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INTRODUCTION 

'° 1 - • . , 

'~ 

lNES 

I I • • 

'Th e r e covery o.:i copper b y leaq-h;lng , from rela.tively low gI'&.~. ores 
oontaini"n both oxidized and sulphide Olin6l.'~l s is rapi·dly gaining ill commercial 
importance. There is -an economic limit .. below whi ch certain ores can not be 
treat ed by concentration methods, and material with values below thi s l imi t 
must be discarded, possibly to be treated later, or the copper must be extracted 
b~'wet processes . 

Heap leachin j : has been carried out by the Phelps Dodge Corporation, 
Copper Queen Branch, for several years, and to-day its plant is a large pro
duoil1g un! t. The Ohio C'0pr>er Co I. at Bingham, Ut ah ; J:!).as been .l~ching in place 
since 1919 , Many other leaching · operatio~s are 8:1so be~ng carried ol.l:t -i n 
var iou s parts of the Uni ted Stat es and in foreign countri es . The pl~t, at Rio 
T1nt o. SPl:i l':l , m~y be consid~r~d .,t he fat:t:te~ of h~p lea~hing . , .' . 

... r- • • ( • • - • • 

In heap leaching 'tire are ' is usually heap'ad as it comes from -the mine 
without any breaking , 0·11 qr.ushl,ng treatment, .Frequently. pieces of ~oqk 5 or 6 
f e-et a cross a fac~ are found "in ' the ~hea:ps. I S~lut:1.on i 8 a.d.ded to the 'ore at t h e 
surface and Beeps downward. by gravi ty and is cqlle'cted, in a solution sump. 
Solution i s usually added to one s ection of ti heap and, after a certain quant ity 

, has been added, ,the soluti'on i.s added ;to '&l9the~ sectlon ~ . SQIn.etimes weeks. or 
even months elapse between add! tion s of solution to a g1 van section. 

Fo~ factors are ess·enti.ai to the ' 'successful ·lea~hing· o'f any copper
bearing ore: (1) A solution t hat will attaCk t h e copper minerals must get into 
the ··body 'O f . t he' ore p.articl\~.3· ;. · . (~) ,t}1e c0pper min~als mu~t be disso.lved by the 
solution, (3) t h e solution containing the copper must f~nd its ~y out of the 
void,-s. rinto .the main solutio,n "streE,\/D". and (4) the ~OPJ?er in solution .mus~ b e re-

. cove~e~ by some means of prec1pitat~on •. 
. . .' . 

The'United States Bureau . of ,Mines . ~t it~ Southw9~t ~xper~ent Station, 
,in coopera tion with the ' department· of mini,ng- and metallurgy , University of 
Arizona I ·~l U.B undertaken a study of thes e fundamental fact are involved in the 

I • • • • • .. . I 1 r .. ' .;. • • I. , • J. • • . • J 

1 .... The Bureau 0 f ~.1fne·s will welcome reprint i ng of thi e paper t provided' t h e 
followi ng f ootnote acknowledgment ·is used.: "Reprinted from U, S. Bureau 
')i'Mines InfOrmation Circular 6425." 

2 .... Associ at e metallurgi cal cherni st, Uni t ad States Bureau, of Mif'le:j t Southwest 
Exper iment Station, Tucson, Ariz. 
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leflchin of copper ores. So f~r J .. tp,e, s.~~~~. !~S been limi ted to th~ :ti~st -.t1'U7ee • 
factors, wh ich are t h os e invol ved ' in' tll ;J.ee.ohl .• ~ oper tion i tsalf. ' In l eaChfng 
a iven ore the r a.te. .of. e .. ~t+actton 1s not instanta.noous but goes on slowly, and 
the f a ctors of p enetr~tron' ,- ', d,.i s Bol~tlonF~ 'andt .. aiffusfo~" §9.' on siuml taneously a.nd 
not in successive st eps. owever, theJ·e s tep can be st udied only by s egre-
gat:fn ' ·'· t am" ero as ' t 'o ha.v-e only one f act:QI: .enter~n ._F;Lt a time. The r e sults thus 
obtained lend; ,.t.h.8Ql9~1 v.~ ~q, cqmparisons t ")B.t can b e 'use d "1n commercial practice. 

..... ..... ' •• "~ •• , ~- I •• ~.' , ', .r' .', ~_' ·.f,.. <9' ., ',... ..~.,. J 
T" ' .. 'p ... 'I ,~ • • ... I. ,'... .. ' • • 

This paper presents ,a resume of th e results obtained 'in the beap
le~ing studies made at the Soutll\veat' EJg? r '!'dent. Station, and the general con-
clusions which have been drawn. " 

~ : .... ~ ... w .'.~ .~ • • • ~ .1'1 

. '.: .!" ;.:~ . ;r~~r pa.p~:r: ~ , J::l ,ye. d~l3cribed in deta.i l t h e experimental procedure and 
.' ,. t h e ~~s~t~ ~1?~?,~ll~~ ' •. '~ ,It t.,~ ~tud3. .? f:.,·1 (l) "Th , i~Gr,s o.t: . BO~':lti p?~ in~o ores 

during , ~ e~chl.n,O' .,~: ~2? .. , ~n~, a~f~'S.~lutio~ , of . v~louB :.c~BP~! ' Jf~ne~~~s. 5, ~,?, 8,! 9 and 
(3,) "~h~ ~e;a~v,al ," p,~ .s,Q ~'\l1?~e ,co;pper fr<?m :1. a ohecl t>ros .~~.' . .' , :'" "'-' , r" 

, . ~', -. ~, • I' , .. " '" . '. ' ,.. . .. 

