qf experimentation included a study of the physical 

and chemical treatments required for the recovery of i~on by re-

moving impurities such a.s copper and zinc. 

Physical 'l'reatment - A flow sheet showing the present physical 

treatment of the comple~ sulfide ore is given in Fig. 3. Closed 

circuit crushing by roll mill was employed to reduce the particle 

size of the sample to pass through a 14 mesh screen. 'lhe particles 

were then classified according to size. The fine particles unde~go 

flotation and the coarse ones were tabled. This physica.l treatment 

removes the impurities from the ore by mechanical means. 
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Chemical Treatment - The chemical unit operations performed 

on the ore were roaating and leaching. A flow sheet is shown in 

Fig. 4. A series .of le&ching action in linear seq1.lence removes 

the impurities by chemical means and eventually a filter cake of 

iron remains. 

Roasting Studies • Studies we~e made to determine whether 

the sulfide ore (pyrrhotite, marmatite and chalcopyrite) in the 

flotation and table concentrates could be conve~ted to the oxide 

form as Fe2o3, ZnO and CtiO. The studies sought to determine optimum 

roasting conditibns. 

leaching Studies • The roasted ore was subjected to sulfuric 

acid leach t;o determine whether the copper and zinc could be ex• 

tra(!ted from t;he residue. Studies also included t'he effect of the 

concentration of sulfuric acid and of the leaching temperature. 
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E:XPERlMENT.AL MATERIALS 

The material$ used in performing the experitoelltal portion of 

the investigation are presented in the folle>wing tables. 
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TABLE 6 

Material$ Used in the leaching Process 

1 . Concentrated Pyrrhotite 

2.. Roasted Calcine 

J . Sulfuric Acid 

4 . Distilled Water 
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TABLE 7 

Materials Used in the Chemical Analysis 

Fe Zn Cu s 
Hydrochloric Hydrochloric Hydrochloric Hydrochloric 
acid acid acid acid 

Stennous Nitric Nitric liitric 
chloride acid acid acid 

Mercuric Potassium Sulfur:tc Potassium 
chloride hydrochloride acid chlorate 

Potassium Ammonium Ammonium Barium 
dichromate hyclrochloride hydrochloride chloride 

I 
~ . niwn hrunonium Hydrogen Distilled 
ferrous chloride sulfide water 
sulfate 

Distilled Bromine Bromine 
water water water 

Metallic Acetic 
lead acid 

Potassium Metallic 
ferrocyanide a inc 

Uranyl Potassium 
nitrate iodide 

Distilled Sodium 
water thiosulfate 

Starch 
solution 

Sodium 
hydroxide 

. Distilled 
Water 
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The apparatus used in performing the experim.ental portion of 

tl1e study included the following ·. 

Fluidized Bed 

The kiln. was (lonstructed of number 316 stainless steel and 

consisted of two flanged sections bolted together, see :Fig. 5, 6, 

and 7, and sheet ubestos was used fot gaskets between the flanges. 

To supply heat to the kiln, two General Electric stainless steel 

1000 watt beating coils, with a maximum operating tempera.tu.re of 

l 750°F.t were wrapped atound the section wl1ich contained the bed. 

'!he heatipg coils voltage was controlled. by hand using a 2 KVA 

Vll.l'iable transformer. A 304 stainless steel plate containing a 

number of 1/32" heles drilled on 1/4" centers waG mou.nted between 

the air chai!lber and the r~action chamber. The air supply fir.st 

passed through a needle valve and then into an air flow-meter where 

the pressure wes measured; and the air then went to the inlet on 

the air chamber. The feed to the kiln was first put into a Vibra 

Screw Feeder which discharged 1nto a stand pipe. From the stand 

pipe, feed passed into a screw feeder and was conveyed into the 

kiln. 

lhe scTew feeder on the kiln was externally cooled with water 

coils an9 had a variable speE)d drtve to correct for sulfur deposits 



71 

z 
0 
< 

FIGURE 5. PHOTOGRAPH OF Tiffi :PLUII>IZED mm SHOWING 

HF.ATING ANO SAMPLE COLLECTING SYSTEMS 



> 
0 z 

72 

FIGURE 6'. PHOTOGRAPH OF THE FLUIDIZED 'BF.l> SHOWING 
FEF.DING AND DATA RECOUDING SYSTEMS 
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clogging the screw. Water was injected directly into the bed for 

temperature contto1 purpose.a by the use of a meter and needle valve .• 

The kiln was insulated with a magnetic pipe insulation Qapahle of 

a maximum temperature of 1850°F. The bed temperature was measured 

with a I.eeds and Northrup Potentiometer and a chromel·alumel thermo• 

couple in a sealed thermocouple well. 

The standard one gallon stirred autoclave is ma.de ·with all 

wetted parts constructed from 316 stainless steel. It is equipped 

with an electric motor for stirring during leaching (see Fig. 8). 

'lh~ heater is provided with th:i:iee male plugs for connecting 

to the power source to perm.it qui.c k connection and disconnection. 

Power to the heater is controlled with a variable tra.nsfoi-mcr,. 

acting in response to signals from a thermocouple mounted in the 

thermowell. The temperature also can be adju,sted by circulating 

water through the cooling coil in the autoclave. 

A blow pipe connected through the cover, extends to the bottom 

of the pressure vessel, and is fas tened with a panel tnounted valve 

for emptying the vessel. 

1be trade name fo+ the stirring mechanism in the one gallcn 

autoclave 1.s "tlispersimax .. It 'lllis device is a turbine type agitat m" 

provided with a hollow shaft used in conjunction with the removable 
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baffles in the vessel. When in operation, a low pressure area is 

created at the turbine impeller. 'll1e gases ~~e drawn down through 

the hollctw shaft and dispersed through the liquid, and the bubbles 

are broken up by baffle. 'lhi~ type of agitation provides uniform 

SQspension and insures constant circulation of the reaction gases 

through the liquid. 
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FIGURE 9 • THE STRUCTURE OF THZ STANDARD 
ONE GALLON STIRRED AlTTOCLAVR 
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DESCRIPTION OF ORE SAMPLE 

The sample used for these series of tests was obtained from 

the former Betty Baker Mining area, six and one .. half miles no:tth 

of Hillsville, Virginia. 

