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ABSTRACT

A recent awareness of sulphur dioxide air pollution oncourages
the sulphide treating metallurgical plants to recover ‘SO, from exhaust
gases. Although manufacture of sulphuric acid is probably tho most
economical way of recovéring SOZ, the limited market for acid and the
difficulties involved in handling it could make elemental sulphur a more
desirable end-product. |

Hydrometallurgical oxidative treatment of sulphide ores has
commonly been consid'ere.d and' practiced to be an option for the direct
recovery of sulphur as elemental sulphur. Acid decomposition of sul-
phidos has also been considered to be an olternative way to recover sul-
phur as elemeotal form via HZS' |

In this study, the acid decomposition of natural and synthesized
pyrr.hotites was investigated kinetically choosing temperature and the
compositions of the Various‘ phases as independent parameters. |

Comparison of the acid decomposition reaction rates was made
for various compositions of synthesized sulphides in the Fe-Ni-S sys?:em.
These results Iiodicated that virtually quaotitative separation of pentlan-
dite from pyrr.hotite can be achieved.

The results obtained in above studies were not directly appli-
cable to nickel concentrates due to in;erforeoce by the products of air
oxidation of pyrrhotite during Iﬁilling and flotation, Methods of over-

~coming the inhibiting effect of air oxidation in the dissolution of pyrrhotite
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were separately studied,

Reduction of the nickel concentrate by hydrogen at 500~800°C
prior to leaching was found to be a suitable way to »activéte the pyrrhotite
in the nickel concentrate. It was found _that by appropriate control of
reduction and leaching conditions a éatisfactory separation of pyrrhotite
and pentlandite in the nickel concentrate was obtained and thelacid de-
composition of the.pentlandite was also a.chiéved.

A conceptual flowsheet is proposed for the treatment of pyrrho-
tite and nickel concentrates in a‘hydrometallurgical plant. Firstly, the
pyrrhotite and secondly, the pentlanvdite are leached for iron rejection
and nickel recovery, leaving a residue that constitutes a ‘copper concen=-

trate. Sulphur is recovered as elemental sulphur via HZS'

iii
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CHAPTER I

INTRODUCTION

Pyrrhétité is dne of‘th.e _mdst ébmmbﬁ ‘iroﬁ minerals oééuﬁrring
in sulphiae ores, and W1th some exceptioné.is considered ofhttle sig—". |
nificance as an ore mingral. - In tihe.‘Sud‘bury district of Canadat; pyrrhotite N
coe#ist_s w.ith‘ pentlanciite;’v which is an -important nickel m_inefal, 'a.nd
bears nlckel in sotld solution ué to é. maximum combomtmn of about O 5%.
Itl splte of its low con‘tent the nlckel tecovéry from this pyrrhotite viS' an .

. important part of the nickel industry because of its extensive occurrence,

1. Extractive Metallurgy of Pyrrhotite _

1.1 Extractlve metallurgy of nlckellferrous pyrrhotlte ore

Most of the pyrrhotite in the Sudbury district bears nlckel and
cobalt; therefore, by Ieavmg the pyz;rhotlte ‘in the nlckel extraction cir-
cuit, these metal values are recovered.‘ Large amounts of pyrrhotite
have thus beenv smelted with ﬁentlandite, the contained iron being discar-
ded as slag. However, abvout>15 years .ago,' a separate treatment for
pyrrhotite was developed, which yields ifon ore after extraction of the
nickel, cobalt and copper. At present, thié process is practiced by two
companies:  the Internatlonal Nickel Company of Canada Ltd and

Falconbrldge N1cke1 Mining Ltd. (1)

The pyrrhotite ore processed by INCO* at Sudbury, Ontafio,'

* The International Nickel Company of Canada Ltd.



_, ahalyses approximately 0.7 5%. Ni,*.* 0.05% Cu, 58% Fe, 35% S and

2% SiOZ. This ore is first roasted in a ﬂo.i'd bed roaster at about 750°C

to .eliminate selphurand oxidize ‘sulphides :to oxides, -The calcine is then

. r_educe’d in rotary kilns with :n'aturall gas at_ -about_ SSOQQ to convert th'e

; ‘nonf‘err.oﬁs va'lu.es to a‘:leaohable low iroo alllo;r.. The reduced callcj;i'ne is
I‘eache.'d :at atrno.sph‘eric pre‘ssure inae'r.ate'dl arrrmorliacal a'mmonivl‘lm car-

:'b_o'.nate solut_iorl to eXtract nick_el; coba'lt and 'copper.' The Ieaeh residoe
f:,con'sists malnly of magnetite and siiica- which are separ’ated frorn ea'ch‘. '

| other by a magnetlc separator._ The magnetlte slurry is. then dewatered -
'pellet1zed and f1red to form~ sohd pelIets Wthh are marketed as a hlgh |
grade rron ore.. Th1s iron ore analyses 68% Fe, 0.15% Ni, 0. 01_% _Co, '

'_ 0. 01% Cu 0. 003% , 1 5% SlOZ and 0 005% S. ‘Meanwhlle non-ferroo.s

. 'metals brought mto solut1on are recovered f1rst1y by Fprec1p1tat10n as

sulph1des of the copper and c.obalt (together with some of the nickel),

which are sent to a smelter'. Then the bulk of the nickel rem'aining in

solution is recovered by boiling.asva basic“earbonate_ Wthh is calcined to -

~oxide in an externally heated rotary kiln and marketed as oxide,

In the Falconbridge éyrrhotite plant, the mill concentrate
analyzes apprO}rirnate_ly 1. l%'Ni, 0.03% Co, O I%FCu, 57% Fe, 36%VS_"
~and 1.‘8% SiOz..‘ k‘The first step'oon's:tsts of 'roasting the ore in a fluid
bed roaster. Dﬁring roastin'g, 'lno'n-fe'rr‘ou's metal values are solubili.zed.'
by“a careful. sulphate r‘oas‘ting operation at"a temperature not greater
tharl1 68.d0C'with 'egcess o;rygen irr_the gas.p‘hase.l __Ttre oalciﬁe is . - |

o Ieached with water to dis‘solv'e 'soluvble suiphates, Ferric i‘r.on in the

**% The nlckel in excess of 0, 5% is probably present as traces of

pentlandlte
[ .




pregnant solution is reduced by ground pyrrhotite concentrate.

Nickel; cébalt and copper in solution ére cemented on iron turnings
with addition of elemental 'sulphur‘. The final ﬁake, which includes
undisso’l‘ve‘d constituents é.f Ithe pirrrhotite .conc'entr_ate‘, analyses ap.proxi-".v
"~ mately 10.9% Ni, 0,3‘;70 Co, 1.6% du, 30%?‘@, 26% S and 2.1% SiO"2
and is sent tov a nickell smelter. . The iron oxide in the leach ‘residue

is fiIte;éd; washed and afi_ed. 1n a__.iong' Ifotary kiln, During the drying".-'
proce_ss,' balling is‘ pf(.)lmoted, 'y.iel'ding a praptically' dust.-f;ee pi"oduct
analysing ‘66"/.0 Fe, | 0.13% Ni, vOl. OQ3% Co, 0..01.% Cu; 2.2% SiO, and h

0.47%S.

1.2 Extractive metallurgy of pyrrhotite—bearing nickel ores

| The pyrrhotite ¢ontent of nickel éoncentrétes was lowered as é. :
result .‘of the development of the above new procesées for treating pyri‘hotite
ores separately:for the recovery of nickel and cobalt, Howev’er; due to
mineralogical and flotation difficulties in separating pentlandite frorﬁ
pyrrhotite, nickel sulphi'de. concentrates still contain over 50% pyrrho‘tite-
comparea to about 25% pentlandite. This means that a great quantity of
p?rrhotife must ;till ll)e' processed fo'r"n’icke‘IA ,extl.'actior.l in the main.nickel ,
~recovery circuit.

To .procéjss niékei concéntrates Both pyi'o- and hydro—mefallur-'

gical ﬁroce séesoﬁddiée iron sul.ph;ld.e to oxide ét high temperature and
during subsequent 'smelting‘ forms slag whic.i; ié eliminated as .waste.

These steps are usually carried out in such unit operations as multiple |



hearth roastérs, fluid bed roasters, sintering roasters, rotary kilns,
blast furnaces, reverberatory furnaces, flash smelting furnaces, electric
furnaces and/or converters. Through this process the sﬁlphur initially
combined with iron is oxidized to sulphur dioxide, which in general is
not recovered, although a modést fraction is converted to sulphuric acid,
- liquid sulphur dioxide or sﬁlphur._

"The hydrometallﬁrgical method, wﬁich was developed by
Sherritt Gordon Mines Ltd.; oxidizes iron sﬁlphides to hydrated ferric
oxide in ammonia solution under an air pfessure 0f 100 ~150 psig at
70 ~ 9OOC, while sulphur in the nickel concentréte is converted to sul-
phafe and recovered as ammonium salts to be .rna,rketed for fertilizer.

In addition, Republic Stéel Corporation recently proposed a
new hydrometallurgical process for nickel concentrafe. (2) In this
process, t;he cor;centrate. is oxidizéd in an acid medium at 250°C and 700
psi of oxygen pressure to oxidize both metal and sulphur and form metal
sulphateé. The'pregnar}t solution is then neutralized with raw low grade
nickel oxide ore of high magnesia content to precipitaté irop as hydréus
ferric oxide. Then nickel is recovered by cementation under hydrogen
pressure using iron powder as a reducing égent. The resulting metallic
phase of nickel and iron is magnetically separated from the solution and
refined,

1.3 The oxidative leaching of pyrrhotite and nickel concentrate:
Laboratory and academic studies

K. W. Downes et al. studied the pressure oxidation leaching



of.pyrrho‘tite in an autoclave. (3) Natural and synthetic pyrfhotite,
which was prepa-red by the'rr‘nal decomposition of pyrite, were used in |
their work. Ox_idatiop of .pyrrhoti‘te produ'cgd irqn oxide, elerheutal
sulphur and ‘éulphaté. “ The';}ield of elementkal sulphur was. found to Be up
to 80% under 150 psi air px;essure at 1100C aﬂ:er 1 5 hrs. _ The rest of
the‘ sulphur in pyrrhot1té was ox1dlzed to 'sulphate Thé ferric ‘oxidel"
residue from sucll a process i-sv a pptential iron ore kdepeln'ding on. con-'”
' té.minating ellements‘;

J. Gérlach et aj. ca;rie‘d out a lc.i‘n'etic': study of the pressure - ”
leaching of pyr'rho.tit’e in sulphuric ‘apid solutlon u_ucler 1 to 50 atmo.s’phel;es
of oxygen at 30 to 80°C. (4) 1In order to account for the results obt‘ainec‘i: ‘

in their work, they préposed the following coIqution of leaching reaction.

steps:
FeS+2H' = Fe'' +H,s - - (1.1)
(o] . .
ZH5+0, = 25°+2m,0 . | (1.2)
: ~ = + .
H,S +20, = SO+ 2H' | (1.3)
T " ' ~
H,S + 2Fe’ = 5%+ 2Fe*™ 4 2m ©(1.4)
' ++:+ N - e + ' ' ‘ “
HyS + 8Fe’™" + 4H,0 = 507 + 8Fe’ " + 10H | (1.5)
s?+,-2-02+H20 = SO7 +2H - (1.6)

~In theserreva'ction' steps, (1.4) and (1.5) wefe*considered to p_lay a small:
role, because the oxidatiou of ferrous to ferric ion proceeds slowly in
sulphuric acid media. . On the average,. 30% of sulphur was formed as

sulphate and attributed to reactions (1. 3) and (1 6)



W, Kunda et a_:_l.v carried out leaching experiments on a
pyrrhotite from thermally decompose.d.pyrite. They proposed a concep-
tual flow sheet‘ to process pyrite and obtain elemental sulphur and iron
metal. The process in.volve's:’. . |

(1) T‘her'rnal 'decompésition'of _py‘rri‘te? to fartiﬁ(‘:_ialf pyfrhdtite :

by treatment at about 660°C for .15 ~ 30 minutes, .

(2) Aqueoué 6xidavt'ion'.of pyrrhotite to hyd’ra.te_dviro'n- o#idé_
a,nd‘ elemental sulphur at 110°‘C, ‘1‘50 psi ‘OZ‘ fo‘r éO minutes,
(3) ‘ o Separatibn of eieméntal_sulphur in.the resiaue from _the
remaining solids; | | |
(4)  Dissolution of leach slurry with H,S0, - SO, at 95°C for

60 minutes to obtain FeSO4 solution,

(5) HZS strippirvl‘g‘o,f non-ferrous impurities in the leach
solution,
(6) Oxidation and hydrolysis of the ferrous sulphate solution

to produce basic sulphate precipitate a;t 205°C and 20 psi
of ogygen for 60 minutes;
(7) CaIcining of the ‘iro‘n oxide to iron metal by hydrogen at
900°C.
The' iron prqduvcec.l here is very pure and sujtable for direct moulding and
powder fnetéllurgy. The i'ecoveries of eaéh el.e'ment ar_é +98% for. Fe,
90% for Sd, +95 % fo¥' Cu, Zu, Ni and :Co, 100% for Pb and precious metals,
| The oxidativé leaching éf pyrrhotite was undevrtake.n oﬁ-a o

pilot plant scale by P.G. Thornhill, (6) In this ‘study, a nickeliferrous o



pyrrhotite from the Sudbury Ba’siu was ox_idized to Fe203 and elemental
sulphur in an autoclave under 80 ~ 106 psi air at 110°C. The unreacted
pyrrhotite in the leach liquor was magnetically separated from the non-
mag.netrc. solld Wthh consists mamly of Fe203 and sulphur and ré-.'
cycled to the autoclave with fresh pyrrhotlte feed The non-magnetic
solid was further treate_d by flotation to separate sulphur ‘containing
nickel from Fe203.' Most of the nlckel in the pyrrhotlte was supposed
to be recovered from the flotation concentrate, while 23% and 10% of the
‘total n1ckel were lost 1nto the dlscarded‘ leach solutlon and the flotatlon
tailing, respectively, .The sulphur was obtained as a‘flotatiou_concentrate
at 60% recovery.

J. A, Veéina leached a pentlantlite pyrrhotite—chalcopyrite |
concentrate in an autoclave under oxXygen pressure at elevated tempera-
ture (7) | 98% extractlon of nickel and cobalt and 9‘0% of copper were o
~achieved at 400 psig of oxygen and 11_0 C after 14 hrs of retention time |
with a 30% pulp density, Further grinding of the concentrate from 100%
minus 325 rnesh to minus 20 micron reSultecl in the same extraction at
oxygen pre‘ss..ures as low as 80.p_si‘g under the same conclitions.

Leaching of Pyrrhotite ore in nitric acid was carried out by
F. I—labashi. (8) ._ Maximum recoveries of Ni and Cu'in the ore were
attained using 45% HNO_é at 100°C, The sulphur recovery was 65% usiug |
30% HNO3 in an open vessel, |

In an autoclave under 100 psi.o.xygen pressure the same

recoveries of.Ni, Cu and S were achieved at half of the HNO3_ concentra~



tion used above because the NO reaction product was recycled afte;r
being oxidized by oxygen. In both operations; iron in the ore was oxi-.
k.dized to ferric oiide and precipitated.

It is evident that the treatment '.of pyrrhotite may be éon-
sidered either for the purpose. of recovering one of its primaryv compo-
nents, iron or sulphur, or for the recovefy of impurities sgch as copper,
nickel é.nd cobalt, Alternatively, a combinatioﬁ of both may be required
to make a process viable.

The nickel industries, INCO, f‘alconbridge and Sherrvitt
Gordon historicélly have been concerned mainly with nickel and copper
recovery; restricting their scope of studies relating to iron and sulphur

recoveries until recent times.