;~.'q ",'. -: I~ - : , ,. +, • •••• ~ "" . ;' ~' . ~ ~.l : " ' . ;,' ',~," _ I 

.. I I ... I t i ~ . ~ .. 1:'-' .-. ",' . 
3 - Sullivan, J. D., Keck , W. E., and Oldri .G. 'L. t Faoto:"B .. Gov.erl}lng th9, 
, I ' .: ~n~.ru-: Of .So-l tioXl,~ . into Ores duri~ Leach1n : Tech. Paper 44i , Burea.u.' of 

.. Mine'" 19'29 38 PI> " " .' . ,'.1 ., I t. · .. • · · • ·r·. . . 
:~:-:,' . ?:: .. ? '" .:, ., -:. -: ,,> .. ' .. ~ " t :.~ ',' ': I ~,' ~. , ':, ' -' . ",' ••• ' • 

4' ~ .Snl.liotiuii ;' J. D~."" anc'r O.strea. ,. 'Enriq'U.e, Fa.ctors· GON'er,n1ng the'E'ni ry of 'Solu
' ,; .... tio~~' ,i~t:-o ·~' Or: S ',durin'O' DeaChing ';II :'. T,ech~ Papa;,. t*g,~ ", ~oau of: Mi~e.:~, , ·: in 
. pr'ess. .' -, : : ',' ' :, ',', . I . ••• ; • ," ~ " ... or , .:. '. . ., , -. , 

~ - SUlliva nt J. 'n. ,.: ~~~ S;Ol~t'i'~~ "~f' V~~'ou~ 'O~i·di ~e~· ~c~~p~r' ' Miilerals:~, "Re;t.'. ~ of • 
.. : ·Irives-t igati:.on 2934, B:u.rcau' of ine..s , . . 1929 , 9. pp • 

• I '., '. .... , • "' ~. • • • "' ...... ,. •• ~ .' .., • ~ • ..,.. .' It! "".. -:.. .. ,i: . ' .. _. ~ 

'. :-6 .- S l11 van , ;J ,~ ~ ~. ~~d J).,l~~i~h;t, G.' ,t' ~ , ;. "~e ~isso1.utd.·.on '.(1..f, Cupri te in. .sul-, 
. ' ph1J.ri;e ·J\. cid" and ,.~ :ri . F,erJ:iq r ?'l1lp'h~t e ' S q~ Ut'iOHS :': \;:Rapt .. '0£ Inv&St,i ge.t .~.on , 2967 t 

~". "''' ~~u of l ines'" 1$29, .'9.' :pp. " ': .. ' .:' :,;,:"" _::. "' , .'; ',,". . 

-'7 :: Suili~o.~ , ·j ';" ~~· ; · ':~b.emist ~Y ~f 'Leac.h~~~ ' c~~C~~ i: i"~ : : : T ~6~ . · pap~;' 473, Bureau 
'r • 1": '; • • I ~ ~, I (I f • • 

of Mines , 1930·,'·24 pp . ' ""';:",,, .. 

, ,' 8 '- Sullivan, J .. . D .• "i ~ Ch.emlstr;r . .of Lea-chin ,:Bornit e : Tech. Paper 486 , :Bureau of 
, ". I , Mine!:!', 1931, ..aQ _pl>. . ' 

I ! '" .... :. r I ~ 14 i' I<!> .... .; .11.1 

. 9 -- ~1.fiv~ J ,. ~~ " . Chenii str y of Leaching ·COvell!te: ., ·Tech" Paper 487, ;a,Jreau 
. of ~in~s , ~930" 18 pn .- · ' .r, I • 

'. r 

t .; ; .1 • ." .~.. • • 10 

10- SUl l ivan , J. D., and Sweet. A. ' J., Factors Governing Removal of Solubl e 
Copp er irGD. Leached Oree : Tech. Pa per -'453 ,. Bureau of Minas f 1929', 26 pp . 

11-' Gugg'~'hheim, M. ~ ap,d ·Suliivah. J. D.:. Aocel era~ion of Extraction of Solu ble 
Cbpp'er f rom 'Lea:cned Ores : -Tech. Faper 472, Bureau .of !~ine~ ; 1930) :30 pp. .. .. . 

12- Sulliv~-.l, J. D." and Ba.yard·~ K. 0., Ext~aci tj on of Sol=Uble Copp er' from 'Ores 
in Leaching by Per.c~lation: ' . '. . Re:pt. of - ~nvestigat i ons. 
3073 \I r Bureau .o f Min.e·s " "1931, 21 . pp . 
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INGRESS 0 pOLUTIONS ~O ORES 
'.,.J ' ' 

- I ' . , ' 

I n l eaching an ore, t h e soluti on must fir s t p e~eat e t h e or in order 
to come into contact w-d. t h t h e 'copper-b dari 'ng ' m nerals . ' T- era are , i n gener al, 
t wo cl as s e s of voids in rocks: (1) Fr a ctures and cl eava.ge p l ane and ( 2) pores 
of ca pi llary size or smal l er. Th e crevioe s and cleava e planes are 'uS:Mlly 'of'-" 
such a na ture th~~ t h ey ar e open, along , on's '~ide ' or a,~ b.oth ends. For a solution 
t o enter t hese , openi ngs it mUst mechanically push the gas out of the voi'ds. A's ',: 
t hese openi ngs are not in~neral in a hoti~ontal pOSit i on, there may be a larger 
hydrost ati c head at one -end of the openi~g." tha.n at the other. It is not par ..... ' 
ti cula rly di ffi cul t for solutions to enter' l a,rge voids ; In the second clas s of 
voids , the pores may extend through t he ~oCk or t hey may , be connect ed 'by a n et
work t o -one a no ther s o t oot t hey are open 'at both ends , -but pore s open at one 
and only ,are al so present . : Even in small 'p,o'r es openat both ends , i f' s ol u tion 
penetra t ee , eimul t an e ou sly , room both ends . tne pores a ct 'as though cl0sed a.t one 
end . I n t he case of a pOl'e--clos ed at one-rend , sol utioI'). 'can penetra.te only by 
r opl a cin t he gas \vi t h in ' t h e pore . A ao~:Ut: i'~n will not ' ~enetrate unl es s t he 
pressure wi t in t he pore i s -less or equal ,' 'to the ou t si de pressure . The gas in_ 
t h e clo sed part of t he pore mus t e1 the~ dissolve in the. pe~etratin liqu id or 
diffuse t hrough it, if penetration takes pl~ce. ' 