'lhe: a.mount of iron, sulfur, zinc; copper and lead in the ore 

are shown be lPW: <28 ) 

Fe 
s 
Cu 
Zn 
Pb 

'l'OTAL 

Gangue {by difference) • 36.18 

Percent 

35.52 
25.37 
0.63 
1.96 
0.34 

63.82 

It c.an be noteg from the previous wcrk on the flotation and 

table concentrate that a •65 mesh Tyler jrind followed by a tabling 

and bulk flotation will gi~e a 70.60 percent recovery of sulfides 

with an analysis as shown belowi <28 ) 

Fe 
s 
~ 
Zn 
Pb 

TOTAL 

Gangue (by difference) =- 11.37 

Percent 

48.27 
36.38 
0.88 
2.62 
0.48 

88.63 

!t is evident that the bu1k flotation sulfide.s, if the metal 

values could be separated economically, would be an attractive 

material for exploitation. 
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According to the past research efforts the following estil11ates 

can be used for impurities in iron ores without penalties~* 

Coppet to iron ratio l tp 1000 

Zinc to iron ratio 1 to 10000 

Sulfur to iron ratio i to 1000 

lead to iron ~atio 1 to 1000 
or 

(depending on ma.rketi) 1 tt) 10000 

Assuming that a 58 percent iron product would be achieved, 

this ·would allow the follwing amounts for impurities: 

Copper 

Zinc 

Sulfur 

lead 

Percent; 

0.06 

0.006 

0.06 

0.06 or o.006 

*Forei:na.n, W., research, .contacted Dr. G. c. Mc.Bridge and obtained 
these data. 
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EXPERIMENTAL PROCEDTJl.U;S 

'!he plan in this investigation was to convert the sulfides 

of zinc and copper fnto soluble oxides or sulfates by roasting in 

a fluidized bed kiln (see F!g. 5 and 6) . 

The fluidized bed technique has become important in processes 

.i,t):Volving the contact between solids and gases because of the high 

rate pf heat and mass transfer possible . In a fluidized bed a 

stream of gas is blown up through a mass of solid particles at a 

high rate . The main advantage of a fluidized system Hes in its 

capability fo:r maintaining a. uniform temperatur.e throughout the 

bed . 

'11te kiln was operated by charging the bed with about five 

pounds of sulfide ore . The choice o·f a good sample collecting 

tempE!J"ature of 1400°F. was <letern1ined from the res\llts of the 

pre~ious researcher, c. H. Shiuh.<28) 'l'h.e tempe~ature within the 

kiln was raised to 900°1? . , the air turned on,, and the reaction 

started, . For temperatu~e control and cooling pm:poses, water was 

used ae previously described when discussing the apparatus . '!he 

bed temperature was read with a ~eds and Northrup Potentiometer 

and a chromel·alum.el thermocouple in a sealed thetmocouple well . 

The kiln was allowed to run for two hours at constant temperature 

by adjusting the variable speed d-rive in the Vibra Screw Feeder 
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and by adjusting the voltage with the variable transformer . Tbe 

coarse material from the bed overflow outlet was collected in a 

sealed jar . '!he fines were removed by a cyclone and also collected 

in a sealed jar . Tbe cyclone overflow and kiln gases were dis~ 

charged into the atmosphere . '!he two samples of coarse and fine 

material were combined for leaching tests . 

~aching of the Roasted Calcine 

Tbe procedure$ for operating the autoclave to leach the 

roasted calcine is presented in Appendix H. 1he selection of the 

approximate amount of milliliters of H2so4 was investigated by 

C. H. Shiuh . (ZS) 

Curve Fitting 

Pµrpose : After obtaining the e~erimental datn and plotting 

a curve , the data was fitted with a continuous function . 

'lbeory: 'llle basic idea of fitting a curve to a polynomial of 

any degree is quite simple .<46 ) For example: 

x y 
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If the values in the above table are known, it is possible to 

fit a second order equation to these values so that the data is 

represented as follows: 
? 

y = Ax- + Bx + C 

where A, B, and C are constants. 

lhe known values of x, y are substituted 

equation, and results in the following set of 

Yo =A (x )2 
0 +B (xo) + c 

Y1 ""A (xl) 2 +B (xl) +c 

""A 
2 +B (x2) + C Y2 (x2) 

into the proposed 

linear equations: 

Here there are three equations with three unknowns which can 

be solved for the value of A, B, and c. 
x y ts.y ti· y 

Xo Yo 
yl-yo 

xl Y1 (y2•Y1 ):.(yl •yo) 
Y2·Y1 

X2 Y2 

where: y is called the first difference, 

~2y is called the second difference, 

and so on. 

'!he following equation may be 

y = Yo + )_1)6yo + ~2) 
).}.m) ........ 
m! 

used for curve fitting : 

A3> A3 
3! ~Yo + 



where: 

P.= ~ 
h 
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h = ~l - Xo = x2 - x1 = ···················~·~ 

pm) = ,M ( ,P • 1)( A( .. 2) • • • • • • • ( p, If' m + 1) 

For example: 

When 250°F. of 8 cubic centimeters H2so4 were applied in 

single leaching, the following calculation can be made: 

x y ey ti t:,.3y 
y 

Concentration % Zn 

x - 8 y0 = 0.480 0 •0.270 
Xl 1111 12 yl .,. 0.210 0.195 

-0.075 -0.145 
x2 • 16 Y2 ... 0.135 o.oso 

-0.025 
x3 = 20 Y3 • 0.110 

A third order polynomial will be sufficient to fit this curvQ 

How, • 8, Yo • 0.48, h = 4. 
0 

Therefore: 

JJ. = x 4 8 = ~ - 2 

l 
y = 0.48 + (~2)(-0.27) +2 (0.195)(~ -2) 

(~ - 3) + 1/6 • (•0.145)(~ - 2)(! - 3) 

(.! - 4-) 
4 

x x 2 = 2.185 - 1.3818 (4) + 0.315 (4) - 0.0241 

(.!)3 
4 
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The other curves are plotted with the same method. The £uru:: tions 

at• obtained by f ittins the points and plotting the curves from 

these fitted equations .• 
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DATA AND RESULTS 

A thorough literature review and previous work made it possible 

to select the most critical parameters involved in the roasting 

and leaching operations. These parameters are (1) leaching temper-

ature, and (2) the concentration of sulfuric acid in the leaching 

process. 