2. Acid Decomposition Reactions

"An objective of oxidative decqmposition of sulphide minerals
is to yield sulphur from the minerals as elemental sulphur, which is a
more acceptable form of sulphur than sulphur di‘oxide from the pyrometal-
 lurgical processes., Sulphur recovery fro'm sulphides via the inter-
mediate step o.if generating hydrogen .squhit:lie is also 1b.eing'co.nside.red,
because hydrogen‘ sulphide is readily oxidized with a stoichiometric

amount of oxygen éccording to the Claus reaction;

ZHZS + O2 = 'ZHZO + ;S (1.7)

Furthermore, hydrogen sulphide may be used to reduce SO2



gas, which is abundant in pyrometallurgical plants for sulphide ores,

to elemental sulphur by the following stoichiometry;

ZH + = C L + .‘
| 2S SO2 ZHZO 3S | (1.8)

The technology for these reactions is well known and

established. (9)

2.1 Acid decomposition of sulphides

When sulphides contact acid without oxidant, they may be
attacked producing hydrogen sulphide and metal salts according to the

reaction;

MSZ + nHX = -;—IHZS(aq)+MXn (1.9)

In the case of soluble ionized salts, the equilibrium constant

for this reaction is defined as;

n/2 « . nt+
K = 2HpS(ag) aM : (1.10)
— ‘
a‘ .
Ht |

where ay refers to the activify of componeht' Y, and the activity of
the sulphide is considered unity. The valﬁes of K in equation (1.10)
for each sulphide can be calculated from thermodynamic data, In Table
1-1, the room temperature K values for common sulphides are sum-

marized as calculated from the Latimer's thermodynamic data. (10)
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TABLE 1-1

CALCULATED K(1.10) VALUE FOR COMMON
SULPHIDES AT 250C

Sulphide . K Sulphide ' K
MnS .95 x 10" PbS 7.95 % 10°8
FeS .91 x 102 CuS 1 % 10-15
Cos 2.30 Cu,S 3.16 x 10728
NiS(a ) 1.75 |
(y) 12 x 1077 Ag,S 1.26 x 10~ 29
ZnS (wur ) .55 x% 10’2
(spal ) 7.4 x10"° HgS 6.3 x 10-33
Cds .08 x 1077
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The K values vary through a wide range from one sulphide to another.
Large values of K suggest that the sulphide is dissolved into acid with a
decrease in standard Gibbs free energy. For example, the value for
iron sulphide, FeS, is largé and the reactionof iron sulphide to produce
hydrogen sulphide for analytical chemical laboratories is well known.
On the other hand, small values of K mean that such sulphides do not
readily dissolve in acid. The extremely small value for copper sulphide,
CuS, and silver sulphide, AgpS, are wiaely appliéd in anaylytical chemistry
and industry in the precipitation of copper and silver from acid solution
by hydrogen sulphide. In addition, the relatively small value of K (1-10)
for NiS can be utilized in. weaklacid (pH = 2.4) to precipitate nickel from
the leach liquor, as in the ""Moa Bay' process. (11) An extensive litera-
ture survey on thé acid decomposition of sulphides was made by T.R.
Ingraham, et al. (12) |

Ir; the Falconbridge matte leach plant, Kristiansand, Nor-
way, a coppér-nickel converter miatte containing about 48% Ni, 28% Cu
and 21% S is leached in strong hydrochlor‘ic acid (280 grms HC{/{) at
70°C. (13). After 12 hrs of leaching, 98% of the nickel, but only 2% of
the copper ‘are dissolved. After filtering the leach solution containing

. ++ ++ . .
Nitt Fe ', Co and Cu™t issentto a solvent extraction plant to remove

Fe++, Co*t and Cu'*. Nickel in the final solution is crystallized as
NiC L, - 4H,0 utilizing the salting out properties of st?onger HCZ

solutions; and separated. The nickel chloride crystals are then dried

and calcined to nickel oxide, the reaction being;
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NiCt, + H,0 —> NiO + 2HC/ (1.11)

The HCR gas from the drier-calciner is recycled to the crystallization
plant and the nickel éxide is reduced to metal by hydrogen.

K.N. Su;brlamanian; et al. studied hydrometallurgical
processes to yield sulphur from pyrrhotite which was produced by the
thermal decomposition of pyrite concentrate. They'carried oﬁt leaching
experiments in fer:ric sulphate, ferric chloride, hydrochloric acid, sul-
phuric‘ acid and oxygen pr’essu;izéd weak splpiluri.c acid. As a result,
only sulphuric acid leaching of hydrogen activated pyrrhotite and oxygen
pressure leaching were found feasible. Hydrogen activation of pyrrhotite
for sulphuric acid leaching Wés essential to lower the sulphur to iron
ratio of pyrrhotite from 1.18, which was the lowest ratio attainable by
thel;mal deéomi)osition, to 1.06, as also‘suggested by McGauley. (73)
After Ieaching fbr 20 minutes at 60°C, it was possible to extract about
90% of the iron, not more than 0.4% of the copper, and about 2% of the
zinc, using the stoichiémetric amount of acid. Oxygen pressure leaching
conditions were .similar to those recommended by Sherritt Gordon Mines
Ltd. (14)

Recently, nickeliferrous pyrrhotite from the Falconbridge
Mines was tested for leachability in strong hydr‘ochl'oric acid.  (15) At
70°C after 3 hrs of leaching in 8N hydrocvhl'oricbacid with 10 ~ 50% of
exces.s acid, 97% of the iron, 10% of the c&pper and about 65% of the

nickel in pyrrhotite dissolved. With constant acid addition rates at 60°C,
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an incui:ation period was obse_r'ved iﬁ the initial étages of leaching.

After the .incubéll;ion period, the leaching rate was proportior;all to the

acid addition rate. An increase in the excess amqupt of ucl added
rvesulted_in an'in.cr'ea'se in the iron extrvactiovn.‘ Fur.tl.'le.rmore, an increase. -
in the rate of acid additioﬁ yielded m‘o‘r‘e conipletej dissolﬁt.ion‘ vof“bot.‘h:

iron and nickel; | An increase iﬁ. 1e‘:achingv temperature from‘ 6.()°C. to.‘ 90°C-
lowe'r'ed the iron dissolution from 96% f:o_ 87% under the same c01vr1di‘tio‘.n's,
the unleaéhéd ifon beingfound in ‘the‘f'Orr.n o".fvmarc‘asite, at higher t’gmperaa

ture.

2.2 Thermodynamics of acid decomposition of sulphides

The thermody‘nafmvic‘ driving force for acid decompbsition
reaction is simply referred to the K value in equation (1.10) or the stand-
ard Gibbs free energy change for the reaction, which is related to the K

value in the following equation;

AF = _-RT in K S (1.12)

In realityn, data for the,thermo:dynamic properties for t;he
applicabie aqueous species under applicable conditions are rarely avail-
able.. From a hydrometallurgical point of view, data for the thermodynamic
properties are needed af elevated tempera.tures ( ~<_‘ ZOO,OCj and in s.trbng
solutions and solutions containing c'oﬁplexih'g a‘génfs. In recent years,
seve_r‘al attempts .we.re made to estir.ri'ate‘ the heat éapacity of aqueous ionié

species at elevated temperatur'e. -(16), (1‘7),. (.18) ~Based on these methods,
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several workers have tried to summarize the thermodynamic data in the
form of pH-potehtial diagrams for the metal-water and the metal-water-
sulphur systems.. These diagl;ams call for many tedious calculations,
‘and to expe_dite these as_vw.ell as the sub sequent? drafting, a cor,n,pu't:el;
method is being tried by P. Duby. (19) |

| The equilibrium .cons‘vta’nts. of the acid deéomposition reac-
tion, K in equaticsn (1. 1.(.)), for CuS,.NiS é.nd.FeS at gleva,ted‘ tém.perbature
were ‘calculatéd.u‘sing the Criss“and Cobbie method ‘a.nd are shown in
Figure 1-1. These data indicate that as the tefnpe.rature 1ncreases
FeS and NiS become more insoluble, wh11e CuS becomes more soluble in
.acid squt.lon.

. In concentrated solutions at'exlevate_d temperature, there
are;a> no theoretical data available for the temperature dependence of the
thermodynamic _functioﬁs. However; a leading work by H, C. Helgeson
presents methods of estifnatir;g the high terﬁperature properties of ion.s
in concentrated media empiriéally. (20) Neverthele‘ss; thermodynarnic
properties of co.ncentratedi solutions at elévated temperatu;‘e are not

generally available and await further work.

2.3 Kinetics of acid decomposition of sulphides
T.R, Ingraham, et al. surveyed the 11terature concernmg
the acid decomp031t10n reactions of sulphldes and proposed a reactlon

model as follows (12);
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This model accounts for the fact that the rate of leaching of very finely
divided FeS, CdS and ZnS is directly proportional to the concentration of
the hydrogen ion, therefore the possible reaction at the sulphide surface

would be;

MS + HY — = Mm%ty HS™ : (1.13)

HS™ would be‘ stable in the vicinity .of the surface where H' is consumed

by the above reaction and as a result the pH value is higher than in the bulk
of the solution. Moreover, additional experimental data showed that the
dissolution is controlled by a diffusion process. In this model, they
claimed that the chemical reaction at interface A is normaily fast, but
rate-controlling only when the interfacial area is very large and the diffu-
sion layer is thin. In general, the diffusion of H+, MZ+ and HS™ in the
layer A—B will be rate-controlling. In the nucleation zone B-C, excess
hydrogen ions react with migrating HS™ ions to produce dissolved HZS'
which above the solubility limit is expelle‘d from the solution. There is

no strong evidence to suggest that the nucleation or evolution of HZS is
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rate-controlling.

Meanwhile, L,D, -Locker, et al. studied the dissolution of
ZnS, CdS, ZnSe and Zn 0, 85 Cd 0.15S. (21)  According to their 1Heach-
ing models, W.hen the d‘ivffusion process is a rafe-éontrélling" step, the

dissolution rate must be of an order of 10'5'mo"1es/sec. cm?,

However,
most of the rates were .experimentall.y found to be smaller than 10~7

. moles/séc'. cmz. In addition, the surfaee reaction is much slower for
dissolution of ZnS ih acjueous H SO than in aqueous HC! or alcohol.icb’
H,50,. | These facts were used as ev1dence that a, slow ad sorptlon step
of H 1§n on the sﬁrface is a plaus1b1e mechanlsm for the dissolution of
the compounds, Wthh were in\;estigated, ip acid squt_ion._ If the rate of
the dissolution re‘a.tction is controlléd by the adsorption of hydrogeﬁ ions

or the pi'otonated solvent onto the surface, then the rate is expressed by

the followirig equation;

(1.14)

—
=
S

where kt . 1s the rate constant for dissolution

A is the surface area
o) .

¥ ) .
[HJ is the hydrogen ion concentration in the bulk
e of solution

and - EA is the activation energy for adsorption
The activation energy EA is made up of a chemical and an electrochemi-

cal contribution, i.e.,
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E, = F(¢ =+ ¥ ) . (1.15)
where F is the F;raday cqnéfant,_ @ ’is‘ithev change in‘_chemical po‘tén—.
. tial during proton ad‘sorpt’ion, and _ \P o | is the elec,tll'ostatic' p(.)t'.en‘t‘iallf
of the proton on the solid surface relative to that.i‘n tBe solution.. The
first term can be rAeIa_ted to the bonding surfacé eﬁergy, and other sélid
properties tlhat vmay e'ff.ect @ . The second term de‘pends on.tvl.'le inter-
action between the. charged soIid éurfa(:e and the ions in sblution.

Althé'ugh the experimental data fér the kinétigs of the reac-
tion are limited, the available data.are sufnndarized in Table l—Ii, .‘with
regard to the acid concentration dependence and the activation energy.
According to this table, most of the vrat,es éf écid decomp.ositionv are firist
order with respect to hyd.rogen. ion conceﬁtration. ‘This means.»that the
reactién, H+ +5 = HS_, is involved in the bdissolution process, as pre-
vibusly stated. The activation energiés ére_genefally small,

| Agcordiﬁg to Locker, et al. the 'small difference of the

activation energy between . ﬂ ~ZnS and ZnS (0, 1% Fe) is due to the small
change in (E due to compositional or structural change of the svolid.
On the other ‘ha.md‘, the maximu.rn‘ different of about 5 K cal/mole. in the
activation energy foz;‘the dissolution of ZnS and CdS is dﬁe p‘r‘imarily to
the electrostatic intel;action at the solid-liquid interface,. which is ex-
pressed by 4/ o“ in eq_uation‘(l.. 15‘). This most probably accounts foxi
the changes in the activa‘t‘.ioh energy when :the same solid ZnS was dis-

'solved in different solutions. In hydrochloric acid, specific interactions



TABLE 1-11

KINETIC DATA FOR ACID DECOMPOSITION OF SULPHIDES

: Sample :
Sulphide Preparation Acid Type "Acid Effect Temperature
' . 1 o
cds precipitate HCA [HCH) 25°C
‘ (0.1~ 5M)
annealed H,S0, = 0~50°C
precipitate (0.5~5M}
. ! 0
ZnS precipitate HC1 [HCQ] 25°C
(0.015~1M)
.coarsened HZSO4 Hﬂ L 0.6~65°C
precipitate (0.65~12, 5M)
annealed HCA [t ]1 0~50°C
precipitate (0.5~5M)
+
T H,50, [5*]? 0~50°C
(0.5~5M)
" . HC3H [t ]! 0~50°C
(+ 0.1% Fe) (0.5~5M)
+
precipitate HCA LH ]O 6~1.0 25~60°C
(pH1 ~ 3)
(ZnCd)S  annealed H,50, (mt]1 0~50°C
precipitate (0.5~5M)

Activation

Energy Reference

- _ (22)
(Kcal/mole)

14,2 (21)
- (22)
11.11 (23)
_9.5 (21)
9.9 (21)
4,5 (21)
5.6 (24)
5.7 (21)

61



TABLE 1-II - Continued

KINETIC DATA FOR ACID DECOMPOSITION OF SULPHIDES

Sample :
"Sulphide’. © Preparation Acid Type ... Acid Effect Temperature
FeS " precipitate HCA LHCQ] ! 25°C
: (0.003~0.1M)
0.9
natural HC{ [HCY] 30~80°C
(0.05~2M) '

1.3 0.

natural | H,S0, [sto 4:] 30~80°C
' (0.25~1M) '

Activation
Energy Reference
(Kcal/mole)
- (22)
7.0 (25)

13.2 (26)

02
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of chloridé ioﬁs may occur on the surface and alter both the surface
charge and the distribution of active sites.
On the other hand, according to T.R. Ingraham, et al. the
dissolution of pyrr-ho_‘tite 1n rélatively stroﬁg HC R solﬁtion’mé.y be con- .
trolléd by a diff;l.sion proceés, ‘thus éccounting for the small‘ dctivation
energy (7 Kcal/mole) aﬁ;i the fact that the 1éaching rate depends on the .
square root of the stirring rate in the ran‘ge of 150 ~ 900 rpm. (25) In
addition, 1n their‘experiment a ch.anlg»e in the inte;rfacial area of the
‘ minéral did not affect the dissolution rate,
A Yazawa, et g_l; suggested'that the formation of a
[FeSv - 2H+J aqtivatea complex is a rate-determining step for the aecom—
position of pyr%‘hotite iﬁ sﬁip_huric acid. (26) With this mechanism, they
accounted for tiue facts: | |
(a) that the activation energy is 12.3 Kcal/mole, which is Iarger
than that for the diffusion control.led re.action,
(b) the disvsolution rate is épproximaﬁely proportional to the
surface area of mineral and the molarity éf sulphuric acid, and
(c) the dissolution rate do'e s not incfease by faster stirring of the

solution.