The movement of l iquids in rocks t hrough super'capillary openi s 
( ci rcula.r , 'openings gr eater ':than 0.508 mm. f il diameter, , o '~ ,': sheet openings gr eater 
t han 0.254 mm . b~tween wall's)' i s probably governed by th,e ordinary laws of hy
drostatics. Poi seuille t ~ law probably gov'erne t h e movement ' of liquids in 
capillary openings (circular op eni ngs 0.0002 to 0.508 mm. in d.iam~t.er, -or sheet 
openings 0.0001 to 0.254 m. -bet ween Walls) : , Flow through subcapillary opan1ngs 
would 'be infi ni tely slow, as the attraction of solid molecules, extends from wal l 
to wall, and no liquid would be free to ~ove J a s it is a~tracted to the wall~ -a s 
a. film. 

A de scriptio'n ha a been' gi ven el aewher~f the apparatus and procedure 
u sed for determini ng: (1) The rate a nd volume of penetration of solutions into 
ores l (2) t h e tota l volume of voids within particles of oreB, and (3) the 
dene1 ty of ores. 

Table 1 shows the ra.t e at which water', pene.trate9, into varlouq siz es 
of a. t yPica.l porphyry or-a 6f the ', Southwest. The data sho~ that the time needed 
for a. gi~en percentage penetrati on increases markedly with ' increases in siz e of : 
particl es . 

, ' 

13 - Sulll van, J. D. t Oldright. G. L. I and ,Keck: I ,'II . E. I Method for Measuri 
Voids"in Porous Materials: Rapt. of I nvestiga tions 3047, Bureau of Mines, 
1930, 8 pp • 
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Table 1. 

1/30 .: 
r/lO ' ,. , 'I" '. .~, : 

' 1/4 ' : -: 
1/2/ I ,-.\' 
1 . ,·".1 

, 2 ' . '. ~ ", 

3 
5 
23} ' 
48 
84 
108 
336 
360 
792 
888 

~ ., - .. 

,:" ,'~" 

.. : :" ... 

! r' " 

t, 

.. ! I., .. ~ I , 

• : I.! 

..... I. 

....... .. 

, " 
, " 

. ,~ ~~ .' (. I, 
.... : ..... t. t 

si ol.i es 

4-inch feces 
16.8 

; " 34.2"', 
44 .r~ 

'. . 21. 8 · 
:, , . " ', ;, 28 .1 · 

. 53 ~ 8 

62. 0 ' 
· 69~ 2 · 
. "/0.4" I I 

. 71.5':' 
75.7 " I' 

, 77.2 ' : " 
78 : 5 · 
79.4 

:', ) 83;' 5 : 'j:' ,j j ' : • 

83.{7 ~: . ;', 
(.( a9l~ 4 .'~ ,00: • 

33 .7 
. f 37 : ti ' : 

, I ,0 42 ; 0 ' : . 
.. ' , 46.9 ' ,: 

!SO '.·2 . :' 
:' 53.3 ' , " , 
.. '''62 .2 ' . ,. ,'. 

l .. , 66 .3' 
;. • (59 1 ~.:: c' 

71.2 
81.3 
82 ~ O ., 
91.4 
92.2 

., , '~.' ,' . "1. , ','" ) ' , ' • 

, " ': Su.r'faca 'Denei oI.!:;:':-Ths ' gen~nf opini'Oll ha.s 'oedn :that s Glut ions ent ered 
the pores ·NoT- r 'ock by' o~piil:EiritY' . I f c pi11'a~'ity is .the:go',jerrii,ri ',fac tor ; tllen 
by cha in t he' ·,s1:.ttfaca r tension of t he penet'i'ating ~: li Ciuict, the rate of ,ontry of 
s ol u tion should a lso be chang ed. T eta ar e made in whi Ch t he surfac j t ension 
of ~ter was lowered from ap~~oximatoly 75 dynos t? about ,25 . ~~O~ ~er c ontime-

·'t er- 'by addi el10ugh sodlum .'oleo.te ,to' raakD a. . s tur ted solution, F5ut t h e rat e 
of entry. of sO Lutio'n 'into, th~ ore was p~a.ctical1y · tdan~ical with that of 'pure ' 
wa tor. ..";: · ' '. .. 1 '.,0 " \ ~, ' .. " • :\ ,r - . 

Solubility of Gas in Voi d,a .~s surf os tension has little or no effect 
upon t he rate ·. ~.of/.,penatr.tll t.1.on of· sdlution into ore ' J t he r a·ta mu&t· ~be governed 
primari11 by ,some' ot er :.f a c.tort wh -'. ch 'is indicated ' iro b e t he solubilitY ' in the 
.penetratin · 8Dl t ion of····the gas or ses with in the ;voids of the ore. The. 
solubility of sulphur diox1de15 in water is 3, 937 cubic' centimeters in 100 cubic 
centi.maters of water at 200 0., here s the solubility of airl§ is 1.8 cubic cen
ttroet rs in 100 cubic centimeters of water t t he same temperature. Data in 

14 - Harkins , W. D., Davies, E. C. H., Clark , G. L., Surface Energy. VI: Jour. 
Am. , Ohem . Soc. t vol • . 39, 1917, ,p . 587. 

15 ":"" :Seidel ~ A.. ',Solub11i tIe I 'of Inorgani,o and ' Organi c Subst~nces: N w York , 
: III' • I ' '', .. ' 1917, p. 329. ' 

16 - Seidel, A.~ Page 10 of work cited. 
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Table 2 show t e r a te a t whi ch distilled water penet rat El. into various sizes 
of a typi cal porphyry are which had been ev cunted and the ' voids filled wi t h 
sulphur di oxide. The ore wa s t he sace as t hat used in t he tests ~rized 
i n Table 1. Wh on the voids wore fill ed with sulphur dioxide, 'l6te'r penet rated 
more r apidly, 80pecially during t he early part of t he tmpregnation. Not only 

s t he rat e of penetra.tion faster ', but the total volume of penetration was 
also reat ol" . 