The first number on all of the tests after the "GL" designa-

tion is the leaching test. The second number is the feed rate for 

the roasting test. The third number will be used later in this 

section, "l" meaning single leaching and "2" meaning double leach• 

ing. For example, GL-32-8-1 means leaching test number 32 at a 

feed rate of 8 grams per minute in the roasting test followed by 

a single leach. 

Test 1 - This test was conducted to investigate the particle size 

of the Great Gossan Lead Ore in the roasting processes in the 

Fluidized Bed Kiln. The data and results are presented in Table 8 

and Fig. 10. 

Test 2 .. The purpose of this test \>7as to investigate the maximum 

recovery of iron during the process of the leaching in the auto-

clave. The data and results are presented in Table 9 and Fig. 11. 

Test 3 - In this test, a double leaching was applied to determine 

the maximum recovery of iron in the leaching process. The data 

and results are presented in Table 10 and Fig. 12. 
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Test 4 - In this investigation, a series of tests w.re performed 

to determine an optimum leaching temperature and concentration of 

sulfuric acid in the extr&ction of acid soluble zinc oxide in the 

autoclave. The data and results are presented in Table 11 and 

Fig. 13. 

Test 5 - In this investigation, a double leach was performed to 

determine the optimum leaching temperature and concentration of 

sulfuric acid for extraction .of acid soluble zinc oxide. The data 

and results are presented in Table 12 and Fig. 14. 

Test 6 - This test was designed to obtain a suitable leaching 

temperature and enough concentration of sulfuric acid in the 

extraction of acid soluble copper oxide in a single leaching. The 

data and results are presented in Table 13 and Fig. 15. 

Test 1 - In this test, a double leaching was used to determine the 

optimum leaching temperature and the concentration of sulfuric acid 

for the extraction of acid soluble copper oxide. The data and 

results are presented in Table 14 and Pig. 16. 



TABLE 8 

~l«t Standard S-creen SiZ$ of the Gossan 1,ead 01:'e for the l{oasting 
in the P'luidi.zed Bed. 

0 

screen scale Ratio 1.414 CWIJllP la"1 ·· 
Openi ng fyler tive 

.Mesh Sample Lead Ore Weights 
Inches Millimeters Weii?ht Perc:entasze . Perc~ta2e 

.065 1.651 10 o.ooo o.o o.o 

.046 1.168 ~ 0.005 0.1 0.1 

.0328 .• 833 20 0.080 2.0 2.1 

.0232 .589 28 0.740 18.8 20.9 

.0164 .417 35 0.970 24.7 45.6 

.0116 .295 48 0.1$50 16.S 62.l 

.0082 .208 65 0.260 6.6 68.7 

.0058 .147 100 0 .2~0 6.4 75.1 

.0041 .104 150 0.230 S.8 80.9 

.0029 . 074 200 0.290 7.4 88.3 

.0029 .074 -200 · 0.460 11. 7 100.0 

(pass-ec) (pas sed) 

3.935 100.0 
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TAJ'LE 9 

Chemieal Analy.si& -0£ Leached P-rod:ucts For Single Leaching of Iron With 8 to 20 cc of ~S04 
At 250°•.550°1?. 

Temp. R2S04 Moist. Ignition Insoluble 'Sulfur Iron Iron % or. ec. % % % % % Recoverv 
Gosean Leacl 
Or-.e 1.32 2.-54 10.09 5.84 58.03 
GJ...32-8-1 250 8 0.26 1.38 11.13 3.55 57.93 92.51 
'Gl.-3.J-8-1 250 12 0.41 1.43 11.19 2.83 57.7'9 91.55 
Gt-34-8-1 250 16 0.21 1.19 11.15 3.15 56.45 90.07 
GL-35-8-1 250 20 0.22 1 .. 53 11.11 .. 3.83 55.30 88.12 

Gt-36-8-1 350 8 0.16 1.88 11.20 3.23 57.50 90.85 
GI..-37·8-l 350 12 0.11 2.65 11.19 3.13 56.40 88.58 
GL-38-8-1 350 16 0.23 1.96 11.17 3.65 54 .30 85.90 
GL•39·S-l 350 20 0.06 1.86 11. lf> 3.53 50.95 80.87 

GL-40-8-1 450 8 0.18 1.97 11.16 2.83 56.00 88.67 
GL-41-8-1 45:0 12 O.l3 2.05 11.20 3.18 54 .• 90 86.62 
GL-42-8•1 4.SO 16 0.17 2.22 11.18 2.20 51.25 81.04 
Glt-43-8-l ti.so 20 0.11 l.(;4 11.15 2.40 47 .3-5 75.28 

GL-44-8-1 550 8 0.19 2.19 11.12 3.35 55.15 87 •. 41 
GL·45·S-l 550 12 0.17 i.ao 11.15 2.55 53 .• 40 84 •. 71 
GI.-46-S·l 550 16 0.16 1.66 11.1-8 2.40 49.50 78.69 
GI.-47-8•1 550 20 0.14 1..57 11.22 2. 09 41.15 65.-05 

~ 
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TABLE 10 

Chemical Analysi-s- o-£ Lu:ched Products fo-r Double L'Uclling of Ir-0n With 8 to 20 cc .. 
of ll2so

4 
at: 250.,·~50°P-. 