2.4 Induction period in the decorhpos’itionb of pyrrhotite
The induction period, which is characterized as an initial
period of reaction in which the reaction rate is insignificantly small, has

been observed in numerous studies of heterogeneous reactions, and many
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theories have been proposed to account for it.

In acid decomposition of pyrrhotite, this induction period
was r‘égularly observed by several workers.' (15), (25), (26) As a
general tendenéy, the induction period is shorter when the temperature
and Iac;i.d concentration of the leaching solution increase. In.‘very strong
HCR solutions, the iﬁduétion period seems to disappear. In addition, it
was observed that the potential of the leaching solution sharply decreases
when the induction period ends.

A. Yazawa, et al. suggested that the induction period is
caused by the oxidation of the mineral surface which forms a relatively
inséluble oxide film. (26) They fouhd the correlation between the length
of the induction period and the amount of o:kygep consumed on the pyrrho-
tite surface dquing oxidation, this being carefully measured by weighing
the amount of HZO formed dufing hydrogen reduction of the partially
oxidized pyrrhotite.

On the other hand, G. Van Weert, et al. prqposed that the
preferential dissolution of magnetite, which commonly exists with pyrrho-
tite, causes the induction periéd. (15) The magnetite dissolves in

hydrochloric acid according to the following reaction;

Fe304 + 8HCJ —> FeCRZ+2FeCR3¥4HZO (1.16)

The presence of ferric ion in solution might be correlated with a sudden
increase in potential after acid was added into the pyrrhotite slurry. The

ferric ion from magnetite would be reduced at the pyrrhotite surface, i.e,,
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Fe7Sg+ 14 FeCl, ———= 21 FeCl, + 8s° | (1.17)

where pyrrhotite is represented by Fe7 Sg as in the quoted paper (15).
This elemental éulphu: formed on the pyrrhotite surface would inhibit
the attack of acid for a time, the length of which depends on the acid

concentration and temperature.

3. Phase Relations of the Fe-Ni-S System

3.1 Fe;S systém."

Th'e‘ F'e:-S phase“diagra;m has been investigated extensively
during the last fiffeen years, howe\}er the details of the di;agram below
300°C remain c_o‘ntr_olversial an%ong investigaﬁors. This controversy
might be accoun‘ted for by th¢ sluggish natui'é of the. reactions and some
rather complicated p‘hase.relations a‘f lower temperature. Nevertheless,
a tentative piuase diagram for the Fe-S system at low temperature is

reproduced in Figure 1-2, as represented by G. Kullerud. (27)

(a) Troilite-hexagonal pyfrhotite regibn
The 'troilite-hexagonal'pyrrhotite boundary according to
Fi g. 1-2 shows an approximate agreement with R.A. Yund and H. T. Hall
(28) and with R.G. Arnold. (29) lAt room teméerature, the hexagonal |
pyrrhotite equilibrated with troilite contains about 48 ét % Fe. These
synthetic studies ‘\.:vere‘ supported by studies of natural two-phase mixt-
ures; “which. shéwed th.at the iroh-rich troilite vis essentially stoichio-

metric FeS and the co—ekisting_hexagonal pyrrhotite contains 47.9 Ea
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0.2 at % Fe. (30)

(b) Hexagonal pyrrhotite

After éoiidification pyrrhotite occupies a 1a.r*ge area of
. solid nsolutiqn ha‘ving a hexégoné.l NilAs structu.re, with a minimﬁm iron
content of about 45 at % at 740°C, »cc;rr(.elating to vacancies in the metal
sitesv of the structure. (31) ‘The formula >for.pyrrhotite might therefore
be Wriften' Fel-xS; where x repres,entsvlthe fraction of vé.éant cation
sites in the structure.  Above 740°C, this pyrrhotite co-exists with liquid
sﬁlphur éf above 1 afmospheric- pr’egsur*g and with increasing minimum
iron content corresponding to‘.‘increasing temperature. Below 740°C,
hexagonal pyrrnhotite exists with incvreasing minimum ir_oh content as the
temperature dec;eages . The co-existing phése is pyrite, FéSZ.

At 320 £ ‘5‘°C‘, ‘this high temiaérature hexagonal pyrrhofite
goes through an inversion to a low temperafure form. This inversion‘
temperature does not seem to be influenced by the composition of the
pyrrhotite. Since tﬁis inversion was first found by H.Haraldsen, (32), it
has been conformed by many workers. 'I“hé low temperature hexagonal
pyrrhotite with a‘compositionlclose 'to FeS passes through another inver-
sion on cooling further, and a co-existing téroilite phase separates. This

inversion is influenced by the composition of pyrrhotite and for FeS it is

140 £ 5°¢, (33)

(c) Low temperature hexagonal pyrrhotite-monoclinic pyrrhotite

Accordihg to Arnold's wofk (30); 73% of 82 natural terres~
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trial pyrrhotites consist of two-phase mixtures of hexagonal and mono-
clinic pyrrhotites., Synthetic studies for this two-phase region had been
carried out by several workers, as sufnmarized in Table 1-III. The
compositions for low temperature hexagonal and monoclinic pyrrhotite
and the upper limiting temperature for the two phase region are sum-
marized according tq Arnold's work. (29)

As shown in this table, the compositions of hexagonal and
monoclinic pyrrhotite, which are equilibrated with each other, are not
influenced by temperature significantly. The uncertainty for the upper :
temperature of monoclinic pyrrhotite seems to be due to the irreversi-
bility of the phase tranéformation process. The reaction from mono-
clinic pyrrhotite t§ hexagonal pyrrhotite + pyrit'e occurs reversibly as
commonly observea. However, the same reaction in the reverse direc-
tion has nét been observed until R. A, Yund, et al. succeeded in obtaining
it after several regrindings of mixtures of hexagonal pyrrhotite and
pyrite after 577 days at 150°C. (38) L.A.VTaylor succeeded in obtaip—

ing this conversion after 86 days at 280°C. (33)

(d) Monoclinic pyrrhotite

A.H. Clark studied the composition limit of monoclinic
pyrrhotite using a synthetic technique. (35) - He found that moﬁoclinic
pyrrhotite tolerates variations in iron deficiency frorh 46.4 to 46.8 at %
Fe, compared with the stoichiometric composition of 46.67 at % Fe for

the generally applied formula Fe 7 Sg.



27

TABLE 1-1III

SUMMARY OF DATA FOR PHASE COMPOSITIONS AND TRANSFOR-
MATION TEMPERATURES FOR HEXAGONAL AND MONOCLINIC
PYRRHOTITE., (29) (Hpo; hexagonal pyrrhotite
(Mpo; monoclinic pyrrhotite

Composition of phase (at % Fe) Maximum
Temperature of
Temp. Formation of
Hpo Mpo (° ) Mpo ( © C) Reference
47.20 1 0.10 46,75t 0,05 <304f6| = 304t (29)
47,2 46.8 290 - ~300 (34)
' 46,35 70 ‘
~ 46,8 ‘ . 308 , +
46,80~46, 45 200 K 308 - 5 (35)
46, 75~46, 40 75 -
47.40 46.75 290 ' 290~325 (36)
46,73 190
46.67 300 = 300 (37)
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Furthermore, R.G. Arnold states that the compositions of
monoclinic pyrrhotite studied by many workers range between 46.7 and
46.5 at % Fe, and thve compositions richer in metél .than 46,7 at % Fe
were p_robé.bly due to,."fau‘lty gnélyses or Chérﬁical anablyses ;)f impure .
materials. (30) .Ih a ‘f‘u‘rther' sltu_dy, ’Arnold concluded that this pha.bse
may .h:.a.ve esseritia.liy a fixed compositioh. (29)‘ ‘

| - In/ t.h‘é works by Arnola (29) and Y.und ah_d Hall (38), the -
svtavbiliity of il;lonoclinic_pyri‘_hot'ite ,.was que stioﬁed. Yund and Hﬁal.lv_ob— |
‘servet_i that a natural moﬁoéliﬁié pyrrhotité was found to be converted
to the‘vhexagonal form after one year at 260°C in the work by Kullerud,
et al. (39)  The slow rate of its breakdown may explain the reported dif-
ferences in Fe‘to S ré.tio of the monoclinic phase. Arnold's reasons are
that the assémblage of hexagonal pyrrhotite, + monoclinic pyrrhotite,
pyrite, and vapour developed iﬁ chax;ges_ qf 4“5. 5to 47.2 at % Fe (bulk
compositi;)n) at temperatures of 297 ~116°C is not in equilibrium.
Furthermore, the sharp and anomalous ‘decrease in the concentration of
monoclinic pyrrhotite with the first appeérang:e of pyrite in the charges

suggests that monoclinic pyrrhotite is meta-stable,

- {e) Smythite, greigite; Fe3S‘4

Smythite, one form of Fe3S4,' was firét_reported by Erd,
et al. being found in the form of very thin flakes in cavities in a lime-
stone formation., (40) The _synthétic smythite was formed by the reaction

of ferrous carbonate crystals with sodium sulphide solution. (41)
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Skihner, et al. reported another form of Fe3S4, greigite,
Which has the spinel strocture ae distinct.from the rhombohedral struct-
ure for smythite. (42) Greigite has been syn,t‘hesized by the reacﬁron
of hydrogen sulphi‘de in ferrous eulphate s"olution'a in the p_resehee of air
o.r by aut()clav'ivng: fresh ferrous‘ sulphrde precipivtate.at 1v9‘0°C in .an eva-
euafeci tuhe with Water.' Thou‘gh it is ge:nerally. onders'tood that smythit’e
is the hlgh temperature form of Fe3S4. whlle greigite is the low tempera-
ture form, the thermal stab111ty reglon for the phases is not fully known
Therefore in the dlagram (Flg 1-2) a breakdown of the Fe3S4 compound

is approx1mated at IOOOC on the assurnptlon that the phase is barely stable

at Iow temperatures.

(f) Pyrite; FeSz

| Both pyrite and marcasite are eommoniy found as natural -
iron disulphide phas}es.l  Synthetic experiments indicate that the stability
of marcasite is unfavourable without the presence of hydrogen in the
system, Therefore, marcasite was excluded as a phase in the pure Fe-S

system.

- 3.2 Fe-Ni-5 system

Extensive studie_s of this syst;ern have been made in th_e last
ten»yeare‘and_' the p.hase‘_relationshipa above Z":OOoc are fairly well under-,-
etood, though there are discrepancies in the compositions of the phases’
~ reported by different authors.

. In Figure l—-3; the phase diagram at 650°C is_shown_ accord-
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Figure 1-3. Phase relations in the Fe N1-S system at
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ing te G. Kulleru.d. '(27) | The extensive hexagenal monosulphide solid
solution (M, s; s.), (F_‘;eNi)'l_xS,. appears between Fel_XS and Nil_XS. A
wide divariant field extends between the. M.s.s. and hlgh temperature
heazlewood1te N13+; SZ; with several percent of 1ron. The Ilquld phase
Wthh dominates the central reglon at h1gher temperatures retreats into
the corner of the n1cke1 rich region at 650°C Pentland1te, (FeN1)9+ S
. iwh1ch is an 1mportant-rn1nera1 1n n1cke_1 ‘sulphide ore, ‘does not form - i |
: directlp fror'n a lfiquid. Ain the ‘sys.tem‘ nor a-ppears at this temperature.
‘ﬁoweper' at 610°C the M. s, . S. and high tempera‘ture heazlewoodlte react.
| »rap1d1y to form pentIand1te.

When the system coolsuto 300°C, its phase relatlons are
presented in Flgure 1- -4, wh1ch 1s taken from the work by A, J. Naldrett
et a.l (43) - The M. s. s.v phase is still present between Fe S and
Ni; ., Sina narrower band than that at 650 C Further cooling finally
breaks down the continuous band between-Fel_xS and Ni, _,S. The
temperature of this breakdown was reported as 400~300°C by K.C,
Misra, et al. (44); ‘2475 £ 10°C by R. W. Shewman, et al. (45) and 275 t |
5°C by G. Kullerud, et al. (46) - | | |

| The selu_bility of iron in the N'iS2 phase at,dOOOC decreases
from that at 650°C.. It is noted that on the Ni-S line several new phases
appear. They are polydym1te N13S and godlevsklte B -Ni S6' Tl‘he.
| »var1at10n in iron and excess sulphur in N1352 decreases to a negllglble
value at the temperature of the inversion from the high temperature form

to the low temperature form (550°C);this i's"evideht in Fig. 1-4 as com-
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pared with Fig, 1-3,

Pentlandite at this temperature co-exists with hexagonal
pyrrhotite, the M., s; S. vand 1owltemperature heazlewoodite, The tie line
between pentlandite and Ni,S¢ was made with uncertainty because the |
authors did not find co—exiétence in their samples, contrary to the'r(esults
of other workers. Also, the tie line between pentlandite and the (Fe +
Ni) alloy phase is not drawn by the‘authors because of its negligible éig-
nificance. It is also noted that the Fe tb Ni ratio in peptlandite may vary
over a wide rangé. The composition limits of pentfandite h)ave been
studied betweeh 600~ 200°C by several workers. In Table 1-1V, the data
for the solubility limits of pentlandite are feproduced from the works by
Shewman, et al. and Mis:ra, et al,

Accofding to this tablie, the agreement in the composition
limit is unsatisfactory. This fnay be due to the difficulty in analyéis of
the composition of the; pentlandite phase. Nevertheless, it can be con-
cluded that the pentlandite phase toleratesl a wide compositional change
with respect to the Fe to Ni ratio. In cont;ra.st, the sulphqr solubility
does not vary mﬁch from the stoichiometric composition of 47.06 at %

S for (Fe4. 5Ni4, 5)58 , especially at lower temperatures.

To ébtain an understanding of the phase relations of the
Fe-Ni-S system.below ZOOOC; where slow equilibration rates between
minerals make experimental work tediogs Iand uncertain; it is helpful to

study the phase relations in an ore body, In fact, several attempts have

been made to utilize natural sulphide assemblages to study the phase
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COMPOSITION DATA FOR THE PENTLANDITE PHASE

(44) (45)
Fe limit Ni limit S limit at Fe/Ni=1/1 Refer-
Temp.(OC) (at % Fe) (at % Ni) (at % S) ence
600 33,3 41,3 46,4 (44)
29.,8~21.,1 24,4~31,9 46, 3~48.0 (45)
(at 46.9
at % S)
500 35.5 38.0 46.2~47.3 (44)
34.0~14.7| 19.4~38.0 46,.8~47.9 (45)
(at 46, 7~
47,4 at
% S)
400 36.8 39.3 46,0~46,9 (44)
35,4~20.9 17.9~32.1 46,8~47,4 (45)
(at 46,6~
47,0 at
% S)
300 39.8 33.8 46,2~46.6 (44)
230 38.8 34.0 45,2~46,9 (44)
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relations at ambient temperatures. For the purpose of these studies
a great number of natural minerals were .coIIected from different ore
bodies and countries to cover a wide region of the system. In Figure
1-5, a tentative phase diagram belvow 135°C is shown, as interpreted
by Naldret, et al. (43) It is noted that the M. s. s. , Which was a
dominant phase in the central portion of the diagram above 300°C,
disappears at this temperature, and as a result, pyrite co-exists with
pentlandite. | The aﬁthors did not observe the pentlandite - Ni7S6 rela-
tion in the natural assemblages, therefore, the tie line was drawn with
uncertainty, Miéra, et al. (44), suggested that Ni7S6 is an unstable phase
at low temperatures and thus excluded frorﬁ ‘their diagram.