Table 2.~Bte of penetration of distIl l e ' water int o various sizes 
of a porphyry ore the voia. of which were fi lled 

with sulphur dioxi dei t emperature, 300 c • 

Time . hours Voids f ill ed . per cent 
-1+3/4-inch pieces 2-inch pieces I 3-inch pieces 4 ·inch :Qieces 

j 

1/60 69.5 45.0 I - 43 .3 
1/30 78.0 52.0 50.2 45 .8 
lito ' 84.6 65.0 66 .4 50.1 
1/4 90.0 80.0 79 .4 55 .4 
1/2 95.3 86.3 85.2 58. 2 
1 95.8 89.2 88.5 62 . 6 
2 96.4 92.0 90.6 66.4 

97.1 93.4 91.0 68 .5 
5 97.7 94.0 92.2 71.0 
23 98.8 95.5 94.3 77'02 
48 99.1 9 .7 95.4 79 . 8 
84 99.7 97.7 96.0 82 .0 
108 100.0 ' ;8.9 96.2 83 .0 
336 -- 100.0 97.9 88. 4 
360 - -- 98.1 89 .1 
792 - -- 100.0 98 . 4 
888 - -- -- 100.0 

, " Tem;perature.--Mea urements made a t 2 to 3.50 c. and at 35° C. showed 
t t t he r at e of 'p~etration wns more r apid a t t he lower temp erature. For a 
i van ore , 95 per cent of the to t a l penetration that took place was a.ttained 

in 40 hours a t 2 'to 3.50 C., whereas 50 hours was required at 350 C. As t he 
solubili t y of ases in water increases wi t h a decrease in temperature, t he 
olution might 'b e - expected to penetra te £it a faster rat e at the lower t mperature. 

Va r i ous Solutions.-There is surp.risin ly little difierenoe in the r a te 
of penetration of various kinds of solu tions into rocks; 5 per cent copper sul
phat e , 2 per "cent sulphuric acid. 2 per cent copper sulphate or ferrou sulphat e 
plus sulphuric cid, 2 per cant ferri c sulphate, and distilled water h ve very 
n ly t he same r a t es of penetration. 

nner of Penetration.--It has been found that in most ores the solUr 
t ion ant ers a long fractures and cleavage planes and tha t from these a r ger 
f racture it gr a dually seeps into t he reet of t he rock. The first penetrat ion 

• 8803 ...., 5 -
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takes place very r pidly along these cr~vices and fractures, and the mnall VOidS., 
are filled Dore slowly from t ho e points of initial penet~ation. Photographs 
demonstrating this phenome~on can be found elsewhore. 17 

, DISSOLUTION 'OF VARIOUS COPPER MlNERb:LS 

Oxidized Minerals.--"lhe oxiuize'd minerals of oopper-a~ite, mala..
Chite, chrysocolla, and tenorite--are soluble in sulphuric acid and in ferric 
sulphate oolutions. Approximately 100 per CO:lt of the total copper is soluble 
in on hour t 350 C. in sulphuric acid or in acidified fel'ric sulphate solu
tions when the oiz e of mineral is minus 100 plus 200 mesh. In I or 2 per cent 
neutral ferric sulphate the di ssolution is slower, bu t in nearly every instance 
the mineral is complotely dissolved in 24 hours or leas. The rate of dissolu
tion in 5 per cent ferric crulphate is nbout t he same as in sulphuric acid or in 
acidified, ferric sulphate. 

Cuprite~~W11en cuprite i s leached with sulphuric acid in the presence 
of excess atmo spheric oxygen , approximately 100 per cent of the copper in pieces 
up to 4-mesh in si~e. is converted into the oluble ~ulphate in 20 ~s at 350 C. 
Wi h a minus 3 plus 4 mesh product, approximatelY 94 per cent is rendered soluble 
in the s me t~e. For pieces 100 me~h or smaller in size, 24 hours is ~fflci ent 
for complete disso;tut ion. When cuprite is t roated with acidified ferric sul phate, 
particles up to 3 me m in size are complet ely dis olvea in 8 days and in 3 days 
99 per cent i8 dissolved. For IOO-meSh or aller p r ticles, one hour is suffi
cient for oomplete di ssolution. , When cuprite is l eac ed with sulphuric acid in 
the absence of oxygen (as. for example, in clo sed bottles in an atmosphere of ~ 
nitro en) only one-half of the copper io r endered soluble, and one-half of it 
remains as meta llic copper, according t o . t e reaction: 

When cuprite is leaChed, either in the presence or in the absence of oxy en, a 
layer of meta llic copper fOl"'IllS practi cally as soon a.s ;the mineral comes i n con
tact with sulphuric acid. Thi s metallic copper forms a difficulty permeable 
layer on the surface of the particles that slows down the dissolution. The 
metallic copper ma~ be converted to copper aulphate by the aid of an oxidizer. 
Atmo spheric oxy en is a fairly good oxidizer but · ferrio sulphate i s a much 
better one. On particles 100 me sh or ~aller in size this metall ic coating of 
copper does not m kedly hinder t he rate of dissolution, but it is very harmful 
for lnr er sizes. 

Chalcocite.--Chaloocite is the principal sulphide mineral encountered 
in leaching . en it is l eached with ferric sulphate , the dissolution takes 

. place in two stages , which may be written: 

Cu2S + Fe2(S04)3 ~ CuS04 + 2FaS04 + CUS, and 

CuS ... F62(S04)3 = CuS04 + 2FeS04 + s. 