-

Temp. ~S04 Moisture Ignition Insoluble Sulfur Iron I't'on %_ or. cc. % 1.. % % % Recovery 

Gossan Leru ' 
Ore . .. 1.32 2.54 10.09 5.84 58-.0.3 
GL-48·8-2 25(} 8 0.26 t.38 11.20 3._ss 57.85 91.78 
Glr49 .. 8-2 ,250 12 0.41 1.43 11.21 2.83 57.50 91.22 
GL-50-8-l 250 16 0.21 1.19 11.20 3.15 55-.85 88.72 
GL-s1-a-i 250 20 0.22 1.53 11.19 3.83 54 .55 86 .44 

GL-s2-a-2 350 8 0.16 l.88 11.21 3.23 56.95 89.90 
GI.-53-8-2 350 12 O.ll 2.65 11.20 3.13 55. 75 87.38 
1GL-54·8-2 350 16 0.23 1.96 11.18 3..65 53.45 84.58 
GL-55-8-2 350 2-0 0.06 1.86 u.21 3.53 49.56 78.31 

GL-56-8-2 450 8 0.18 1.97 11.18 2.83 53.60 84. 70 
GL-57-8-2 450 12 0.13 2.05 11.-22 3.lB 53.15 83.70 
GL-58-8-2 450 16 0.11 2.22 11~21 3.2-0 48.90 77.12 
GL-59-8-2 450 2-0 o.u 1.64 11.19 2.40 44.15 70.93 

GL-60.-8-2 550 d 0.19 2.19 11.19 3.35 51.55 s1.1a 
GL-61-8-2 550 12 . 0.17 1.80 11.18 . 2.5.5 49·.15 77.76 
GL-62-8-2 550 16 0.16 1.66 11.23 2.40 4lh70 70.7,8 
GL-63-8-2 550 20 0.14 1.57 U.24 2.09 37.75 60.57 

'° ,..,.. 
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TAnLE 11 

Chemical Analysis of Leached Products For Single LE-..aching of Zinc With 8 to 20 cc. 
of n

2
so4 at 250°-550°F. 

Temp. a2so4 Moisture Ignition Insoluble Sulfur Zinc 
OF. % % 'Z % % '%. ----

Gossan Leac 
Ore 1.32 2.54 10.09 5.84 1.795 
GL-32-8-1 250 8 0.26 l.38 11.15 3.55 0.480 
GL-33-8-1 250 12 o.td 1.43 11.19 2.83 0.210 
GL-Jl:.-8-1 250 16 0.21 1.19 11.15 3.15 0.136 
GL-35-8-1 250 20 0.22 1.53 11.14 3.83 0.105 

GL-36-8-l 350 8 0.16 1.88 11.20 3.23 0.373 
GL-37-8-1 350 12 0.11 2.65 11.19 3.13 0.165 
GL=38-8-l 350 16 0.23 1.96 11.17 3.65 0.093 
GL-39-8-1 350 20 0.06 1.86 11.16 3.53 0.080 

GL-40-8-1 450 8 0.18 1.97 11.16 2.83 0.293 
GL-41-8-1 450 12 0.13 2.05 11.20 3.18 0.091 
GL-42-8-1 450 16 0.17 2.22 11.18 3.20 0.053 
GL-43-8-1 1~so 20 0.11 1.64 11.15 2.40 0.038 

GL-44-8-1 550 8 0.19 2.19 11.12 3.35 0.245 
GL-45-8-1 550 12 0.17 1.80 11.15 2.55 0.075 
GL-46-8-1 550 16 0.16 1.66 11.18 2.40 0.032 
GL•47-8-l 550 20 0.14 1.57 11.2.2 2.09 0 .025 

Zinc % 
Recovery 

74.22 
89.25 
92.98 
94.59 

80.95 
81.63 
95.2l; 
95.89 

85.00 
95.36 
97.29 
98.05 

90.33 
96.15 
98.36 
98.72 

\0 w 



50 I ., 
• 
\ 

• 250° 11 

0 350° F 40 

r \ ~ 0 4 450° F 
~ \ ~ 550° F 0 
~ 
r:c:.: 
~ 

~ 30 I A r:.J z 
1-4 
Q 

~ 
0 

I x 

~ I \ 
""" ""' . ...._ i .... 20 b:l 

t,;i 
< 
~ 
....-:c 

z 

I ~~ ~· 1-4 

tJ • z 
1-1 10 
~ ~ ~ 0 

A. 
~ 

I 
0 

8 10 12 14 16 18 20 

CONCENTRATION or H2S04 IN BILLILITER 

JIGUR.E 13. OPTIMUM SDfGU: LEACHING or ZINC AT 250°-550° F FOR THE 
-

ROASTDlG TBMPERATUU &T 14000 F. 



i 

TABLE 12 

Chemical Analysis of Leached Products, for l)oubl:e Leachi.ng of Ztnc with 8 t<i 20 cc. 
of H2S04 at 250°-S50°P-. 

temp. H2ro4 Moisture Ignition Insoluble Sulfur Zinc. Zinc % 
c.F • cc. % % . % % 'M. Ree·o~ry , 

Goesan teac 
Ore . 1.32 2.54 10.09 5.84 1. 7.95 
GL-/.i.8 .. S- 2 25-0 8 0.26 1.38 11.2-0 3.55 0.39'5 79.74 
GL-49·8-2 250 12 0.41 1.43 11.21 2.83 o.1a1 I 90.43 
GL-50-S.2 250 16 0.21 1.19 11.~ 3.15 -0.105 94.61 
Gt-51 .. 8•Z 250 20 0.22 1.53 11.19 .3.83 0.087 95.54 

GL-52-8·2 35{} I 8 0.16 1.88 I 11.21 3.23 0.335 82.9.0 
GL--5~8·2 350 12 0.11 2.65 11.20 3.13 0.144 92.70 
GI..-54-8·2 350 16 0.2l 1.96 11.18 3.65 -0.011 I 9~.~7 m..-ss .. a-2 350 20 0.06 1.86 11.21 3 • .53 0.064 90oL8 