In general, most of the phases in the Fe-Ni-S system
tolerate Fe or Ni in their solid solutions because of the simiLar nature
of Fe and Ni atoms. According to Misra, et al. natural pentlandites vary
in nickel content from about 18 at % Ni to 34 at % Ni. As envisaged from
Fig, 1-5, the pentlandite co—existing with troilite contains the least nickel
(18,2~ 22.5 at % Ni), on the other hand, the pentlandite cp—existing with
millerite (NiS) and heazlewoodite (Ni3SZ) holds the most nickel (32 ~ 34,2
at % Ni). The pentlandite co-existing with hexagonal pyrrhotite and/or
monoclinic pyrrhotite, which is the most common pentlandite in the ore
bodies of the Sudbury district, contains 24 ~ .29 at % Ni,

The nickel contents in the natural pyrrhotite phases co-
existing with pentlandite were examined by Misra; et al, (44); using

electron probe analyses. According to their results, the nickel content
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of the hexagonal pyrrhotite was 0.14 ~ 0.21 at % Ni, similar to that for

the co-existing troilite (0.10~ 0.12 at % Ni), Furthermore, those of

the co-existing hexagonal pyrrhotite (0.21 ~ 0,72 at % Ni) and mono-

clinic pyrrhotite (0.19 ~ 0,72 at % Ni) are also very similar, but signi-

ficantly higher than the data for the troilite-hexagonal pyrrhotite pairs.

4. Scope of the Present Work

In spite of the interest in the acid decomposition reaction of

sulphides, few kinetic studies on this reaction are available. As a

result, the general mechanisms for the reaction are very uncertain at

the present stage.

A kinetic study on the dissolution of pyrrhotite is necessary

to clarify the characteristics of the reaction, The following variables

are considered in the study:

(1)
(2)
(3)
(4)
(5)
(6)
(7)

Acid type,

Acid concentration,

Sﬁlphur a‘ctivity in sulphide phase,
Cations and anions in solution,

Partial pressuré of hYdfog‘en sulphide,
Oxidizing potential of solution,

Temperature..

When the acid decomposition reaction is applied on a pyrrho-

tite ore, it is necessary to understand the behaviour of other co-existing

sulphides with the pyrrhotite in the Fe-Ni-S system in acid solution. On
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this basis, the syntheses of the sulphides of the Fe-S, Ni-S and Fe-Ni-S
systems were carried out under a stream of HZS and H2 mixed gas to
coﬁtrql the sulphur activity in the sulphide phase. These synthesize‘d
sulphides were uéed as samiales for the acid decomposition reaction.
The reaction rates for sulphides were compéred to ascertain the selecti-
'vity of the acid decomposition reaction on sulphides in the Fe-Ni-S
system.

Fi'pally_, a_ﬁicke_l sulphide concentrate of natural origin was
examined to correlate the fundamental»stut.iies of these reactions to appli-v
cations of poteﬂtial industrial binterest.

Furthermore, a method of integrating such an application

into the general scheme of nickel metallurgy is discussed.
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CHAPTER II

ACID DISSOLUTION OF PYRRHOTITE

1. Experimental

1.1 Materials

(a) Synthetic sulphides

(i) Iron sulphides

Armco iron spherical powder (under 100 mesh) was sul-
phidized in a porcelvain boat at 7000C for 2 days under HZS flow, This
sulphide was crushed, milled and sieved. The fraction between 200 and
325 mesh (10 grms) was annealed at appropriate temperatures for 24 hrs
under an atmosp'here of controlled sulphur activity, achieved by changing
the partial pressure of HéS in é. HZS/HZ gas stream. After annealing,
the furnace was cooled and the resulting synthesized sulphides were
stored in a vacuum desiccator.

(ii) Nickel sulphides

The synthesizing technique was the same as that for
the iron sulphides. Nickel metal of chemical purity was supplied by
Fisher Scientific Co,

(iii) Iron-nickel sulphides

Armco iron and nickel metal powder mixtures of equal
molar ratio were used to synthesize the iron-nickel sulphides using the

same synthetic method as described above.
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(b) Nat@ral minerals; pyrrhotite, pyrite

Pyrrhotite rock from the Chichibu Mine, Japan, was used
for the powdered sample and the massive electrode. The ground pyrrho-
tite was prepé.red under nitrogen atmosphere.

- Nickeliferrous pyrrhotite from the Falconbridge Min.e

Ontario, Canada, was also used in this study.,

Pyrite of blo.st idelntity, probably from Noranda Mines,
Quebec, Canada, was used for the electrochemical experiment., This

material was a fine-grained polycrystalline lump sample.

(c) Nickel sulphide concentrate
Nickel sulphide concentrate was kindly supplied by the
-International Nickel ‘Corﬁpany of Canada Ltd. Its chemical constituents

are listed in Chapter IV

1.. 2 Reagents

All reagents used in this study were of chemical purity,

He, OZ' compresséd air and nitrogen gases were used from gas cylinders
as received without further purification. Hydrogen gas from the cylinder
was passed through a palladium catalysis column and then a phosphorus
‘pentoxide water trap to remove contained oxygen. Hydrogen sulphide as -
supplied from Ithe cylinder was dried by means of a phosphorus pentoxide
trap.

' Singly-—dis‘til-led water was used for the preparation of the

solutions..
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1.3 Apperatue

Figure 2-1 shows a sketch of the apparatus for the experi-
ment in Which‘ the dissolution rate was measured by determining tihe
inci'ea_se in metal ;'Lori co.ncen'tration of consecutive eamples. A '5'00-m‘1
Erlenmevyer flbas'k iminerse'd in e temeerature-controlled water bath was
used as a reactioﬁ-ves‘.eel'., - The rtibber ‘tiun’g was fitted with a gas dis-
perser, a s‘olutioriv sampling tube and a gas outlet tube connected to a con~
denser.

.For e‘xperi'ments where the reaction rate was determined by
measuring thehiincr.ez.a,ee in HZS vp‘ressur‘e of_ the system; a solution samp-
ling tube \ivas replace<i by a p_owdei' sample holdei' which could be dumped
to begi;i the experiment in a closed 'systerh, which was connected to a
mer‘c‘ury. manometer'._

Agitatidn of the solution was performed by a 3.5 cm long
teﬂen-‘coa_'ted magnetic stirrer bar rotated by a variable speed magxietic

stirrer located under the water bath.

1.4 Expei-imenta.l procedure

| 'i‘he realc.tien.‘)essel with 500 ml .of solution was first
immersed in the .water. bath and kept at the required femperature for at
least 30 minutes wit}i bubbling.‘gases at 300 m1/min to provide the desired
atmosphei'e. " Then t}ie rubber bung was :lift.ed briefly to permit additiori
of .th.e 'po\vavdered sample into the solut.ionl"to start the reaction,

A 3~4 bml e.liquoi \i/’as. sempled at approiariate interva_ls by

subking the solution with the syringe. The aliquots were analyzed for the
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Figure 2-1. The experimental apparatus.
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metal ion dissolved,

For experiments incorporating measuring the increase in
the H.ZS pressure in the system, t_he.poﬂwdered sample was placed into
the sample holder attached to the. inside bottom of the rubber bung. The
" rubber ‘bung was mounted onto the _n’.louth' of the vessel and the solution
Wavs purged for 30 minutes with nit»ro‘gen gas. After the N, flow was
stoppéd and the éystem wasj equilibrated w‘ith‘the atmospheric pressure,
the sample ho}der was tilted by the laid‘of a plunger to drop the sample
'intov the solution. The increasé in the pressure of the system due to HZS
evolution was read by the mer‘cury monometer at appropriate intervals,

Agita‘,t'ion‘ of the solution was hormally at 1400 rpm, which

was the maximum rate obtained from the magnetic stirrer.

1.5 Analytical .technique_

The anal?ses for Fe, Ni and Cu in solution were carried out
using 'a.,Uni;:am SP 90 atomic absorption spectro.photometer. Prior to
every measurement made, a calibration curve was produced with stand-
ard solutions., In addi“tion,‘ ferrous ions at higher concenf’ration were

estimated using a standard ceric titration. (47)

2., Results and Discussion

2.1 Leaching curves
~Synthetic pyrrhotites with sulphur activities fixed at several
levels by the conditions of synthesis were leached in 0.1 ‘MHCAR solution

at 30°C. Helium gas was passed through the solution at 300 ml/min. The



Figure 2-2. Leaching curves for pyrrhotites of different sulphur activities.
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increase in the ferrous ion concentration is plotted against leaching

time in Figure 2-2. According to these curves, the reaction proceeds
without an induction period. and at constant rate during an initial period,
then slows down in the later stages of the leaching. A. Yazawa, et al.
(26) observed that the dissolution rate of pyrrhotite is second order in
the concentration (i.e., pulp d;ansity) of pyrrhotite up to about 50% of the

dissolution, i.,e.,

d{FeS] _ 2 mole
S22 - i, [Fes] (Ze) (2.1)

where [FeS] means the concentration of pyrrhotite and k, is a constant,
When this equation is valid, the reciprocal concentration of pyrrhotite
and time must have a linear relationship. In Figure 2-3, 1 / (1300 -
[Feﬂj t) vs time is plotted, where 1300 is approximately the total iron
content m 2 grms of pyrrhotite (mg) and [Fe++:J ¢ is the amount of iron dis-
solved at time t, (mg). According to this figure, an approximately
linear relatioﬂship is evident up to 50% of the dissolution.

The ratio of the amount of acid in normality to the amount
of pyrrhotite in molarity was 4,3 in this work and 4,95~ 1. 78 in
Yazawa's work. Because of the relatively small ratios, acid depletion
during leaching may affect the reaction rate iﬁ the later stages. There-
fore, an attempt.was made to dissolve pyrrhc;tite' in a high ratio of acid
to the pyrrhotite; i.e,, at values of 86, 172 and 258. Acid concentrations
of 1; 2 and 3 M were chosen, while 1 gm of pyrrhotite was weighed for

the solid sample. In these runs; a first order dependence; i.e.;
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d_clftf_l‘?_s‘_] - kl. [Fes] (2.2)

was found to give a much better fit of the data than a second order |
dependence, as seen fro‘m thé llog [erS] vs time linear relationship
shown in Figure 2-4.

quation (.2. 2) _suggésts thatl the dissolution of pyrrhotite
i)roceeds propor't‘ion‘ally'to‘the cbncentration of pyrrhc;tite without correc=-
tion for a.géoﬂnetrical effect of the surface‘a.;ea during the dissolution.
The decrease in the surface area due ‘to the reduction of the par.ticle size
during leaching may be cbmpénsated by increases in the surface area
by development of pits and roughness.

-Since the léaching curves in Fig‘.' 2-2 present a linear initial
stage of leaching, the dissolutiéﬁ rate was dételfmined from the slope of
this linear region and déscribed in terms of milligrams of metal ion per

minute and gram of solid sample (mg/min. grm)

2.2 Effect of the initial .surface area

The .initial surface aréa of pyrrhotite present was controlled
by the weight of the pyrrhotite charge from 0.3 to 8 grms. Experiments
were carried out.in 0.1 MHC { solution at 30°C using pYrrhol.tite syn-
thes‘ized under HZVS./HZ = 57.9 >at:‘600°C. .The results are shov?n in
.F.igure .2-5; plbtting the total dissolﬁtion'rate vs the sample weight, It

is seen that the total dissolution rate of iron is proportional to the sample
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‘ weigﬁt up to aﬁout 2 grms, but further inereases in the surflace area do
not.yield proportional linear dissolution rates.
N | A non-lineariﬁy betwee_n. the total'disselutio‘n rate and the
in'itiallvse.i'face.area; may .‘.t.>e dpe_ to the effect o'f. hydrogen.Sulp};ide whieh
‘ ie a re.a'ct‘i.on prodluc:t. the :initiail inerea_se 1n the surfaqe a'l.'éa:‘ resﬁlts 7
in an increaee inv‘the.'to‘.t‘all fe‘aetion 'rate_\.yit‘.hout';HéS '_el_f‘fect. Howev.er_,. if
vfu‘rt.he‘r. _incre,a,ses"_in ph,e_ s‘tj:rfa:ce area inc'reaee' the _tvotal rate enough tvo[_
'caus,e _BUi'Id-up of the hjrdrog‘er.féul;;hide in seletion to le\fels"w‘hic‘h ‘sup-
press the reacfion, the to_taI‘ dis.eolu_t'ion ratevwill net follow.é linear .

relationship with the initial surface area at such larger initial area.

2.3 ’Effeyct‘; of h}vrdrp‘ge'nv'ien concep,tr'étien,
- To iﬁvestigate‘ fhe ef:fect'ef acid eoneentr'ation oe the disso-
Iutien rate.,. the jconvcentrat.ion-of Bydrb.chlerig‘acid\:ﬁ/as varied from 0.01M .
to 3M at 30°C. "Two kincis of synthetie py‘rrho,tite were used, one synthe-
s1zed at 650° C under PHZS/PHZ 0.001 and the other at 600°C under
PHZS/PHa = 57.9%. |
Because of its large reaction'lrahe, the low sulphur pyrrho-
tite Was 'dis.s..olv;ed with the ‘i'a;teh beiﬁg followed by the p.reseure incf.ease
of a closed sys;em, as measgi‘ed by .a_mer‘cury' manometer connected to |
the reacﬁien Avess‘el‘.‘ The conversion of thie rate me‘asu:red by the mano-

meter to the n;o.rmél rate (mg/min,-gi‘m)v was made by comparing the

* From here on, the Syﬁthetic conditions for pyrrhotite are described
as FeS (Temperature the ratio of PH,S to PH,). For example, pyrr-
hotite synthesized at 650°C under PHZS/PHZ-. O 001 is described as
VFeS(650°C PHZS/PHZ = 0.001.) .
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rates in 0.1 MHC}{ solution, which were measured both hy manometer
and by chemical analysis. The rates of this pyrrhotite of low sulphur 1n
HCQ squtlon of 0,01 ~ 1. OM are summarlzed in Table 2~ I

In Flgure 2 -6, the calculated rates in Table 2-1 are plotted
against HCR concentratlon. In the sarne _f1gure, the data of a
high sulphur pyrrhotlte are .a.lso s.hown.. Accordlng to these resnlts
within the HCX concentratlon ‘range of O 01 to 1M the glopes of the
‘straight line in the Iog (Rate) -'Iog (Concentration) relation are 0,63 for
the low sulphur pyrrhotlte FeS (650°C PH S/PHZ = 0,001), and 0 75 for
the hlgh sulphur pyrrhotite, FeS (600 C, PH S/PH = 57.9). The disso-
lution rate for the latter changes its reactlon or‘der with respect ‘to the
HC! concentration above 1M When the activity of h;}drogen ion is con-~
sidered for the HC § concentratlon using a mean activity value. (48) he
orders of the reaction rate w1th respect to- the hydrogen ion activity are
observed to be 0 64 and 0,77 for the low sulphur and hlgh sulphur

pyrrhotite, respectlvely. |

In Figure 2-7, the dissolution rates of pyrrhotite in different
acids, i.e., hydrochloric,‘ sul'phuric and perchloric acid are compared
uslng a natural Chichibu pyrrhotite of the same mesh size, . 200N325 |
mesh at 30°C, Below 1M acid concentratmn the dissolution rate is not
influenced by the kind of ac1d; however, abo.ve 1M the‘difference appears
in the order of HC{ > HZSO4‘ > HCR 04.V‘ Snlnhuric acid is a dibasic acitl,
therefore, the concentration_ of hydrogen .ion i'.s diffei'ent fro_m the rnolality.