17 - Sullivan, J. D. t Keck:, W. E., and Oldri ht, G." L., Factors Governing the 
Entry of Solution into Ores during Lea.chin Tech . Paper 441, Bureau of • . 
Mines. 1929, pp. 35-36. 
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The fi rs t reaction i s much ore r apid t han the "seC9ud . For· particles of mineral 
10 mesh or ' smaller, app~ox mat 1 50 per ~ent of the tqt a l corper is converted 
into t h e soluble sulphate i n 24 h our . t 35° C ~ , r.h,el"eas eppr orlmat ely 20 day s 
is r equi red to di s sol ve the oth e r half. Part icl es as la~ge as 2 or 3 mesh 
dissolve a t only a cl i gll"l:l,1f 6. (I er rate t h a n miner a l s crushed as fine as minus 
150 plu s 200 mesh , An oxiJ.i zi ng agent i neceesary to di s so l ve chalcocite. 
Sulphuric a cid in t he absence o. o~gen or ~t~T BV6n in the prp.sence of oxy en 
have pr actically no di ssol \ ing effect upon the miner ql . Gulph~'i c acid in th e 
presence of excess atoo sphe~ic 0 'vgen attacks t e mi neral, but does so more 
slowl y than f erric sulphat e 601~tions. At 350 c. the ra~e of di ssolution is 
practicall y the , s~e in f err i c sulpha te and lin t erric chloride. The rat e of 
di ssol uti on increases wi th i ncreases i n t enroerature. In 48 hours 50, 59, a.nd 
87 per cent of t he copp er ~s d1 o ~olved fro~ mi nus 100 plus 200 mesh chal cocite 
a.:e 23, 35 , a.nd 500 C., r a epGc t ivol y . 

Bor~it §. . --Da.ta on the r a t e of dis soluti on of vari ous s i zes of borntte, 
CusFeS4t i~ acidifi ed ferri.c sulphate a.r e .given i n Table 3 . 

Time 

. . . . 
Tab l e 3.--Diasol u t ioJl of wrious siz e of' borni ta -i n a solution 

conta1 nin~~er ca~t of . vQn ~s f ar r "c sulphate 
plu s 0. 5 per ce:lt of ul ph ':1!'i c acic1j temperature , 35°C. 

'.' -
COEEer e~rected ,~r cent 

+3 ,mesh 
.1 ' 

- J:O+G8 mesh -100+200 mesh -200 mesh 
1 hour 4 19 27 29 
3 hours , 7 I 26 28 30 
8 hours 12 I 30 31 33 
24 hours 21 38 38 41 
48 h ours 32 53 51 56 
3 days 43 61 60 66 
4 days 51 66 65 72 
5 days 58 69 69 77 
7 days 68 74 78 87 
10 da.ys 78 84 94 97 
14 days 86 97 98 99 
21 days 94 99 99 99 
28 days 97 100 99 100 

The T8te of dissolution of bornit e is markedly incr~ased by increases 
in tamperature. 'When minus 100 plus 200 mesll borni te wa s le.:tched with a cidi fied 
f8rric su l pha.te 64 per cent of t h e copner W$S di ssolved in ] day at 500 C'., in 
4 day's at 350 C., and in '14 day s a t 230 C. Ei ghty per cent of the copper was 
dissolved in 6 hours at boi l i ng t emperature. Bornite dissolvos more rapidly 
in f8rric ch loride than in f erric sulpha te. Sulphuric acid plus air attnck 
bornit e more slowly than f erric sulphate solut.ions. 

Covellite.--Table 4 gives data. on the rate of dissolution of various 
sizes of covellite in acidified f erric sulphate. 
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of .- Qltfellit'e ' f n a ·soltitiori' 

I' ~: ~ 

i 'e Bulphate' ! I " "I, 

ci d ..... ,. J' . '0 

~~~~~~~~~~~~==~~~ 

. .~. :.. • t I 'r " 
• ~ , ... ' • t 

: ,,: ', .... . . ; . 

. I 

T'ima . Tempe:rat ilr6 . ". '" '. Cower "extra,ct 'ed:...t.~_~"O.ler=-" ....:c::;.:e~n:..:t:"'-r--____ _ 
~~~~~' ________ ' __ ~~-~3+~1~O~' ~m~e~leh=-~-~1~0+~2~.~m~l~eis=h~·~-~1~0~D+~·~2~O~0~·m~e~~~h~._. -~2~O~O~· m~e~s=h~ 

35 . 4 6 ' :' '. <' 8" '. . : :-.- ' . 13 ]: day 
5 clays' 
11 d4Ys 
24 ~yg 
31 days 
39 days ' 
47 :8a.Ys· 

. '35'.' .. ~. ~', ~ ~ . ~' 6 ~ , ":'10 " '" .,., ·· 1 6 ·~ · .. 40 

. 3~ ' " . . ... ,:..; ~ "8 .', 11 ' .. .i ' .; '. . 21 49 
", 351 '. :: .. ... .. ' ~ ' : .. . ' 9. ~ . . , . ·,1 3 .. :. ' .1' , . ". 25 .. 56 . 
.. 50 . . ' . . .... \" . lZ' ': .18 , '.. '. 44 75 

50' . . ". .. ' .. :1'4 .... . . 21 '. . 50 . .: .. ·82 ·~· 
50 ,. - . . . lB' ..... I " 24 ,. . ,57. ' . ~ 87 

1 - Temperature maintained at 350 C. for 24 dayS and then ~ncrea.se~ .~o 500 c. 

The r a te ' 6£ ai'ssbt~t'i~~ of c~v~l li.te incre~sed with. 'increa~'e's in "~. '. 
tempera ture. For a given ' sample, 81 per cent of t he copper was extra~te.9- in 
14 hours at ~e~, C .. .. 8),. .. per . c.ent in .22 : days . a.t , 50° C .• , o.~d· -U p,~ cent in' 24 days 
a.t 35° C. ," The rat e- of di l=J's olution was more .' r apfd in ferriq su.l,ph~te t~'l i n 
ferric chlorid~ at' 35~ ' C., but he :r ates' w~re. vil"tu.e.ily t~l.~ SEU;ll9 at · .. 9So C. 
Covelli t e di sscil y·ed 'iil sulphu.ric "adld in t he presence of oxcesa atmospheric 
oxy e.n about half as r apidly as i n ferric sulphate. 