Gl..-56-8·2 45.0 8 0.18 1.97 ll.lS 2.83 0.261 .86.67 
GL-57-8-2 450 12 0.13 2.05 11.22 3.18 Q.071 96.39 
GL-.58-8-2 450 16 0.17 2.22 11.21 3.20 0.03~ 98.01 
GL-59·8-2 450 20 o.u l.6!~ 11.l9 2.40 0.032 9&.36 

GL·60-8-2 550 G 0.19 2.19 11.19 3 .. 35 0.225 88.54 
GL-61-8-2 550 12 0.17 1.80 11.18 2.55 0.048 97 .54-
GL-62-8-2 550 16 ().16 1.66 11.23 2.40 0.021 98.92 
GL-63-8-2 550 2-0 0.14 1.57 U.24 2.09 0.019 99.03 

\0 
V1 
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TABLE 13 

Cheruical Analysis of Leached Products For Single Leaching of Copper with 8 to 20 cc 
of H2so4 at 250°-550"F. 

Temp. H2so4 Moisture Ignition Insoluble Sulfur Copper 
. op. cc. % % % % % 

Gossan Leac 
Ore 1.32 2.54 10.09 5.84 0.388 
GL-32-8-1 250 8 0.26 1.38 11.13 3.55 0.309 
GL-33-8•1 250 12 0.41 1.43 11.19 2.83 0.238 
GL-34-8-1 250 16 0.21 1.19 11.15 3.15 0.159 
GL-3s-:.s .. 1 250 20 0.22 1.53 11.14 3.83 0.127 

GL-36•8•1 350 8 0.16 1.88 11.20 3.23 0.280 
m.-37-8-1 350 12 0.11 2.65 11.19 3.13 0.181 
GJ}f.:i8-8· 1 350 16 0.23 1.96 11.17 3.65 0.120 
Glr39-8-1 350 20 0.06 1.86 11.16 3.53 0.103 

GL-40·8-l 450 8 0.18 1.97 11.16 2.83 0.228 
GL-41-8-1 450 12 0.13 2.05 11.20 3.18 0.108 
GL-42-8-1 450 16 0.11 2.22 11.18 2.20 0.889 
GL-43-8-1 450 20 0.11 1.64 11.15 2.40 0.061 

GL-44-8-1 550 8 0.19 2.19 11.12 3.35 0.210 
GL-45-8-1 550 12 0.11 1.80 11.14 2.55 0.084 
GL-46-8·1 550 16 0.16 1.66 11.18 2.40 0.056 
GJ,-47-8-1 550 20 0.14 1.57 11.22 2.09 0.043 

Copper % 
Recovery 

26.20 
43.61 
62.06 
69.73 

33.84 
57.53 
71.61 
75.55 

46.00 
74.52 
78.95 
85.49 

50.22 
80.08 
86.69 
89.83 

'° "' 
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TA»LE 14 

Chemical Analysis of Leached Products for Double: Leach,ing of Copper with 8 to 20 cc .• 
of n2so4 at 250°•550.F. 

Temp. H2so4 Moisture Ignition Ina-oluble Sulfur Copper ·Copper '7.. 
or. cc. % 't. '7.. 'X. % Recovery 

Gossan Lead 
Ore 1.32 1 2.54 10.C9 5 • .84 0.3885 
GL-48-8-2 250 8 0.2-6 1.38 11.20 3.55 Q.282 33.09 
GL-49-8-2 250 12 0.4,1 1.43 11.21 2.83 Q.218 48.41 
GL-50·8-2 250 16 0.21 1.19 11.20 3 .. 15 0.134 68 .16 
GL-51-8-2 25fl 20 0.22 1.53 11.19 3.83 0.110 73.93 

GL-52·8-2 350 s 0.16 1.88 11.21 I 3.23 0.259 38.85 
GL-53-8-2 350 12 o.n 2.65 11.20 3.13 0.156 63.43 

I 

GL-54-8-2 350 20 0.23 1.96 11.18 l.65 0.111 j - 73. 76 
GL-55-8·2 350 20 0.06 1.86 11.21 3.53 o.os1 I 79.44 

GL-56--8--2 450 8 0.18 1.97 11.18 2.83 o.21s I 49.19 
GL-57-8-2 450 12 0.13 2.05 11.22 3.18 0 .. 103 75.74 
GL-58-8-2 450 16 0.17 2.22 11.21 2.20 0.011 83.25 
GL-59-8-2 450 20 0.11 1.64 11.19 2.40 0.049 88.39 

GL-60-8-2 550 8 0.19 2.19 11.19 3.35 0.183 56.89 
GL-61-8-2 550 12 0.17 1.80 ll.18 2.55 0.061 85.56 
GL-62 .. 8-2 550 16 0.16 1 .. 66 11.23 2.i.o 0.044 89 .. 58 
GL-63·lt·2 550 20 0.14 1.57 lla24j 2.09 0.035 9174 

'° \Cl. 
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DlSCUS$!0N OF tmsUL'TS 

tn thts investigation sulfuric acid was used to leach t.he 

roasted 8\llfide ore. This ac:td reacted with the Cua, Zno, and 

Fe203 to fotm euUates of which Znso4 and cuso4 a'l.'e $<>1.ub1e in 

the soluti.01,1. 

Test l • From the previous investigations the re$e.a.rcher found 

the opt~ s:tee of the Great Gossa.n Lead ore. The ,screen 

analysis indicated that the size of the ore was a$ shown on 

l'able 8 and Pig. 10. 

T@st 2, • Ft'<ml 7at>le 9 ~d !'tg. U it MY be op.&ell'ved thti.t th~ 

pe-rcentage of iron decreases as the QtOunt of sulfuric acid and 

quantity of sulf'1ric acid and the higher the 1ttach1ng tempera.tµre, 
. (47 48) the less the percentage of iron retained in the residue. ' 

loll." ~1e, the ~tra.¢tton of tron dee'te3ses fx-om 92 • .51 pe'l'cent 

to 65.05 percent when the coneentraiion of sulfuric acid increases 

from 8 cubic eentiineters at 1S0°F. ,to 20 cubic eentilneters at .550°F. 