According to the analysis. of thermodynamic '&ata in aqueous sulphuric
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TABLE 2-1I

VARIATION IN THE DISSOLUTION RATE OF LOW-SULPHUR .
PYRRHOTITE (FeS, 650°C, PH,5/PH, = 0.001) WITH
' - DIFFERENT CONCENTRATIONS OF HC{

HCI COI};- o Meas{ﬁred Rate ' Calculated Rate .
(M) -+ (atm/min. grm) (mg/min. grm)
o001 L3 x'1d'3- o 17,5
o .. 0.99 - 13.3
0.05 195 o 26.2
0.1 5,'.:,.‘ 2.76 . 37.0"

oz  i“‘ - ..' 6;18 . Q?,.‘ 82,9

0.4 - '_" 10.5 '  | 141
0.7 o 14,5 - 194
1.0 o 17,7 . o 237

20,4 274

* the rate measured
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acid by L. T. Romankiw (49), in the concentration range of 0,01 to 4M
the concentration of hydrogen ion is related to the concentration of sul-

phuric acid by the following equation;
S : :
[H'] = 1.25 [H,50,] (2.3)

When we considér the concentration of hydrogen ion instead of the acid
concentration, the difference in .fhe rate between sulphuric and perchloric
‘acid above 1M concentration bécomes n.egligibly small, although in both
cases they are below the rates for HCK.,

Aé 'ment’ion.e'd in the previous chapter, although the first
order dei)endenée .of_ i:he acid decomposition rates of sulphides with res-
pect to the h?drogeri ion acfivity was observed vby several workers, incon-
sistencies were fop.nd in o‘b.servations b}.r‘oll:hel.' Workeré (.See Table 1-II).
In addition, the disédlution of iron metal in acidic solutions when accom-
panied By hydrogen evolution, this reaction apparently having a similar
mechanism to that of the acid decémposition of sulphides, does not always
obey a first order dependgnce with respect to the hydrogen ion activity, (50)
Furthermore, in hydrochloric acid _fhe effect of chloride ion on the disso~
lution rate of sulphides ﬁust bé_ taken into account when the hydrogen ion
éctivity is changed by increasing the acid strength., The chloride ion
effect on the p‘yrrhotite dissolﬁtion may be negligible below an HC{ con-

centration of lM.accounting for the data shown in Fig, 2-7.
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2.4 Effect of chloride ion

The influence of chloride ion on the dissolution was inves-
tigated at 30°C using natural Chichibu pyrrhotite, 0.1 and 1.0 MHC{
solutions, to which 1it1ﬁum chloride was added as a hydrogen ion indepen-
dent chloride add.itvion. The addition of lithium chloride in HCA solu-
tion.doevs‘not affecf- the tﬁermodynamic properties of hydrogen ion sig-
nificantly. (48)

The results are shown in Figure 2-8. According to these
data, the.dissoluticn rate a.t‘ the ‘higher HC1 COncenfration is accelerat’evd
by the édditioh ofnvc‘hlori.d.e ion to solution; however, at low HC{ concen-
tration the rate is 'suppressed by additional chloride ions in solution from
Lic{. |

Acceleration of the dissolution in the presence of the excess
chloride ion jn 1 MHCQ may explain the sharp increase in the dissolution
rate as the.HC)"L concentration exceeds 1M, as shown in Fig, 2-6 and
2-17.

It is.commqnly understood that the presence Qf chloride in
solution promotes the corrosion process of metallic iron under oxidizing
conditions due to the dest.ructive nature of chloride on the protective
oxide film.

 Under non-oxidizing condifions the effect of chloride ion
seems to be rather éompléx, Accordihg V'to M, H. Jones; et al, in strong
HC ! squtibon (10%) the NaCA vand- LiCQ salfs .accelerate the corrosion

of iron, (51)- .On the other hand, the studies of W.J. Lorenz (52) and
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K. Schwabe, et al (53) showed that additions of KCA and KBr in weak
acids (HC AL , HZSO4) substantially retarded the anodic dissolution of
iron. | In contrast, K, Nobé, et al. observed that the addition of NaC{
in 0.1 NHC{ Oy squtionI' accele'ra‘ted' the anodic dissolution of iron and
the dissolu.fion of irbn under open circuit conditions. (54)

If .it_ is assumed that a similar re_action mechanism is
Working on:the'dissoh_ltioh of méfallic iron as on pyrrhotite in acid solu-
tipn, i.e:, the v}.1'>)d‘rogen and hyd‘r:oger;“ éuléhide evolution are .both cathodic
reactions, aﬁ%i the meta'l' d‘i.s's'.olutiovn as a anodic reaction, respectively,
- the chloride ion effect at the high_er HCA Concentr_ation on pyrrhotite
dissblution is c;)ﬁsistent with the résﬁlt of Jones, et al. for the metallic
iron corrosion‘. ’On '.the oth_er ilénd, .the chléride ion effect at the lower
HCQ concenfration on pyr_r.h‘otite decompositidh agrees with the results
by Lorenz and Schwabe, e_ta_._l 'Accordiné to their interpretation, the
excess chloride ion in solution adsorbs o'h the surface to bIocvk the

reaction sites, thereby suppressing the dissolution of iron.

2.5 Effect of cations

The effect of cupric and nickel ion on the HCR dissolution
of synthetic low sulphur pyrrhétite was investigated By means of indepen-
dent cuprié andv‘r.l‘ig:kel chiéride additions. In Figure 2-9, the dissolution
rates are plotted against the concentration of cupric and nickel ion. At
low concenffations éf cupric ién tile (lieplletion of copper occurred; there-

fore; both the initial rate and the rate after the dleplel:ion are presented.
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Acc;)rding_ to these re sglts, the Adlissolution of pyrrﬁotite is inhibited
abovel a Criti.call concentration of the cations. As little as 105 M Cu++
retard§ th’e'pyrr‘}?otite dis‘solution.' f‘o_r nickei ion; the critical ;:oncen-
tration_is'higher.énd depe_nd.s. c_>f1 the cqﬁéentration of HCX,

| Fufthefmo.r_e, the ;efféct-éf Micﬂ'z'; FeCl, and cdc£23 at
0.1 M concent'ratié_n was. 'st.udiec-i-or; the'pyrrhotite dissolution, vThe
resul.t‘s‘ arev-p_l‘otlged in Figﬁre_ 2-9 It is evident that Mn'™*t ana Fe'th.ions
do not.inhibii; theldisv,scv)lutic')n ‘ofbpyrr‘h‘otirte under these 'cénditioﬁs, but
cgtt ion has a proln.o.tlnce.ci inhibition ef‘fect..- The inhibition bir éuch
cations must be at?rib.uted to the formation of surface layefvs of sulphides
less soluble than Ialyfi-hotitel... The.o'rder of tvhi‘s effect of clations appears
to be cut?t > .Cdf+,..v-1‘\li+.+ ->“. .'Fe-&, Mn++ and this order seems to corres-
pond to thq re_véxl‘se .6rder’ for the solubility constant, shown in Table 1-I,
i.e.,

CuS < CdS < NiS < FeS < MnS

Figure 2-10 shows the comparison of the dissolution rates
in the'abs_eﬁcfe and preseﬁce' of ferrous iﬁn at 0.01 M at 30°C in 0.1 MHCAH
solution usingvvthe pyrrhotites with véfioﬁs sulphur aétivities. From this
figure; .it ié evident that ferroqs ion at this concentr;tion does not in-
fluenc‘e the _aissolutiOn rate of ‘pyrr‘hoti'te:. |

In Fi{guréZ‘-"ll,'v the changes in the con‘centration.c‘)f metal
ions giﬁring Ieaéhiﬁg' are,s'ir.lown. . Pyrrhdtite dissolution in .the_ presence

4

of cupric ion (107" M) is compéred with that without Ccu' (shown by a
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broken line). The c‘upll'ic‘concentration decreases as iron goes into
solution, and When all the coi).per' in solution is depleted, the dissolution
of pyrrhotite acAc‘elerate s, althqtigh not to the rate of the uninhibited |
reaction.v‘ dn tv}ie other harid, a:lthoug_h thé .pyr‘rhotite dissolution in

0.01 MHCVJl' "s.ohific\)n _satura'ted. With HZS of 1 atm. is retarded by the
pre'sence(.o.f niclkelkio.n,' ithé hickel ion conéentration doeslnot change
duringvle_.aching.. _If is pos sible thé.t the depletionv of cupric ions is mainly
a dis'pl‘.a(,:eme’nt with ironqii the pyrrhotite surface, while nickel .precipita-
tion tak‘e"s_-p‘la",cé oply in the §1irfaée ‘Iaye“r gnd this represents too small

a quantity of non.-,feri'ou,s. metal to be detected by solution depletion.,

2.6 Effect of hydrogén. sulphide in solution

The effecf of hydrogen sulphide in so_Iution on the pyrrhotite
disSoh_ition was stiidied.by' bubbiing a inixture of helium and H,5 gases at
300 mi/min. through the 'sollul:ionv. Prior to addition of pyrrhotite the
gas mix‘ture'wa‘s passed through the clea.i" leaching solution for at least
30 minutes, 'I,‘hra pa‘rti‘a,l pressure of HyS was varied from 0.01 to 1 atm.

Figui‘es 2-12, 13 represent the results on high sulphur
pyrrhoti‘t,e. FeS (GOO?C, PHZS/PH2 = 57, 9) in 0.1 and 1MHC{ solution
and c‘>vn ‘1(-)w sullihur. Iiyrrhotite, FeS (600°C, PHZS/PH2 = 0.01) in 0,01
and O".l MH.CK_ <solution; respectively, a,tA 30°C. Figure 2-14 shows the
HZS effei:lt oii the low sulphur pyrrhotite at different temperatures. Figure
2-15 shovc).s the'cpmparis.c.)n _olf the dissolu't'ion rates of differént pyrrhotites

under atmosphere's" of only helium andjonly HZS;. in the HC{ concentration
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range of 0.01 ~ 1M at 30°C.

As a summary for the effect of HZS on pyrrhotite dissolu-

tion, the following statements can be made:

(1)

(2)

(3)

An H,S pressﬁre as small as ‘0.0l atm reduces the dissolution
rage of some pyrfhotites,

The inhibitinéeffect of HZS' is more pronounced in solutions of
Iower HCR vconcentration,

At the same HCR concentratidn‘,. the pyrrhotite with high
suilphur activity is more susceptible to the HZS inhibition than
that with low sulphur alctiv.ities.

The inhibition by H,S of the dissolution of pyrrhotite may

be interpreted by tlhle.following possible mechanisms:

(1)

(2)

If the reaction rate is controlled b;y the diffusion of HZS from
ﬁhe surface to the‘ bulk of the solution, HZS in solﬁtion reduces
the ;iriving force for the H,S diffueion, which is estimated as
the differ.ence in the concentration of HZS at the pyrrhotite
surface and the bulk of the solutfen.

If the reection rate is controlled by the reaction at the pyrrho-
tite surface, the HZS in solution promotes the reverse

(Fet?t + .HZS —> FeS + 2H+); As a result, the net reaction
rate of dissolution; whic.h is e, difference between the forward

and reverse reaction rates, decreases as the concentration of

HZS increases.
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(3) If the reaction rate is controlled by the chemical reaction
at the surface as in the previous case, the’HZS in solution
may adsorb on‘l‘:}‘1e pyrrhotite surface to block the reaction
sites and reduce the reaction rate‘of pyrrhotité.

It is kndwn thatﬁthe concentration of HZS in solution is
directiy proportiqnal to the vapour pressure of HZS above the solution in
the range éf vthe‘ HZS pressure anci of the HC{ coﬁcentration, .in which
the experiments were carried out. (55), >(56) This linear relatibnship
between the solubility arid‘.‘ the partial pressure 6f‘HZS was also found in
this wérk, shown in Appehdix I. Thereforev, if the i,nhibitién mechanism
(1) is \/;alid, the “pyrrhotit‘e.dissolution rate .can be expressed in terms
of the partial preésﬁre of HZS by the foIlowing equation;

S

Rate = Ko(cHZS - k PH,S) (2.4)

where Ko, k are’c,onstants, C;ZS is the concentration of H,5S at the
pyrrhotite surface and PHZS is the ﬁartial pressure of H,5. Equation

- (2.4) suggests that the pressu?e of HZS decreases the dissglution rate
linearly provided that the change in the HZS pressure does not affect tbe
values of Ko and k., However, this relationship was not found in the
experiments shown in Figures 2—'12N 14.' It is coﬁcludec’i that the HZS
inhiﬁition on tbe dissolution caﬂnot be due to the mechanism (1),

According to Romankiw, et al. (23), the rate equation for

the dissolution of zinc sulphide is described by the following equation;
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- ) . -1/2 1/2
alzn™) o a0 wr (6] -xB [za™  pus ) (2.5

dt’ 2

where Ao; surface area of zinc sulphide, kF, kB; the rate constants
of forward and backward reaction, fespeéqively, [ 1; concentrations of
compohehts and PHZS; the H,5 pa_,rtiél pressure. Therefore, an increase
in the partial pressure of HZS results in the decrease in the dissolution
rate of zinc sulphide due to the increase in the rate of the backward
reaction (the precipitationv of zinc sulphide). ~Although the dissolution
rate of pyrrhotite was suppressed by the pértial pressure of HZS' which
may suggest a possibil'ity of the mechanism (2), it was found that ferr.ous
ions up to 0'.1 M did not influence thé dissolution.rate of pyrrhotite, as
shown in Figure 2-9, 10,.. From this fa.ct,i it cé.n bé conc_Iuded that the
inhibition mechanism (2) doeé not explain'the dissolution as observed in
these experiments. |

According to O. L.. Riggs, et al. (57), the corrosion rate of
iron in the presence of inhibitor can be expressed in the following equation;

d [Fe ++]

T © (2.6)

k1 (-1 - + kZ
where © is the fraction of the surface covered by the adsorbed inhibitor,
k1 is the rate constant for the uninhibited reaction and k, 1is the rate
constant for corrosion of the completely covered surface. On the other
hand, E.B. Maxed, et al. have carried out a systematic quantitative

treatment of poisoning of heterogeneous catalysts. (58), (59) They ob-
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served that if the activity of a lmetalli.c catalyst Iis plotted against tbhe
amount of poison present, a graph is obtained in which the activity of

the catalyst usgaily_ first faﬂs iinearly or é.p'proximately linearly with
increasing poison cdnt(‘er}‘t.‘ T'hen it is :fo-lloWéd By ‘an inflexion in the
graph, after which the act.ivity-of the_catélyét faIIs. fa;’ less .steeply with
further increase in the.p‘ois‘on content, This 'bbservation is quantitatively

éxpressed by the fc')llowing.equatioh in terms of the poison coverage, ©,

Acar, = ke(l - @) (2.7
where Acat‘ is an activity of catalyst, and kc and X are constants,
Equation,(z. 7) is similar in vfoll'm to the modified équation (2.6), i.e.,

.‘ ’-d [FeH-J

at. =k-p-k)e (2. 8)

The qoverage of adsorbant, ©, is in general not linearly proportional to
its content in the média, bﬁt in the foi'm of a complex ‘isétherm. There-
fore, if the inhibition of H;S on the pyrrhot'ite dissolution is due to the
mechanism (3):,' ‘the inhibited ra.te can be e.xpressed quantiﬁa;tively by the
equation; |

Rate = Ro(l - geo) (2.9)

Where Ro is the rate uninhibited by H?S,ﬁ' 1is a constant and © is a sur-

face coverage of HZS on the pyrrhotite surface, which is a function of the

H,S partial pressure. W.H, Cone, . et al.’ carried out an experiment to
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mea‘sure the_amount of H,S adsorbed on NiS, PbS, CdS and FeS in
sol.ution at'l atm of‘y HZS prvessul.'e and 25°C. According to their results,
the am‘ount of H,S5 adsorbed §vas dependent on thé sulphide. For the
pyrrhotite, 2.3 x 10"4 fﬁoies .HZS was vads>orbe"d on 4.5 x 10"4 moles of
pyrrhotite in neutral solrutivon, although no indication was given of the

particle size of the pyrr‘hotite.