· 1 ' r .' •• ., .. 

... ... . , 'r .' . ". . . .. '. . , , . . 

• 

.. Chalcopyrit'e .---Cha lC,0:e,yri te 1 s' fi;equ ently found in 1 each·1ng ores, but 
it is . not appreciably attacked by' commoh sol ,vents at ordinary t emperatures. e 
Ch!llcopyrite is a closelu. t extured mineral, Q,nd its rat e of dissolution i s ' 

greatly . increased by fin~ gr i nding . Da.t on t he ra.te of dissolution of clt-a.l

copyri~e are ivan in Table 5. 

Table 5.~Data on di ssolution of chalcopyrite 

', ' .. 

Size, Tempere- ~ Qopper dis- .. 
mer,h t ure, 0C • . Solvep.t solved . . stated In 

time. -per cent 
,....100+200 35 O.~ of iron a s F62(504)3 plus 0. 5% of H2SO4 . 1.8 in 45 days 
,...100+200 35 1. 0% do. . 0._ f11, . . do . , . 1.6 in 45 ' days 

1 

-350 35 2. 0% do. 0. 5% do. 28.5 in 25 days 
... 350 35 2. 010.· do. , . .:. " .' . . O:~·· . do. : 39.2 in 57 days 
-100+200 50 l.~ . d,o.: . , .. -O '. ~ . do. ' 4.B 'in 8 days ! 

..,.100+200 50 .1. 0» • I ·d,o. . . I .~ • I. • ~ • 0. 5% do. 6.2 in 14 days 

...,350 50 1. 0% do. .. ~ ... " 0. 5% do. 32-.-2 in 8 days. ' .. 

.... 350 50 l.~ do'. .. ,. • ~.It • ; :'0 15-;;·' : do.- 43.6 in '14 days 
-~')50 35 . 1.0% ·of iro~: ae :,FeC13. . ' .. ., 

32.6 i1J. 25 a.B.ys 
-350 35 1. 0% of iron p-s' Fei:13 ; 45.3 in 57 dayS 
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Figure 1.--Or1ein~1 minus 2 plul 3.mssh bornite 

before 18 

Figure 3.- Residue froID 1 aoh1ng minus 2 plus 3 me fi1 
bornite attar treat, nt with carbon b18ulph)de 
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~ ~ . The f orogoing data Bho~ that ~he +~te of , dissolution is f as t er when 

• 

• 

t he min er a.l i s mor e f inely gr ound, tha~ tlie' r ?-te i ncr eases with on , i ncr ease in 
tempera ture , and t ha t t he fa te of di sol ut i on i s more r api d in ferri c chloride 
than i~ fer ri c sulpha te. 

j 

In h~p l eaching an appreci abl e amount of the cop~er in chal opyrite 
may b e extra&d" owi.ng to the long peri od of contact wi th solutions, and t he 
possl bl a ri s e' in. t empe~a.ture of t he ore during weat hering . 

. When chalcoc i te is l eached wi th f erri c sulphate one .... half OJ:' the copper 
di ssolves r apidly 'l ea,ving a r es idue approxi mat i ng CUS w~ich dissolves much 
slower; wi th bornite the copp er is attacked pr eferent ially to t he iron; whi l e 
with chal copyrit e t he miner a l dis solves a. s chalcopyri t e; that is. at a.ny stage 
in t he di ssolution(up to un ext ract i on of approximat ely 45 per cent of t he 
copper which hf!.s been tho marinrum studi ed) t t he ratio of Cu :Fe :S in t he r osidue 
r emai ns t he same as in t he or igina l mineral. With covel li t e at ~ny stage in 
t he dissolut i on the residue has . appr oximat el y the same r tio of Cu: S a s t he 
or i ginal mineral. 

Wh en l a r ge pi eces of chB.l coci.t e • bornite I or covelli te are l eached 
with f erric sulphate t h e parti cles do not dis int egrate and the resi due become 
a powder. Th e particles , af t er leachi ng , nearly r et ain t heir ori gina l outline , 
and very li t tl e powder is fo rmed . Apparently t h e DUl phur l eft behind r et a i ns 
t b ori gi nal f orm of the min er a l par t i cle s . When . carbon bi sulphide i s added to 
t he r esi due , the sulphur dissolves and the parti cles collapse. Figures 1, 2 , 
and 3 demonst r a.t e , t hd s phenomenon. Fi e 1 shows minus 2 plus 3 mesh borni t e 
before lea ch i ; Figu.re 2~ t he r esidue af t er l eachi for 14 days a t 50° c. wi tt. 
acidified ferri c sulphate; Figure 3, th e r aidua a fter treatment with carbon 
bisulphide . I n t he 14-d4y period of leaching 91 p er cent of the copper was 
di solved. 

REMOVAL OF SOLUBLE COPPER FROM LEACHED ORES 

I n heap leaching , beoause t he solution is added to a g iven s:ect i on of 
t he heap and because aft~r a cer tain quanti t~r of solut i on has been added t he 
l each solut i on i s added t o .?-nother sect ton., several month s may elap se bet ween 
addi t i ons of soluti on to a gi ven secti on. Heap lenc i ng , theref ore, r esults i n 
a process of a.lt erna te wet ting anddrying . Wh en t he surf a ce is dried, e'vapor a
t ion pul l s sol ut i on to the. surface where t h e dissQlved salt s crysta lliz e a s the 
sol ut i ons evaporat e , and t h e next wetting oper a tton r emoves part of t h ese salt s . 
At t he same time t hat the salts ore ranoved by washi ng Borne solution penet ra t es 
Into the ca Vi t i es . cleavage plant:s, and pores within t he ore. If all of t he 
moi ot ure withi n t he ore was r emoved dur i ng t he dryi ng cycl e , all of th e copper 
sa lta would be pr eCipitated, par t ly at t h e surf ace and par tly wit hin t he ore . 
When t he ore i s washed. t he di st ance that t he solution penetratc3 int.o t he ore 
i s a function of t he time of washing . 