From Test I. and Test tve know th~t the percentage of iron 

decreases as the atllOunt of H2so4 and the leaching ,temperature in-

ere.as What is the reason that the percentage ot iron drops ._, 

that fast? 

1. The small amount (l/10) of filtrate j.s being used 

in the quantitative chemical analysis. 
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2. The indic~tor is applied to determine the percentage 

of iron by watching the change of color. It is im-

possible to determine the correct color by eyes for 

slight changes. 

It is suggested that the "Spectrophotometer" be used in the 

future. 

The theory of the solubility of iron in H2S04 vith high tem-

perature is as follows: 

where: 

A • lrun 

C, D • tbe results 

a~ a: 
where : 

KA a Equilibrium constant 

~, ... K .. = Reaction ra.te 

d. "'Activity 

CASE I: The concentration of ~so4 : 

K = Ze o a 

t<;&. 

The reaction is steady. There is not too much difference 

between the variety of the amount of H2so4• 
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t ko. /I re. , K, /' K ~ 

o..A + ~ B __ _..,, ... G c t 

Therefore, the higher the ~ , the m.ore iron is dissolved. 

CASE II: The variation of Temperature: 

Where NJ • Free energy 

T • Temperature 

dG • VdP • SdT 

(~) =-s 
p 

l~o 
slope c: - - -R 

T 

...L ( !&. )= l dtG +[:.a; J «r -T T F TZ'" 

~ ( ~ )~ ~ 
Since, ~ l ': ) 0 • ;r;:· 



l t1l,. 

So, 

d in Ka -mo = 
d ! R-

T 

~here: .oH0 =He.at of reaction<49)* 

R = Gas constant. 

Conclusion: The he.at of reaction increa~es the higher the tempera .. 

ture or the higher the K8 , the t,110re iron is diss~lved. 

test 3 - The results of these double leaching tests ai-e shown in 

Table 10 and Fig. 12. It can be seen that iron 4ecreases from 

91. 78 percent to 60.57 percent as the amount of acid increases 

frol!l 8 cubic centimeters to 20 cubic centimeters, and the lea.ch-

ing temperature increases from 250°F~ tp 550°F. 

This investigation indicates that the greater ~e amount 0£ 

sulfuric acid and the higher the leaching temperature, the less 

the reoovery of iron. 

Test 4 .. From these results -we know that the greater the sulfull'ic 

acid conc.entration and the higher the leaching ·t«mperature, the 

greater the zinc extraction. 'l'he results of these t~sts are pre• 

sented in Table 11 and Fig. 12. 

*M• = Heat of reaction is 47,561 g•c.al, according to the thermo-
_c-hemical measurements, and 47 ,437 from the electromotive force 
and its temperature coefficient111 
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t~st 5 • Prom Table 12 and Fig~ 14 it may be observed ~hat the 
" 

zinc •traction with the doubl~ leaching method is higher than 

with the single leaching method! 

For in~buic~, tbe zinc ~traction increase.G from 74~22 p~l''."' 

cent to 99~03- percent . 

'test 6 ~ From the data and results in Table 13 and Fig. 15, it. can 

be seen that the copp~r ~traction increa~es f"t"om 26.25 p$rcent to 

89.83 percent as acid concentration e.nd temperature to.creases. 

T~s:t 7 • from Table 14 and )]'1g. 16 :tt may be observed that the 

copper ~t.ra.ction in.cre.ased .from 33 .. 09 p.ercent to 91. 74 p.erc-ent. 

This infQrmation shows that an increase of acid and leachin..g 

teinperatu;:e produces an increase in extracted acid soluble copper. 

This ia due to a more contpl~e oxidation of copper sulfide at the 

high.el!' leaching t¢mperature and morl3 sulful'ic acid. 

This investigation also indicate$ that the do1,:1.bl$ bachin.g is 

more successful than the, single leaching. 
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SUMMARY AND CONC!.USI.ON 

In t;h:f.s investig~tion the variable factol's involved are the 

temperature, the co~centration of the leaching agent, and the per• 

centage of the itnpuri.ties· recoveJ;"ed in the pt:o~esa. Also the:re i~ 

a correlation b~tween the time spent in lt!aching and 'the siguifi~ 

cant percentage of the impurities, removed. The data from the 

experiment 'ttill now be studied and a conclusion drawn concerning 

the ultimate advantage to be derived from combining these factots. 

'the expf!rimental results indicate that higher leachin:g tempera• 

tures gives a higher per¢ent~ge yield of the impurities to be re• 

covered. Fot example, zi.itc hatJ ;a recovery of 79. 74% when leached 

at 2501>1., 8 bubic centimeters, R2so4 whil.e it$ t'ate will increase 

to 88.54 percent at 550°F., 8 cubic centimeters, HzS04• On the 

other hand with a higl:ter concent:ratio'r;li of the leac:hins agent, it 

is found that the recovery of the impurity metal is also higher. 

With the same sample of calcine at S50°F., 8 cubic c ea~ixneters, 

n2so4, 79.74 percent of ~inc is recovered, but with an increase 

in concentration to 20 cubic centimeters, H2so4, 99.03 percent 

zinc ia <>htained. lt is therefor~ appJSt.rent t~t the highest: leaeh .. 

ing tempe-rature with the most concentrated leaching agent gives 

the highe$t percentage of impurity metal recovery. Ye~ the amount 

of iron in the calcine dissol~es in direct proportion to the in-

~teased amount of these two factors. The loss of iron induces 

t:1rrors in the reporting of the use!-ul perc~n~age of the calcine. 
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Benc.e it is desirable to intetptet the data sp that the recovery 

of the impurities in the calcine is optitnum with a reasonable· but 

not an undue. e.mount of iron ~:i,.ssolved ~<le:r a. partieul"u· eombi.na• 

U.on of temperature and concentration Qf the leaching agent. 

Fi?:$t $tudied are Tables 9 and 10 of the percentage of !J"on 

retained at various leachittg agent concentration.a sq that a reason• 

able ta.nge of iron is retained. 