2,17 Estirr;atioﬁ of theHZS actiyity\‘ at thevvllayrrhotite surface
W}vxenv ‘the effect of: nickel ibn o‘n the dissolution of pyrrhotite
was investigated, inhibition 'wés observed above certain critical nickel
ion concent?ations,. 'whichw)ary with fhe HC( concentration {shown in
Fig., 2-9), From the l.?esul.t‘s ih Fig. 2-9, thésé c‘ri‘tical concentrations
are apprbximatelly 7x 104 aﬁd 8 x1072 ‘M Nitt f(;lf O 01 and 0.1 M HC[{
solufion, réspecfively. T |
At least two aItevrnate rﬁechanisms for the inhibition of
pyrrhotite dissolution by nickel ion can be sgggested;
(1) an exchange reaction bétWeén pickéi-ion and iron in solid
phase to foll.'m an insoluble (Fe + Ni). compound at the surface.
(2) the\vprecitpi‘tat.ion éf.‘nickel sulphide qt the surface by the reaction,
nitF +:st,¥—>-' NiS + 2H+ the precipitated NiS material
nuclveafin‘g- ;)n and reacting with the. byfrhotite phase to form a
surfé.ce 1ayve‘1j‘. théf is‘ considerably Iebss soluble th#n vpyrrhotite.

| Although W.E‘.‘ Ewers (61) found that nickel-uptake on

pyrrhotite occurred above 200°C in 3MNiCKz solution, it is uncertain
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whether this happens near room temperature. Fur;hermorg, mechanism
(1) cannot account directly for the observation that the critical concen-
tration of nickelvion for inhibition is dependent"on the acid concentration.
According' tp n.qec‘ha'nis‘m' (2), the c¢ritical nickel concentra-

tion for inhibitioﬁ is éxpecte_d to be app’rqximately second order with
respe~ct to-the HC R conéentration, -provided that the HZS activity is
appr.qximatelly con'svt_afnlt. In tillis.case,._ it is evider‘;tv_ that the H,S activity
at the‘pyrrhotite sur'facé rhay be i'at;h‘e‘r‘ Ial;g_er than that in solution, due
to the generatién of H,S a,‘t .the surface during active dissolution of pyrrho-
tite. Also, the flucleatio_n of NiS on the sgr‘lfaée‘zl'e,quires less supersatura-
tion f:ha.p nucleation and precipitation in the solution, where there may be
lno nﬁcleation»éites.' v.This may accoun_.t for the fact that the precipitation
of NiS does not occur 1n thve bulk of éolutibn_ at the critical concentration,
but 6nly on the pyfrhotite surface.

 On the.assumption of eciuilibriurh for n‘ickel sulphide preci-

pitation, i.e.,

HZS (at surface) + Ni++ = NiS(ol) + 2ut

¢

based on X -NiS as the precipitate (62), the equilibrium constant is
defined as;

' aHz's- aNitt
K = ' - (2.10)

aH+% . a g -NiS

where (a) means the activity of -each component at the pyrrhotite surface,.
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. Equation (2.10) is transformed to (2.11) in terms of aH,S:

2 .
: . aHbt . a-NiS
3 aH,S = et K‘_ (2.11)

.With- vequation (Z. 11) the actlxnty of-HZS ‘at the pyrrhotite surface* can
be calculated frorn K obtalned from thermod}fnamlc properties of
oL -NiS,.,H'ZS and Ni++," (aH), which is assufned to be the bulk activity
of I‘# ion; and (a Nf++) assumed to be the:bnl‘k activity of Nitt ion.
Fuf‘tbef'mere a.cc‘o‘rdfng to e'qtfa;tion (2 11), the critical activity of N1++
changes as: aH+ a H,5S change at constant .a O(.le The change in
aH S may be affected by changes in the bulk concentratlon of H,S and u*
as well as by the precfse propertles_ ‘of the pyrrhot_itevsurface, under con-
lditi_‘ons Whel‘é »H.ZS 1s bein‘g Igenera<ted. : |

jFignreZ:v—_l6 represents the dis‘s-olution rate of low sulphur
pyrrhotite in 0.01 MHCQ at 3.0_?C' ve the nickel concentration in solution
under different HZ.S ‘partial nressures. From this figure, it is evident
that the critical concentration_of\nickel ion varvies With HZS partiaI pres-
sure, i, e., tvhe larger the HZS:partival nr_essure, the smaller the critical
concentration.. It's value was estimated by grapbical extrapofation, as
shown in ng. 2-16.

Ianab.le 2-11, the critical concenti'ation of nickel for

various conditionq obtained by the above method are summarized and

e
b

The activi‘ty at the surface and in the bulk of the solution are the same
when there is no flux of H,S from the surface. Since there must be
such a flux, the equ111br1um condition can be assumed only at the sur-
face. . ‘
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TABLE 2-1I

SUMMARY OF DATA FOR [Ni**], AND aH,s

76

Leach Condition PH,g% [NiH]o Kok aH, Sk
FeS (600°C, PH,S/PH, = 0.01)
20°C 1.0 200 ~2.5x10"° 2,09 8, 4~10
0.01 MHC1 0.103 5,.0~6.0 2.09 3.5~4.2
0.014 10 ~ 20 2.09 1.0~ 2.1
30°C 1.0 2.5~3.5x 10> 1.47  4,2~5.9
0.01 MHC1 0.5 5.0~6.0 1,47 2.5~ 2.9
0.107 8.0~10 1.47 1.5~1.8
0.019 15~ 20 1.47 0.74~0.98
0.009 50~ 80 1.47 0.18~0.29
30°C 1.0 1.5~2,0 x 1072 1.47  0.74~0.98
0.1 MHC]1 0.13 3.7~ 5.5 1.47 0.27~0. 40
o 0.03 4,8~11. 1.47 0.13~0.31
40°C 1.0 4,0~5,0x 105 1.03 2.1~ 2.6
0.01 MHC1 0.33 4,7~ 6.5 1.03 1.6~2.2
‘ 0.113 12~ 14 1.03 0,74~ 0.86
0.024 - 20~ 30 1.03 0.34~0.52
FeS (600°C, PH,5/PH, = 57.9)
30°¢C 1.0 0.70~2.0 x 10~4 1.47 74~210
0.1 MHC] . 0.1 1.0~3.0 1.47 49~150
: 0.01 5,0~10 1.47 15~ 29
0.0009 8.0~15 1.47 9.8~ 18
30°C 1.0 1.0~3.0 x 102 1.47 49~ 147
1.0 MHC1 0.1 2.0~5,0 1.47 29~73
0.013 4.0~10 1,47 15~ 37
0.006 15~ 20 1.47 7.4~9,8

--—_———----_—_—-----——_————-—_—-—.,___—..-__—-_—_—_——-—__—_—_---_--—_

Cksdeok

PH,S was calculateid in consideration of the
HZS'evoIved from the pyrrhotite.-

K for each temperature was estimated from AHC

and A F© using the van't Hoff isochore.

The standard state for aH,S is the same as that

used by Latimer (10) for aqueous H,S.
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the activities of HZS assuming equilibrium with & -NiS are calculated
‘using equation (-2.11). Sin'(_:e there are no thermodynafnic data available
for the calculation of éctivit_ies of hydrogen é,nd nickel ions in the
aqueéus NiCXZ + HC,Q sysvte.m, »the concer‘ltrat‘ions of these ions were
considered to be eqﬁivalenlg _tb activities, |

, vIn Figui'e 2-1.7, »fhese_calculatted activities of HZS at the
pyrrhotite surface are plottved against l;hé partial p'ressure of H,S above
the squti.on on a double 16garifhmic séale, Baséd on these results and
the 'abo.vve i‘ntgrpi“eté.tioln,‘ ﬁhe HZS éctivity é.t the surface would appear to
vafy Qirer a wide ré.nge.. depévnding‘ on 't;he »ten‘n_pera.tur‘e, the. acid concen-
Fraﬁion and the type of pyrrhotite subjected 'tov,the experiments and fit an
eméirical' .r.el_atio‘n of the ﬂforrx.1;l

o
aH,S = APH,S : (2.12)

where A ana n are constan.ts., PHZVS is HZS partial pressure. A and

n are calculated from the data in Fig, 2-17 and summarized in Table 2-II1,
As se.e.n in Fig. 2-17, the esfimated_ activitsr of HZS at the pyrrhotite sur-
face is in general much higher than that in the bulk of the solution; i.e.,
when the pa;ftiﬁal pressure of HZS is 'unity; _.the HZS activity in solution is

' approximately 0,1 arouna room terhperatufe. In addition, the estimated
HZS activity at the éurface 6f thé high ét_llphur pyrrhotite is apparently
much higher thavn thét'at the suffacé of the low sulphur pyrrhotite., The
very high éstima;ted‘I;IZS .aqtivit‘;y at the pyrrhot.il.t'e surface is partly due

to the choice of ({-NiS and the use of its thermodynamic data in the
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TABLE 2-1II

VALUES FOR A AND n IN EQUATION (2-12)

FeS(600°C, PH,S/PH, = 0.01)

0.01 MHC1
20°C 9.4 0.41
30°C 4.9 0.55
40°C 2.6 0. 49

0.1 MHC1 - .
30°C . 0.83 0.39

FeS(600°C, PH,S/PH, = 57.9)

0.1 MHCI : _

- 30°C - 160 0.36

1 MHC1 .
30°C . 110 0.43

79
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calculations, and would be much lower if the actual surface NiS were
equivalent to a low (<< |) + Q -NiS activity. However; a quantitative
estimation for the thermodynamic properties at the surface is not pos-
sible. |

The temperature dependence of thg sﬁrface activity of HZS
on the low sulphur pyrrhotite can also be interpreted in terms of changes
in the form of the NiS surface film, i.e., changes in the activity of

Q-Nis.

The variation in the surface HZ.S activity with the HCI con-
centration cannot be explained for the time being,

In view of the above discussion, it is clear that, while
mechanism (2) is qualitatively‘better than mechanism (1) for inhibition,
it does not agree quantitatively_ with all of the experimental facts, and
ultimately another mechanism, perhaps a rr;ore sophisticated yariation
of one of the above, is still reéuired for corﬁplete understanding of this

inhibiting effect of nickel ions on the dissolution of pyrrhotite.

2.8 The relation between surface activity of H,S5 and inhibition by
H,S

According to equation (2. 9), the inhibiti‘onk of pyrrhotite
dissolution by HZS can be correlated to the H,S coverage at the pyrrhotite
surface, which is a function of the activity of HZS in solution. Meanwhile,
the relationship of the aétivity (partial pr(essure) of HZS and the estimated
surface activity of H,S was o'blt.ained in the previpus section. Therefore,

when we assume that the linear relation between the surface coverage of
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H,S and the estimated H,S surface activity is held, equation (2.9) can

be transformed in terms of aH,S;
Rate = Ro (1 - Y aHZS) (2.13)

where Y isa constant. The abové assumption seems to be justified
according to the data summarized in Appendix II,

Ir; FiguresZ-lS'vv ZC, thé data of the dissolution rate.of
pyrl;hotite under different H,S5 partial l;ressur.e.s in Fig., 2 - 12~14 are
replotted against estimated aH,S5, obtaiﬁéd from data presented in
Table Z-I."_ From these figures, the correlation between the di.;:solution
rate and aH,S in equation (2. 13) can be found.

In Figures 2-;19, Iit is evident tilat the difference in inhibition
of the d‘issolutior.l éf pyrrhotite by st 0.1 ‘MHCI solution as compared to
0. 01 MHCI1 solution result‘s from the smaller estimated surface HZS
activity. From the data in Fig. 2-.20, the Ro and Y  values are cal-

culated for each temperature and summarized in Table 2-1V,

TABLE 2-1V

Ro AND Y VALUES FOR 20, 30 AND 40°C
in 0.01 MHCI1, FeS (6000C, PH2S/PHp = 0.01)

20°C 300C - ' 40°C

Ro _ 3.8 7.5 11.3 mg/min, grm

y 0,079 0.120 0.216

|
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tion rates of low sulphur pyrrhotite.
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Relationship between H_5S activity and dissolu~

tion rates of low squhur pyrrhotite at 20, 30,

and 40°cC.
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In Figure 2-21, the Ro values, which are the dissolution rates of pyrrho-
tite in thev absence of fIZS on the surface, for each temperature are plotted
against the reciprocal absolute temperature to estimate the activation
energy for Ro.. |
The activatio‘n.-energy c:la,lculated from the slope of the line

is 9.8 Kcal/mole.  On the other hand, the Y values, whose physical
‘meaning 1s the effectivenese of inhibition o.f HZS molecule at the pyrrho-
tite surface, are also plotted in Fig. 2-21 fer each temperature. As
temperature increases', the Y value inere.ases with a similar tempera-
ture dependence to .that of Ro. The iucrease in ¥y value with temperature
may be attributed to the activation of H,S molecules at the surface to in-
crease the effectiveness of poiéoning. Though the activation energy for

Y value seems to be equivalent to. that for_Ro, no explenation for this

can be made.

2.9 Effect of oxidant in solution

The effect of oxidants present in eolution on the acid decom-
position of pyrrhotite was investigated usiug oijrg.eu gas, potassium
dichromate, ceric sulphate, potassium per;manganate and hydrogen
peroxide. All of these oxidants islowec:i the di‘é'solution of pyrrhotite to
an alr.nostv negligible rate; ‘though the cr.iti.cal;v'concentration of each oxi~
dant, above which the veffeet of oxida..vn_t first aﬁpears, d'e_pends on the iden-
tity of the oxidant, thve‘acid concentration énd the kind of pyrrhotite,

In Figure 2-22; the effect of partial pressure of oxygen on .
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Effect of partial pressure of oxygen on dissoly~
tion rates of pyrrhotites.
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pyrrhotite dissolution in 0,1 MHCI solution at 40°C is shown using two
kinds of pyrrhotite. From this figure, it is noted that the criticai partial
pressure of oxygen for the low sulphur pyrrhotite is much higher ( about
2 orders of magnitude ) than that for the high sulphur pyrrhotite.

In Figure 2-23, the oxidant effect using potassium dichro-~
mate is shown. The critical concentration of K;Cr0O7 is highest for the
low sulphur pyrrhotite, and increases as the acid concentration increases.
The minimum inhibited rate of aissolution is generally about 1/100 of the
uninhibited rate, as compared to a factor of 1/1000 for inhibition of this
reaction by oxygen (Fig. 2-22). A further increase in the concentration
of chr207 beyond the point, where the minimum rate is reached, in-
creases the dissolufion rate again, but thé mechanism of dissolution is
now the oxidative decomposition of pyrrho‘tite with elemental sulphur for-

mation,

(1) Nature of the inhibition

High sulphur pyrrhotite, FeS (600°C, PHZS/PHZ = 57.9),
was first leached in 1 or 1.8 M HZSO4 solution in the presence of 10"3 M
ceric sulphate at 40°C for about 150 minutes. Then the leaching was
stopped and the powder samplé was filtered and washed with distilled
water. This partially leached powder was then leached again in acids in
the absence of ;)xidant. Figu?e 2-24 represents the amount of Fe
dissolved during these experiments. In the presence of ceric ions, inhi-

bition develops in 10~ 20 minutes, and dissolution rates after about 100



89

| 00—, T
T 30°C
= | MHCI}
- O.IMHCI FeS(600 c,001)
| MHC'}F S(sol)° 5
~~ 0.IMHa1 J;"€ €579
10
e | ]
o
< J
£
> 10—
£
L
—
< ouf—
e
00! Lqp—X J l . :
0 10° 0% 103 02 o

C K2Cra07 (M)

Figure 2-23, Effect of concentration of potassium dichromate
on dissolution rates of pyrrhotites.