The a lternate watti and drying t es ta carri ed. out in the labor a t ory 
')Ql.lld no t easi l y bo dupli cated in heap l eachi ng . In the labor:1.tory the surfaces 
of the ore m y b e complet ely dri Gd, and it is pos sibl e to dry the entire samplo. 
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In h eap 1ea chfng , a co::npleto dr;'i'ng' wou ld .. be r act lcal l y: ' i'mpbssib1e. As a. heap • 
. ~ aontain sov~ra:1 ;mi,l ,ItOll tons of o~o '?9~1!>1 t o' dr i g ):: evon, of t ho" surfa ce , 
could hardly boo oxpected. Exporimolts have shown that ~he coppor , can be beought 
to t ho surfa.ce oven though t he particle s of ore are only pa.rtly dri edt . 

With ~ .O.5-hQUf e~i,oQ. of d , i~ and ' O. ~~!?ur period of washi. and 
the cycle r ePent'ed. :m~~l , nes:rtY " ~: l ~'f ~~ c per ~a _ ~xt ra.ct' ed., 8~ pe~ .cent ' 
of the tota l copper in solution 6 extract e from 3~inch pieces of ore in 6 
hours J wh~r s ,44· hours wa.s . r equired fo 6 to . ip.ch i~ces. This.shows the 
e.dvant e . of employ,i . sm~ll pi ~Ges , o ~ ore~ . '; ::. ". ... ' ,.. ... 

j' o. 
~ • "'~,' ,~ 4 I I • I • : . I •• .... r I 

'In heap 'l eaehin " ,very I short p r ,i o$i " of alt, ~l'na,te wet t.in a d.. dI y i . 
cru;t not ,be ' malntn.in'ed, ":but' t&bora.tor :1 ork has shown the advantage gained by ' 
k~~p1Ii O'" the ', ' Yc~ 'e~ :, as . 's~;o rt '~as . poss1 ble~ ~'. Wi t~ '3-inch-pi ces of ore ,. an e~ra.c
tion of aO,per cent 6~ ~~, at ~r-sol~b+ e 'c pper was 99tained in 6 hours wlth ,a 
O.6-hour period olf t dryi" and ' 8. O. 5-nour ,' , eriod:"cif v/aSI1iiig ', ~heTea.s 29 ,hOura· 
wa.s r equired f or a 6.C-hour period of dryin o..nd e2.0-hour period ' of VIa 'h i 
Any dV.9C~,CY pf .. ~hof~er . cycfl ~t? , .~n. , al t~nna~~ . wet~~n, _ and ~'yin~ ~r6suppo6es t hat 
t he heaps, a.r~ porou s ana vvell, a.el"t;l.te~ . -' .. '. , " 

I ':" . ' •• ' ~ ... f'~ r ,I, :". ~ " , ~ • . ,". . r I ., .. I " • .:. ... • • 

. . The s9}~ble 'c6pper can 'pe remo\red b"l ': a lterl'late ' wetting and,d~yi :lin 
approxim~taly 1~,1 t (, '25 . 'e '. cent, "of til ,. tlmc r ' q' I r e . to ' 'r eino-v it by flodd. f as 

. ,pr6vided the was lr ··· ·n.nd·dr in~ · p· !-f· da o.r' aa: clo se ' to 'each ·other' ,as 
po ~i ble but Ilong eno~ , to I perm'" t a. £'a-1 lY' tl1.0 " 0 '. a.rying: 0 ' the' char nd 
soaki . in of :t h e f eachi ' . s'ol'lit ibn':. A~ ~~ , ' pl e'f ' it ' t ook , approximately 130 • 
hou.r ~ to r emove 90 per cent 0 tne ' ter ' ol uble co p r ' b~r ' ;ja t wS-shinu from the 
minus . ~ pi 9 ~ , i nch 'Bi z' of o.-~~orphY.rY 'ore ' e8,'tu:r2it ed: wi th ~ copper . s1l1phat e , where
as ' only 3l} 'hours Was r equi red, oy 901 ter ilato , t 'in "and" dryin "heJ.l ' t he ,period 
of dryin was 4.0 ho~~s and t he eriod of 3hin 0. 5 hour. ' . 

A r apid nlovement "'of air:: past ~ he s' ',1 c'e t5f the"o'rs promotes r pid 
dry~ng . Anything t hat int erfer es with t he cir cu1 tion of air slows down t he 
rate of ;extri1ct lon, thu~ . demon t a.t t n ilia aec'essit '0 haVing an open h ap 
~here ire ' circu,l 8,t i on -of a ir is 'p6eslble . 'Sl e or other mat ria l ·that i ll 
coat t he surfac ~ would ~l 0 hindor ' aryin • ' The r ato of " ox traction is 'alao iri~ 
creaaed ' b~r an, increa~e in tompero.~Ul·e. '.' 

". When a ro~ . . i~ eat 1U'ated wi t~ copper ulphato · and then d ria''::', the 
cJ;"ystalli,zed , sal~ i .s di ~~ , ~i~~t~d th;,;' I " ~'o~t tho ~ntire rock , e~ecially .10 
~he fract~e and .9 ~eav~g~ pl~nes. , A large par t of th~ copp~r is brough t to t e 
sur+,aco in t he fl rst dry-in oper ·lti on . Some of .~he copper is crYstalliz d i n 
.tht3 intorior of tho rock, aspeoi 1 y alan l nrger fra.c tures and cleavage planas . 
'Phot ographs' demonstrating ' ,this phenomenon can be found els a here .J.:....~ 

18 •. Sul~iv~n , J. D., and Sweet I A. J. J Fa.ct ors Governing Removal of Sol-,J.ble, 
Copper 'from Leachod 'Oros: ~ech. : pa.per 453, B·L;.reau of Min B I 1929, p. 22 ff. 