From t:hes£ al it may be concluded that a temperature of 

4so•p. and an acid concentfation of 16 cubie centi111etets1. u2so4, 

repte$ents the best leaching condition for im,pul:'ities with a minimum 

loss of iron. 

M for the leaching proee$s itself, double leaching provides 

more t:itne for reaction and as e.xpected, the recovery rate is 

higher. lb.iS can be shown by tbe recovery rates under the same 

temperatur~ and concentiation but with different d~ations of 

leaching. It is found that in this investigation double leaching 

may prO'Vid~ a higher reaove~y pe~centag~, but the additicnal til'l).e 

it requites ean offset the slight advantage in accuracy. 'lhere ... 

fore, the best experimental results may be ebtained by a slow 

single le.aching. '!here ~re two reasons why this e:8J>ertment was 

stopped at a temperatute Of 550°F. First, the amount ()f iron loss 

increases prohibitively at this higher temperature. Secondly, it 

i.s impossible because of mechanical limitations to physically oper• 

ate the react<:>r •t higher temperatures than SS0°.F. 
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RECOl!IMENDATION FOR FUTURE won 

Oxida~ion leaching of Zinc and Copper Sulfides in Acidic Pulps at 

El~1ated Temperatures f!!ld Pressures 

This technique is suggested to be used . for leaching teats in 

the future because the rate of reaction is proportional to the 

temperature and pressure. 

Aqueous Chlorine Used iin Low Tesuperature and pressure 

The uae of an acid chlorine eolution under a condition of low 

temperature and pressure is suggested for the leaching process 

because recently scientists have found that the reaction rate 

under such conditions is quite fast. 

Ammonia Leachirig 

It is suggested that Jtudies be made to determine the feasi-

bility of using anmonia in the leaching process for the recovery 

of zinc and ~opper from the leach solution since acid leaching 

yielded ~pure leach solutions and caused severe corrosion to the 

stainless-steel autoclave. However, leaching of anmonical pulps 

should be more attractive than acid leaching since the leached 

solution should be relatively free of iron impurities and the 

corrosion of equipment is negligible. 

Leaching Time 

All the leaching tests in this investigation were performed 

for one hour. It is therefore recoII111ended that a much longer 
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leaching time be investigated for all tests in the future so that 

more zinc and cQpper will be disso.lved by the sulfuric acid. 

Impeller Speeds in 1000 Revolutions Per Minute or More in the 

Autoc la.ve. 

It is suggested that impeller speeds of 1000 revolutions per 

minute or mo-re be used in the l\l.Utoclave during leaching, s .ince the 

'teaction. rate is proportional to the speed of the impelte:r. 
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Affl00>1CES 
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Al'PENDIX A 

Calculat:.ion for air needeg in. r .oasting operation. 

8 gr . .ams (feed rate) x 33.4% (sulfur content) 

= 2.67 grams. of ,ulfur per minute, 

or 2.61 grama vf o2 per mi,nute (.S + 02 t=t so2) 

2.67 - x - - -21 79 

X = N2 = 10.50 grantS of ai~ per ~inute 

20% eltcess air 

20% ~ (10.50 + 2.61) .. 2.54 

Total air needed would be: 

or 15.26 = O 03.35 pound per -"nute 456 • . . . 41.l"" 

or O.SS cubic feet O·f air per minut<El. at 20% eJCce.E?s .air. 

: ! 
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APPE;'D)tx B 

Calculation of sulfuric acid rteEded for leaching operation 
' 

ZnO + H2so4 
CUO + H2so4 

Znso4 + a2o 

Cuso4 + Hz~ 
Total sulfuric acid needed would be: 

200 gram (c..alcine in autoclave · in grams) x 2.<rZ(zinc content 

in the calcine) e 10.00 cubic centimeters. 
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APPENDIX C 

Procedure of chemical ~naly;sis of iron 
1. Weigh l.000 gram· of iron-bearing 1lJ4teri~1 into a 2SO 

milliliter beaker. 

2. Add 25 milliliters of strong HCl. 

3. Heat for one hour with watch glas.s cover on until res.idual 

is free. 

4. Dilute with distilled water to 2 or 3 tinies. 

5. FUter. 

6. HQ.t filtrate to l96~P. 

7. Add Sncl2 ~olution until the filtrate is colorless, then 

.add two drops more. 

8. Di.lute tt to 200 cubic centimetel;'s with dbt;illed water. 

9. Cool to room temperature. 

10. Add sat~rat~d HgC12• 

11 Ti . h K C n-. (-a i Di h ) · · (CN)6 • · trate wLt 2 r 2..,, .110tass um · c ro•te , us1n.g ~Fe2 

as indicator. 
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APPENDIX D 

frpc,edur,e of ~hemical analYsi& qf zinc 
' 

l. Wei,gl1 l.000 gram of dried sample into a 250 milliliter beaker. 

2. Add 15 milliliter of concentrated HN03• 

3. Heat until brmm fumei;i are almost gone. 

4. Add one gram of HelOr 

5. Heat and evaporate to drynes$. 

6. Cool to room temperature. 

7. Add 10 to 15 grama of r$4gent•grade NH4cl. 
8. Add 20 milliliter of strong NH4oH. 
9. Dilute t'O 15 mil,lilitel! with distilled water. 

10. Add 20 milliliter of Br2(llzO)(bromine water).. 

11. Boil 10 minu~es. 

12. Allow precipita.te to sett.le. 

13. Filter. 

14. Wet the filter paper with hot water. 

15. :t,et !t be acid with HCl. 

16. Di.lute to 200 millilite't with distilled water. 

17. Add metallic lead. 

18. Boil until all copper is precipitated. 

19. Add SO milliliter of u2o and 5 milliliter of strong HCl. 

20. Heat filtrates until 709 F. 

21. Titrate with ~41e(CN)6•3H2o using uranyl nitrate as an out-

side indicator. 
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APPENDIX E 

Procedure of chemical analysis of Eopeer ' . 