(mg)

Fe DISSOLVED

8]
o

90

FeS(600°%,57.9) Igrm.
40 °C
I IMHCI
SOLUTION.
CHANGE

I

1.8 MH,S0,+ 10 M ce**

4

v
H,SO,

IMH;S04+1G°M Ce'*

50

iron from high sulphur pyrrhotite.

Figure 2-24, Effect 0f.Ce4+ ion (10"3 M) on the dissolution of



91

‘minutes are very slow. With a éolﬁtion change ren@oving the oxidant
(Ce4+ ions),- the dissolution resumes again after several minutes of an
inductiycv)nrperiod.

| A .f‘ur.ther étudy of the réaqtivation of iﬁhibited pyrrhotite
was carried out using “o‘xy_gen as an (Ijx-idant.‘ The dissolution of pyrrho-
tite was first und‘elrita_ke‘n'ig' 1M H{Cl solutionlat 40°C und‘er oxygen bubbling,
Then after‘ selected per'iods' the oxygen sfre'afn was sWitched to helium
and leaching was contirlu‘;e‘d“ﬁpdel". thé hélium atmosphere. The amount of
iron dissolved durin.g'lgaghi.ng_wé.s pI,.Jott'ed f;on ty-pical funs in Figure 2-25.
The leaching cufves .show a 'svld-w dissolution unde_r: oxygen followed by rapid
dissolution ‘uvnde‘r hé‘liumj ra.fFér anliﬁductioh period, of dqration related to
the length of the 1eachi¥1g p.eriod' vs}ith :o.xygep. The inductién time, T, was
graphicall? estimated frém‘ the 1¢achix'1,gvcu1-'ve as shown in Fig. 2-25,

Figuré 27-26I‘rvepresents the dependence of the induction

period, T , on the time 6f leaching under oxygén in 1M HCI1 for two
kinds of pyrrhotite. According‘to these results, the iriductio.n period is
longer for higia sulphur pyrrhotite than that.for low sulphur pyrrhotite
under equivalent conditions. From the data; shown in Fig., 2-25, 26, it
can be concluded that ',the’inhibit.ed pyrrhqtite is reactivated in acid solu-
tion by removai of the ox.idanl.t from the;- solution after an ihdpction period.
The meaning of t_he inqluct.ion'périod is not fully uhderstood; however,
from the resulté m _}IFig.’ 2-26'it can be sppi:)osed that during the induction
period the disso'lutiop of én Qxi‘dized surface, of thickneSs increasing

with duration of oxidation, is taking place., The growth of the film during
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exposure to oxidation according to the parabolic law, followed by linear
dissolution of the film after the oxidant is removed, will account for the
shape of the curve in Fig. 2-26. (62)

Ap extensive effort’ to identify compounds on the oxidized
pyrrhotite surface was nqt made in this work. ’X-réy diffraction indicated
only pyrrhotite on a specimen oxidized‘with oxygen in 1M HCI at 40°C for
24 hrs. The dissolution.,of high‘ sulphur pyrrhotite, FeS (600°C, PHZS/
PHZ = 57.9), was carried out in 1M HCI and HZSO4 solution under oxygen,
while the temperat-ure of the water bath was gradually raised from 30
to 97°C. In Figure 2-27, both the amouﬁts of iron dissolved and the
temperature were plotted against time., In sulphuric acid, the dissolution
of irpn i;c, é.lmost negligible even at the maximum temperature reached.
On the other hand, in hydrochloric acid_ the dissolution of iron is rapidly
promoted with increasing temperature, though inhiBition by oxygen still
takes place at any temperature. This suggests that the surface film is a _
kind of oxide, since it is commonly known that chloride ions promote the
dissolution of 6xides and passive films on metallic surfacgs. Further-
more, when the pyrrhotite immersed in the oxygénated IM HC1 solution
at 40°C for 23 hrs was filtered and washed with carbon disulphide, then
leached in fresh 1M HCI1 solution; the dissolution of pyrrhot.ite did not
resume in 2 hrs. If inhibition by oxygen resulted from sulphur formation

at the surface, the washirig byb carbon disulphide should remove this sul-

phur and thereby expedite dissolution in fresh acid.
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2.10 Effect of imposed electroch’emical pgtential

The electrochemical aspeqt of the dissolution of ionic
crystals has been discussed by several workers. (63, 64, 65) It is
notéd t};at the transport of ioné'from the crystal ion to the solution is in-
fluenced by the potential at the crystal surface; iv. é. , the transport of
anions is promoted by more negative potentials and that of cations by
more positive potentials, accompanied by .changes in the survface activi-
ties of cations and anions.

It i.s generally undér stood fhat the sulphide crystal possésses
both. ionic and covalent bonding. ‘Therefore, the effect of imposed poten-
tial on the chemical dissolutionof suiphides fnay be rﬁore complicated,

In thié study, a.n H-shaped ceil, whi‘ch consists of two 250 ml
beakers connected with a sintered glass disé, was used for the electroly-
tic cell., One side of the cell contaiﬁed a Pt-gauze‘counter electrode, a
gas bubbler and a gas outlét tube. The othgr side of the cell consisted of
a sulphide working electrode, a gas bubbler, a Luggin-capillary, a solu-
tion sarﬁpling tube>and a gas outlet tube.

‘ The electrode poter;tia.l was measured with the KCI saturated
calomel electrode through the Luggin-capillary, All experiments were
carried out under a bubbled helium atmosphére. After placing 200 ml
electrolyte in fwo coﬁpartments, He gas was bubbled through the electro-
lyte for at least 30 minutes, tilen the potentiostatic electrolysis of the
sulphide working electrode was started using a Wenking potentiostat.

The electrochemical data (such as potential, current and accumulated
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coulombs) were collected during electrolysis, and a 2~.3 ml aliquot of
solution was sampled at selected intervals.

All experiments Were undertaken at room temperature
(= 20°C). The dissolution of metal during electrolysis was determined
from slopes of the plots of metal dissolved {rs time. The amount of
metal dissolved under cathodic conditions was simply obtained from the
analytical data. . Since anodic current produces metal ions in solution,
the metal dissolved by the chemical reaction was calculated (assuming
Faraday's laws) from the analyzed amount of metal in solution and the

amount of anodic current passed using equation (2.14);

‘ | - - QxM '
[M diss:.:I - [M analy;l 96500 % n (2.14)

where [M'- diss:.] is the amount of metal dissolved due to the chemical
reaction in grms, [M analy;l is the amount of metal analyzed in solution
in grms, Q is number of coulombs passed anodically, M is molecular
weight of metal and n is valence of metal ion. |

In Figure 2-28, the results on the natural Chichibu pyrrho-
tite are shown. The dissolution rate of iron was transformed into current
density units based on Faradays laws for equivalent anodic processes, so
that comparisons with the electrolytic current density could be made.
According to Fig, 2-28; it is'nc;ted that the anodic current density and
the dissolution rate during anodic electrolysis are negligible in the poten-

tial region studied, but that cathodic potential led to large dissolution rates
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and .current densities. Furthermore, in the cathodic range of +0,2~

- 0.6V (vs. S.H.E.), the dissolution rate of iron is in general much
larger than that an equivalent anodic current density would yield by
Faradays laws. The ratios of the dissolution rate of iron in equivalent
anodic current to the observed cathodic current are plotted against
‘potential in Figure 2~29. The ratios sharply decrease below -0.4 v,
presumably due ﬁo simultaneous hydrogen.discha-rge. The data are too
scattered to permit any conclusions regarding the effect of acid concen-
tration, except that it is srha_II.

Figure 2-30 represents the cathodic polarization curve and
the dissolution rate of Falconbridge nickeliferrous pyrrhotite in 1M HC1
solution. The dissolution ratee of both iron Aa,nd nickel were obtained,
and were found to have a ratio of approximately 100, which reflects the
nickel content of the pyrrhotite phase. It is noted the.t the results in t_hi’s
figure are similar to those in Fig. 2-28. The ratios of the dissolution
rate of iron to the cathodic current are also plotted in Fig. 2-29 with
those for Chichibu pyrrhotite and are found to be somewhat smaller than
those obtained for the latter, but the rﬁaximurp ratio for both minerals
appears at the same voltage, about - 0.15 V..

The same experiments were carried out in 1M HCI solution

¢ ’

using natural pyrite; FeS The results are shown in Figure 2-31.

5
Though a significant difference in reactivity between two pyrite electrodes

is observed, it is noted that above -0.2 V the cathodic currents are

smaller than those obtained in the pyrrhotites:and below - 0.2 V a rapid



102

|O — T ™ T T T T T T T T -
N z
- R =0——0~ CHEMICAL DISSOLUTION ]
™~ \) ~0==5~CURRENT PASSED ]
& \
(3 10 =
o 3]
~ E
< -
E -
> -
>
®
Z | E =
w - 3
o - ]
- - ]
Z N .
w
P : -
14
] -1
107 | -
© = PYRITE ;
- 1M HC ]
- ®™20°C .
102k (8) ]
N . P o o 1
-05 o 05

POTENTIAL vs. SHE (V)

Figure 2-31. Current and dissolution rate versus imposed
potential on pyrite.



103

10
CHICHIBU
: Po.
: FALCONBRIDGE
Po.
[ Vo o(a)
i 0 (g) |
PYRITE
IR/
Ic '- I ]
B ; I i
/ o
B / - i
i -/ |
v v/
/
o o4
1 1 lg ;o0 I 1 | L { 1 {
0.l 05 . ° o5

POTENTIAL vs. SHE (V)

Figure 2-32, Variation in IR/IC ration with imposed pqtential
for pyrite and pyrrhotites.



104

increase in the cathodic current with potential is observed. Meanwhile,
the chemical dissolution rate féllows the shape of the polarization curve.
The sharp increase in dissolution rafe beléw - 0.2 V was not observed
in the pyrrhotite case. In addition, chemical analysis of the out-let

gas from the cell resulted in the detection of’HZS only when the potential
was set below - 0,2 V.

In Figure 2-32, the ratios éf the chemical.dissolution rate
to the cathodic current are plotted and seen to be smaller tilan those for
the pyrrhotites at all potentials, A sharp drop is observed for this ratio
around - 0,20 ~ - 0.15 V for both pyrite an.d pyrrhotites,

According to Engell (65), Whenv an ionic crystal is subjected
to an electrochemical pote;ltial, the chemic;l dissolution rate of the crystal

depends on the imposed potential, and its dependence is expressed by the

equations;
TEE 5 (@ dz,l - ez L (2.15)
= (lz,] - a_ lzgl) R,Ejl‘ | (2.16)
= (a, lz,l - IzBI ) ijr (2.17)

where r is a dissolution rate of an ioni-c crystal,” E 1is potential, Qa As
Q B are transfer coefficients for the cation'(A) and the anion (B), res-
pectively, Z,, .ZB are valencgs for the cation (A) and the anlion (B),
respectively, F is Faraday constant, R is the gas constant and T is

temperature (° K). Equation (2.15) is applied on the case where the



105

transports of both anién. é.nd cation are combined in the rate determining
step, while for rate-control by the anion transport equation (2.16) applies
and for the cation transport equation (2.17) is applicable.

From the data in Fig.b 2-28 and 30, the values of d Inr/dE
for the pyrrhotites are calculated; yi‘elding \}alues of -30 and -10 for
Chichibu and Falconbridge natgi‘al pyrrhotitgs, respectively. For pyrrho-
tite, | ZAI = | ZBI = 2 and 0.3< Qp, @y < 0.7 (assumed); there-
fore, a value of -30 for Chichibu pyrr.hotite is consistent with equation
(2.17) and a value of -10 for Falconbridge pyrrhotite more consistent
with equation (2.15)

Meanwhile, pyrrhotite, when itlis cathodized, forms hydro-

gen sulphide according to the equation;

Fel_xS+2yH++2ye —= Fe S

1ox Spay + ¥ H,S (2.18)

The new pyrrhotite phase, Fe Sl—y' may dissolve chemically;

1 -X

Fei  Sy_y*2 (1-0H — (loxgFe ™ H(1-0H,5+ (x-y)5  (2.19)

®1-x"1-y

with a larger dissolution rate than that of the Fel_XS phase. The ratio
of the chemical dissolution rate to the cathodic current is then expressed

by the following equation;

. L
E _ 2(1-x) - 1-},{ _ (2.20)
IC 2y v '

In general, for natural pyrrhotite the value (1-2) varies from ! to 0.875,
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The values obtained fbr IR/IC (shown in Fig. 2-29) are about 9 for
Chichibu pyrrhotite and 3.5 ~ 7 for Falconbridge pyrrhotite, Values
of 7~ 9 are reasonable considering the above faqtors; when y & x,
Fufthermore,’ the close resemblance between the dissolu‘tion curve and
the cathodic polarizatibn curvé é.s a function of potential i§ more 1;1nder-
standable in tefms' of this explanatioﬁ than by means of Engell's _equé.tions.
.For .pyri_te, the dependence of the dissolution rate on poten=
tial may be interpreéted as the cathodic réduction of sulphur in the pyrite .
| phase, because significant dissolution of pyrite was observed only when
HZS evolution by a cathodic current occurred. The potential below - 0,2 v,
atkwhich H,S evolution occurs, is low ehough to evolve hydrogen as well,
Therefore, the ratio of the chemical dissolu.tion rate to cathodic current
is very small compared with ratips of the pyrrhotites, On the other haﬁd,
below - 0.2 V the pyrrhotite phase bécomes iron'satufated and probably
discharges hydrogen; therefore, no equivale.nt further increase in the

chemical dissolution rate was observed.

3. General Discussion

The acid decom'positio'n‘ reactior_i of sulphides proceeds
through fhe following simple steps:
(1) Diffusion of hydrogen ions from the bulk solution to the solid-
liquid i_nterface;
(2) Reé;ction betweén hydi‘ogéh ions and sulllohvu‘r species at the

solid-liquid interface,
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(3) Diffusion of reaction products, HS™ or H,S and metal cations
from the reaction sites to the bulk solution.

According to the reaction models by Ingraham (12) and
Locker (21), which were mentioned in Chapter I, the reaction occurs at
the sulphide-solution interface; However, when a sﬁlphide has a very
high decomposition rate, thg dissocviation of the solid may occur first
with subsequent reaction between hydrogen ions and sulphide ions in
the vicinity of the solid surface. In this case, the reactién between
hydrogen ions and sulphide ions is in general, fast because of a homo-
geneous reaction.l Therefore, the transport of hydrogen ions from the
bulk solution to the»sulphide ions or the ﬁransi:ort of reaction pro‘ducts’
from the vicinity of the surface of the solid to the bulk solution will be
the slowest step for the reaction.

To account for the results in the dissolution of iron sul-
phides, the transport éf hydrogen ions cannot_ be the slowest step in the
process, because firstly the dissolution rate aepends on the composition
of solid phase, which does not seem to influence the transport process
of hydrogen ions, and secondly the estimated rate for the hydrogen ion
diffusion con_trolled reaction is approximately lb's moles/sec. cm? for
a hydrogen ion concentration of 1 M (21), and the maximum rate for
pyrrhotite under the same conditions is estimated to be about 10~?
moles/sec. cmz.

The transport of ‘reaction produqts, which are ferrous ions

and sulphide species of HS™ or H,S, also does not seem to control the
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reaction rate, since ferrous ions in solution do not affect the dissolution
rate up to a concentration of 10} M, and the hydrogen sulphide in solu-
tion does not slow the dissolution rate linearly as would be expected in

a reaction controlled by the trénsport of products from the reaction zone
to the bulk. solution. Therefore, the dissolution rate of pPyrrhotite mu.st
be controlled by the chemical reaction on the pyrrhofite surface under
the conditions employed in this study. The term ''the chemical reaction'
refers to general processes involved in the heterogeneous reaction, in-
cluding adsorption of reactants, surface chemical reactions and desorp-
tion of products.