, 
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CONOLUsrONS 
,.. ! a" ._ 

I n l OL'1..cliing , ' t l10 tbroo ,factors (1) ~ngre8~ or" 801uti6~s ;'' (2)' ~ tiie~ o'iu
tion of mineral s' , and (-"3),' ,r Omova l :Lbf t h ' ol ubl o coppar' a r o"int'ordop ondent ¥d .. ' ' '. - ' .. , . 
work simulta..n oouel1y~ " ' Th eipe; oa ' ~f '''l oa.c i ng c~n be no ~ast~~ t~n the slowest 
stop. En ough sol u tiotl' ''can 'no t :'onu'or -s, r ock 'a t one time to dissolva t he copper 
miner a ls , completol y unloss tho coppcr oontent 0'£ t h e oro is VGry low. A sampl e 
of ore wei ghi'n -:2,000 gr ams rna' ''So~ 'uP\ a b Out :~ : cuq,~c C,'o~1t ~met ~r s of solut i on. 
If t he oro cont i ns 1 por cont of ~oppor, a.nd the s olution ' coming out of t ho 
poroa conta.ins 20 arilS of copp or p er l i t or ( assuplod) t 1 .• 000 cubi~ cent imet~rs 

- _,. " p, I • 
oE ' :So!J.ttt i on' or appr orimabely' ~5 ren'OW!l.l s of tlio s olu.t ion.' "!JIf ~ thin' the voids would 
be ho'ces ary ~ Fr6quont r E:nloVla.l s of Bol tit i6h and 'much t i nip, i s r.eq¢ rE:ld to get 
suffi c i ent solvent i nto contact wi t h t ho mi nera l s and "to ~aSh out t he di s solved 
copper. 

I n hoop l eaching with oxi di z ed ores t h e slowest step i s probably t h e 
r emoval of t he sol uble salts. If t h e copp er exi sts a s sulphide (chalcopyr ite 
excepted), about 20 days will be requi red f or complete d issolution of t he copper , 
granting cont a ct of mi neral and solvent sol u t ion during t he entire peri od. In 
t h is ins t a nce , t he s lowes t st ep 1 s p roba.bl y t he chemical one or the di aso l u tion 
of t h e copper sulphi de, gr anting that condi tions found in t he l aboratory hold 
in practice. 

The r a te of di ssolution of t he c opper minerals is a chemi cal factor ; 
and i n heap l each i ng p ractice, for a given solvent, t h e r a t e can not b e mar kedly 
changed . Al t hough t h e r ate of di 88ol ution i ncreases wi t h increases in t empera
ture , it is di ffi cuI t t o control t emperat ura i n a l arge h eap. Actual t emp ero.tur (' 
measurements wi thin t he heaps usually i ndicat e a h i gher t empera tura t han that of 
the ou t sid e a ir, which Shows t h t t h e heat fram chemi cal r eactions i s f a irly well 
stored within the h eap. It may ther efor e bo possibl e to increase gradually the 
t emperature wi t h in t he h eaps by addi warm s ol--1tion. In the Southwest t h e 
solu tions could b e wa rmod. by t he sun i n summer. 

Wa ste smel t er ga s es. i f availabl e , mi ght bo us ed with a h eap l eachi ng 
plant. If waste gases are allowed t o ent er heaps and disp l a ce t h e air p r esent 
befor e water i s added to a given s ection of t he h eap, t he solutions should ena
t rat e more r api dly into t he int erior of the r ocks. Al so, waste gases wou ld add 
a r eagent t ha t would h elp to di ssolve the copper minerals pres ent . 

Fro a pra.ctical standpoint, t he met hod of speoding up t h e rate of 
extract ion is to crush t he ores finer. Crushi t he are particles would not 
only decr ease the t tme requi red f or sat urati on but it woul d a lso make t he or 
more amenabl e to leachin by open cleavage planes and crevices in the ore par
ticles and by short ening t h e path requi red for t he l eachinL solutions t o come 
into contact wi tl: t he mineral particl es and for t h e di 8s01 ved copper to be br oughJ 
to the urface . CruShing to a smaller s iz e than 2 or 3 inches might produce too 
~n~ fines, whi ch would tend t o count er a c t t he advanta ges of crushi ng . 
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Another means of speeding up t he extraction is by re~trculatin sol~ 

tions over the heap. Fr quently mlno *ater " containing neither acid nor iron 
salts is passed over the are, bu t owin to the we t her i ng of pyrite and other 
eu1]lhld't)B/ :;~'h~re is:.a:: coil:si d.e-ratle cdncantt tion of sul phuric o.ci·d and sal t s of 
bl Vftlcnt· :and~ trfva:-lent iron in '. the .~&ffluont "solutiong. As' ohAlcoo1 te 1 S an{en~ 
able to l eachin by sol ut tdns<of ' salts "o~ ~ri, l ent irch" there is ~od 'r eason 
for recircula tin .a·t leasu a. : part· t)f.~ the .!' ef.ft'u nil ' solutions:' , ··~iro avoid Jlpl i 
th l~chinp' ,:column ,Wi th' 1'locC'tllent · b.ydra.t ~d" ron prccipftat~ti" the solutfons 
.recircula te,d ' ~ould:oonta.i.n · some· ire acid.. ' ~ " . " 

. . '. .. \ I.~ . 
. .. 

,'. ~ , ~ I : . 4': I .'~ ~ - • 'I 

Haapa should be laid ',down ',on pr ep r ea f Odting s · ttl "~ ptevent the 'lo ss' of 
BolutiQns by ee~ , e: ... :Th i-s 'is . eepecia.l:l~,. ,t . if,' p;c.e-gnan't ' 'li-q1.tor.s cont'atni ' 
copper are .. r-ecircul~ted·. ·. ,;, l ' . I " '1 • •• • ' . • 

_ .~ 1~ " • ~y 
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