L Weigh 1.000 gram of dried sample into a 250 milliliter beaker. 

2. Add 7 milliliters of strong HCl and then heat .• 

3. Add 10 milliliters of strong HNo3 and then heat,. 

4.. Add 7 milliliters of strong 112so4 and then heat. 

5. .Evaporate until sulfur:te acid fumes are strong. 

6. Cool to room temperature. 

7.. Add 30 lni.lliliters of di$t:Uled "°1ateT. 

8. Heat until all soluble salts are in solution. 

9. Cool. 

10. Add 4 gi:ams. ,of metalli.e zinc. 

11. Heat. until the zinc dissolves .. 

12. Add 25 milliliters of a2s watet;. 

13. Filter. 

14. Wash the precipitates many times with distilled water. 

15. AQd 7 milliliters of stl.'ong HN03• 

16. Boil until the nitr.,ua fumes a.re gone. 

17. Pilt~r. 

18. Wash the filter p~per with 5 milliliters bromine water . 

19. Cool to room temperature. 

20. Let it be just alkalin~ by using NHq.Oll. 

21. Then let it be acid again with a few drops of acetic acid. 

22. Add 2 or 3 cubic centimeters 80% acetic acid. 
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23. Cool to room temperature. 

24. Add 3 grams . KI. 

is. Add 5 milliliters of starch solution. 

26. Titrate with thiosulfate. 
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APPENDIX F 

Procedure of chemical analysis of moisture and ignition 

1. Weigh 1.000 gram of sample in a crucible. 

2. Put the crucible and contents in a dry oven and dry at 105°C. 

for one hour. 

3. Cool and weigh. 

4. Heat strongly at 1400°F. for one and a half hours. 

5. Cool in a desiccator. 

6. Weigh. 
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APPENDXX G 

Procedu:r.'1e of ·chpi£al analysis .pf sulfur 

1. Weigh 1.000 gram of sample in a 2SO milliliter beaker, 

2. .Add 20 cubic centimeters of concentrated HN03• 

3. Heat. 

4. Add 1 gram KCl03 ~ 

5. Add excess HCl and evapet."4te to dryness;. 

6. Add 10 to 20 cubic ·c·entitlleters ,of Irol and ev.aporate to 

dryness. 

7. Add 15 ·to 40 cubic centimetets s tron& HCl and evapo.t'a te the 

solution until a skim forms. 

8. .AQ.d ,$ to 10 cubic centime't;er$ of NCl and dissolve th~ iron. 

9. Dilute tlle solution. in the same atllbunt of bot "1at:er. 

10. Filter. 

11. Wani the filtrate to 60"'C. 

12. Add 10 cubic centimeters, 10% Ba,Cl2• 

13. Let it stand for 4 h-mn:-$. -and ~et;tle . 

14. ll'UtGir. 

15. Ignite at 14009~. for one hou~. 
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The procedure for oeeration of th.a §utoclave to.leach the roa$ted 

calcine. 

1. lteinove the rotor seal assembly. 

2. ~emove V•belt. 

3. Remove the h~-socket cap screw from the cover. 

4. R.emove the cover assenibly by grasping the stuffing box and 

lifting st~aight up. 

5. Remove and clean the cover gasket. 

6. Removf# and clean the baftle a-ssembly and replace. it. 

7. Add 2000 cubic centimeters of distilled water a~d 10 or l.2, 

16 or 20 cubic centi'l1leters df sulfuric acid in the autoclave. 

8. Connect heater to power source • 

. 9. Add 200 grams of roaa.ted ore. 

10. Replace cover gasket. 

11. Replace cover assembly in same position it was in originally. 

12. Screw the right hex•socket cap into the body and tighten it. 

13. Replace V•belt. 

14. Replace rotor seal assembly and connect shaft cooling water 

inlet. 

15. Connect cooling water to connection. 

16. Insert thermocouple wires tnto thermocouple well in cover. 

Connect the other end of the thel;mocouple wires to a Leeds a4d 

Northrup Potentiometer. 
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17. Connect motor to power source~ 

18. Clorae all panel toounted valves. 

19. The t ·emperature of sol,ution to be maint4Uied to within ±: 0~5°, ;· 
.by both a variable tranafo'l'm.er and the w•ter cooling $yste:m~ 

20. Vessel is now ready for operation. 

21. The leaching titne used is one hour. 

Z2. Afte~ , the leaching operation is accomplished, the cool water 

is introduced in the cooling system. 

23. Be sure all pressure i$ relieved then follow the steps from 

one to six. 

24. DischaTge the leaching solution and leaching p~oduct by a 

vacuum pump and filt~r. 

25. '.l'he residue was washed wj.th ·enough solution to remove tJie 

solubilized zinc and copper. 

26. After washing the residue was dried, weighed and analyzed. 
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ABSTRACT 

this investigation deals with the application of high 

pressure and high temperature leaching techn,iques to separate out 

zinc and copper from the iron constituents of a calcined sulfide 

ore. An impo~tant variable in this study proved to be the concen-

tration of the leaching :reagent ·- sulfuric acid. 

The leaching temperature was varied within a range of 250°F. 

to 550°F., and 8 cµbic centimeters to 20 cubic centimeters of sul• 

.£uric acid in 2000 cubic centimeters of distilled water was employed 

a:s the leaching agent concent:ratio11. · 

The major equipment utilized for roasting was the fluidized 

bed and an autoclave for leaching. After the physical and chemical 

treatments of roasting and leaching of the calcine, the resulting 

constituents were studied by means of quantitative chemical analysis. 

Nmnerical theoi-ies wer~ used to co:rrel-ate the points obtained 

into continuous functions of the leaching temperature, concentration 

of sulfuric acid and the recovery pel:'centage. From these curves, 

it is cortcluded that the recovery of the impurities in the calcine 

is propDrtional to the leaching temperature and the concentration 

of the leaching agent. However, under certain circumstances,. the 

leaching action causes loss of iron in the calcine, and the minimiz-

ing of the loss in leaching is also studied. 
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