This chemical reaction controlled dissolution of pyrrhotite
is consistent with a value of 9.8 Kcal/mole .for the activation energy ob-
tained from pyrrhotite dissolution kinetics. Locker, et al, (21) claimed
that the dissolution of II-VI compounds (ZnS, ZnSe, CdS and ZnS + CdSs)
is co;ltrolled by the slow adsorption step of hydrogen ions on the solid
surface, as fnentioned in Chapter I. From the present work on pyrrho-
tite, the identificétion of the rate determining step from the three men-
tioned processes can not be méde. However, the parameters, which
promote the dissolution of pyrrhotite, are listed as;

(1) a low excess sulphur in pyrrhotite,

(2) a high concentration of hydrogen ion in solution,

(3) a high concentration of chloride ion at high acid con-
centration,

(4) a low imposed potential by electrochemical means or

chemical redox environments,
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On the other hand, the para.meteré to suppress the dissolution of pyrrho-

tite are;

(1)
(2)

(3)

(5)

a high excess sulphur content in Pyrrhotite,

a high concentration of chloride ion at low acid concen~
tration, |

the presence of cations in solution forming sulphide
precipitates less soluble than pyrrhotite,

hydrogen sulphide in solution,

a high ifnposed potential; that is, an oxidizing environ-

ment,
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CHAPTER 111
ACID DECOMPOSITION OF COMPOUNDS IN THE

Fe-Ni-S SYSTEM

This chapter describes the Work done to investigate the
selectivity of the acid decomposition reaction on the compounds in the
Fe-Ni-S system. This work is‘ultimately’applicable to acid decompo-
sition reactions on pyrrhotite ores and nickel concentrates, since they

consist mainly of the minerals in the ternary Fe~Ni-S system.

1. Experimental

The experimental method is the same as that used and
described in Chapter II. In addition, a Debye-Scherrer camera was
used to take powder diffraction patterns for identification of the phas‘es
present in the starting materi.als‘.

The compounds covered in this study were synthesized
from mixtures of iron and nickel powders under atmospheres of H,S5-
H, mixed gases of different HZIS /H, ratios in order to control the sulphur
activity in the compounds. In Figure 3-1, the region in the Fe-Ni-S
system, which was covered in this work, is schematically described
by broken lines. The numbers in the figure represent;

(1) Fe-S system (600°C, PH,S/PH, = 6.001 ~ 57,9),
(2) Ni-S system (600°C, PHZS/PH2‘= 0,001 ~ 57,9),
(3) Fe-Ni-S system (Fe = Ni = 1 = 1)(600°C, PH,S/PH, = 0,001~

57.9),



Figure 3-1. Schematic presentation of regions studied
in Fe-Ni-S system, -
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(4) FeS-NiS system (600°C, PH,S/PH, = 1),

(5) FeS - (FeNi)9 Sg system (600°C, PHZS/PHZ: 0.001),

2. Results and Discussion

2.1 Dissolution of compounds in the Fe-S system

The initial dissolution rate for the compounds in the Fe-S
system was calculated from the data presentevd in Fig. 2-2in 0,1 M
HCI at 30°C. The rate data are plotted against the HZS,/H2 ratio of the
atmosphere under which the compounds were synthesized at 600°C for
24 hrs, in Figure 3-2 (réproduced from Fig,2-10). According to
thermodynamic data presented by T. Rosenqvist (66), in the range from

0.001 to 57.9, HZS/H2 ratios at 600°C the phases expected are Fe S

1-x
close to the stoichiometric composition of FeS at the lower end of this

range and Fe S(x = 0. 14), which co-exists with pyrite at a HZS/

1-x
H2 ratio of 57.9 at 600°C. The influence of the excess sulphur con-
tent in pyrrhotite on the acid decomposition rate is evident from the
figure, the rate change being 50 fold for an ﬁZS/HZ ratio decrease
from 57.9 to 0.001. The dotted lines in Fig. 3-2 represeﬁt the changes
in the activities of iron and stoichiofnetric FeS estimated from the
thermodynamic data by P. Toulmin, et al. (67) and K. Niwa (68) plotted
in arbitrary units. The curve of the dissolution rate does not correlate
with either the 2 e OT the 2 peg line. This means that the dissolution

rate constant of pyrrhotite is not a simple function of the thermodynamic

properties of the solid phase at synthesis conditions.,
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2.2 Dissolution of compounds in the Ni-S system

The dissolution rates of the Ni-S compounds in 0,5 M HCI1
solution at 40°C are compared in Figure 3-3, These are much slower
than those of the equivalent fe‘-S compounds. According to thermodyna-
mic data by Rosenqvist, in the‘ range of 0,001 to 57,9 of PHZS/IIDH2 ratio
at 600°C the stable phases are: Ni3SZi-X (x ® - 0.17) for the lower end
of the range, and Nil_XS (x &~ 0.05) for the high sulphur end, (very |
close to the Nil_XS - NiS2 two phase boundary). .The dissolution beha-
viour of these sglphides is different‘lfrom that of the Fe-S materials
and may reflect the presence of different phases in this system. The
dissolution rate_in the Ni352‘i—x region shows a minimum around the
composition of Ni3SZ and deviations in both directions from the stoichio-
metric composition of Ni3SZ seem to incre‘ase the dis'solution‘rate of

S region
% g

nickel from these compounds. On the other hand, in the Nil_

the dissolution rate has a maximum value around the stoichiometric
composition of NiS and small deviations frpm this composition do not
decrease the dissolution rate; however, 1arge. decreases in the dissolu~
tion rate of this"phase correlate with substantial deviations from the

HZS/H2 ratio in equilibrium with the stoichiometric NiS material.

2.3 Dissolution of the compounds in the Fe-Ni-S system

The phases with equimolar ratio of Fe to Ni were syn-
thesized under controlled sulphur activity atmospheres at 6000C by the

same method described previously. These compounds were leached in
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0.1 M HCI at 30°C. The increase in the concentration of Fe and Ni

in solution was found to be linear with time and the molar ratio of Fe

to Ni ion was unity for all compounds examiﬁed. In Figgre 3-4, the
analytically determined dissolution rates of these compounds in 0.1 M
HCI at 30°C is plotted against the synthesis PHZS/PH2 ratio.- According -
to these data, up to a PHZS/PH2 ratio of 0.01, pentlandite, (FeNi)9i-x88
dissolves faster than o!;her compounds and the dissolution rate of pent-
landite decreases as the sulphur activity increases. When the phase,
(NiFe)l_xS starts appearing, the dissolution rate drops sharply and
further increases in sulphur activity lead to further decreases in the
dissolution rate. The material synthesi%éd at PHZS/PHZ = 57.9 was

virtually insoluble under the applied leaching conditions.

2.4 Dissolution of the compounds of Fel_xS and Nil_ S

The phases Fel_XS and Nil-xs form a monosulphide solid
solution (M.s.s.), i.e., (FeNi)l_XS, for all ratio of Fe to Ni in the
temperature range between about 950°C and about 275°C, as mentioned
in Chapter I. This solid solution is not stable below the ldwer limiting
temperature; however, low phase tr‘ansformation rates lead to métastable
retention of the higher temperature phase at room temperature .for ordi-
nary laboratéry experimental time periods,

Powderéd Fel_XS and Nil-xs ( — 325 mesh) Were mixed
in appropriate ratios and heat-treated a'tl600°C under a PI—IZS/PHZIratJ’.o

of unity for 24 hrs. After synthesis, the powder mixture was air-cooled -
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to the room temperature and used for leaching tests. In each leaching
experiment, no preferential dissolution of either iron or nickel occurred
and the ratio of iron to nickel dissolved was equal to that in the solid
phase.

In Figure 3-5, the diss.olution rates for iron and nickel
are plotted against mole fraction of Ni, .S in the mixture. The dissolu-
tion rate for Fe;_ .S and Nil-xs was measured using powder sized bet-
ween 200 and 325 mesh synthesized under the same conditions, The
M. s.s. material dissolved much more slowly than either of the limiting
phases, and falls to a minimum value at around 0.7 of Ni, .S mole
fraction. The composition of the system at this rate minimum can be
correlated with a discontinuity in the spacing of thé (102_.) plane as ob-

served by Shewman, et al. (45)

2.5 Dissolution of pyrrhotite co-existing with pentlandite

Pyrrhotite forms a homogeneous solid solution with nickel
up to a maximum somewhere between 0.5 and 1 atomic percent nickel at
room temperature, and above this limiting nickel content ﬁormally
equilibrates with a pentlandite phasé, as observed in nature., In this
section, the effect pf the nickel content of pyrrhotite on the dissolution
of pyrrhotite was investigated. The addition of nickel to pyrrhotite was
made by mixing the pyrrhotite powder ( + 200 mesh) and the (FeNi)l__xS
powder ( — 325 mesh) at the desired ratios, and annealing them at

600°C for 24 hrs under an atmosphere of PHZS/-PHZ = 0.01. Under this
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condition of synthesis, the excess nickel, if present, forms the pent-
landite phase with pyrrhotite saturated with nickel. After furnace
cooling the synthesized sample, the usual dissolution runs were carried
out at 30°C in 0.1 MHCI solution. The amounts of iron and nickel dis-
solved were analyzed at certain intervals and the dissolution rates for
each metal were determined,

The results are shown in Figure 3-6, ‘The initial dissolu~-
tion rate of the pyrrhotite is not changed with up to 0.5 at % nickel, but
is distinctly lower at 1.25 at % nickel and higher to about 75% of the
initial dissolutioﬁ rate. The nickel dissolution rate rises with nickel
content of the pyrrhotite as exi)ected, but at higher nickel contents than
2.5 at % this rate levels off. Since, according to the data in Fig, 3-2
and 3-4, the pentlandite dissolves 60 times slower than the pyrrhotite
under the same sulphur activity, it can be assumed that the measured
dissolutions of nickel and iron are overwhelmingly due to the dissolution
of the pyrrhotite phase in the mixture. Oniy when the maximum solubility
of nickel in the pyrrhotite is exceeded, woﬁld pentlandite exist, and with
further increases in nickel in the pr-eparedvmaterial an increase in the
dissolution rate.of nickel cannot be expected without dissolution of pent-
landite.

In the upper part of Figure 3-6, the ratio of the molar
dissolution rate of iron to that of nickel is compared with the molar ratio
of iron to nickel in the mixed éowder. According to the results, the dis-

crepancy between these two ratios starts at around 1.25 at % nickel.
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Therefore, it can be concluded that 1.25 at % nickel is close to the
maximum solubility of nickel retained in pyrrhotite synthesized at
600°C under an atmosphere of PH,S/PH, = 0.01.

In general, the maximum solubility of nickel in natural
pyrrhotite was found to be less than 1 at % (see Chapter I). However,
a general increase in solubility with temperature between phases in
alloy systems is observed, and an increase ip solubility of nickel in

the pyrrhotite at 600°C would be expected on these grounds,

2.6 Inhibition effect of oxidant on the Fe-Ni-S compounds

As mentioned in the previous-chapter, the dissolution of
pyrrhotite is heavily inhibited in the presence of oxidant 1n solution,
The inhibition effect by oxidant on the compounds in the Ni-S and
Fe-Ni-5 systems was also investigated using oxygen.

The phase Ni3SZi-X synthesized at 600°C under an atmos-
phere of PHZS/PHZ = 0.01 was leached in 1 M HCI and HZSO4 solutions
at 40°C under helium, oxygen and helium atmospheres, sequentially,
The results are shown in Figure 3-7, The_ initial dissoluti'on of nickel
is accelerated by the introduction of' oxygen into solution, but later it
declines and practically stops after 25 minutes in 1 M HZSO4 solution
and after 145 minutes in 1 M HC] solution. The subsequent introduction
of helium displacing the oxygen leads to résumption of dissolution after
an induction period (Iongel; in éulphuric écid than in hydrochloric acid).

In Figure 3-8, the results on Nil_xS synthesized at 600°C
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under an atmosphere of PHZS’/PH2 = 0.5 are shown. In this case, the
iﬁitial dissolution of nickel stopped.as soon as oxygen was introduced
and the reactivation of the sulphide did not occur in the experimental
' period after h‘eliunil wé.s rééintroducéd into the solution.

The results in Figure 3}-9,. are on pentlandite with éqqi-
molar nickel and iron synthesized at 600°C under an atmosphere of
PH,S/PH, = 0,01, in 1 M HCI solution af, 40°C. ' The initial di"ssolut‘ion
of nickel is b.rieﬂy. accelerated and then stopped by the,introduction ‘o,‘f_
dxygen. The iron dissolution rate‘is similar, although the brief accel-
eration of dissoigtion appéars to be missiné. The re-introduction of
helium gas in thé system does not reactivate the pentlanditg éﬁrface
within an expef?lménté.l period of 260 minutes.

‘F.rom these daté., it can be concluded that the passivation
films formed by oxygen during dissolution are more stable c;n'Nil_xS

and on pentlandite, (NiFe)gsg, than on Ni3SZ+X .

3. General Discussion

The acid dissolution rates offphases in the fe-Ni-—S
system (synthesized at 600°C) in 0.1 M HC‘I'sqution‘at 30°C are sum-
marized in Figure 3-10. Phases in the Ni-S binary system were not
studied at 30°C in 0.1 M HCI solution and so were assigned rates .cérres-
ponding :to oﬂe-'tenth of the me'a.sure_d rafeS"at 40°C in‘O. 5 M HC1 s‘oh‘i-
tion. The appr__oxir‘naAte‘iso.-dissolution l;até lines were then dral{vn on a

portion of the ternary phase diagram in this figure. For the simplifica-
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tion, the phase relations were not considered and the sulphur activity
(PHZ/PHZ' ratios at synthesis temperature) was employed instead of the
sulphur composition. From this schematic diagram, it can be seen
that the dissolution rate ranges from 10 to 104 (mg Mt /min. grm),
the high rate region lying along the Fe-S system and the low rate region
dominating the high sulphur and middle part of the diagram,

The application of the results in Fig., 3-10 to natural
mineral assemblages must be carefuﬁy done because the results were
obtained on compounds synthesized at.éOOOC and the phase relations at
600°C é.re different from those of natural assemblages. However, the
results can be directly applied to heat treaAted ores and pyrometallurgi-
cally produced sulphide.s in this system at around this temperature,

Thé low rate region, which dominates the mid-section of
the high sulphur area, can be i‘nterpreted qgalitatively in terms of FeS
activities based on composition. S.D. Scott, et al, (69) found that the
activity of FeS 11;1 the monosulphide solid solution at 930°C deviates nega-
ti&ely from Raoult's law. Therefore, the dissolution rates of the mono-
sulphide solid solution are Iowér than those expected from the rates of
pure FequS and Nil_XS phases, However,.‘i this interpretation cannot
explain why the minimum rate in éhe M. s.s. phase range is three orders
of magnitude smaller than thatl of the pure phase while the activity change
of FeS in the M. s.s. phase is only one o.rd'er lower. The aétivity coe(flﬁ-
cient; (aFeS/NFeS in M. s.s.), rangesvfror:r; 0.7 to 0.9 for compositions

of the M.s.s. phase between 7 and 40 at % Ni.
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The compounds of the Ni-S and Fe-Ni-S systems are also
susceptible to inhibition by oxidants. Therefore, the presence of these
oxidants must be avoided for the purpose of acid dissolution of these
minerals and compounds. The inhibition can be accounted for by
mechanisms similar to that of vpyrrh'otite in view of the similarity in
chemical propertieé of iron suiphides and nickel or (nickel + iron)

sulphides.
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CHAPTER IV
DISSOLUTION OF NICKEL CONCENTRATE

IN ACID SOLUTION-

' It 1s‘ev1dent from the results on the a01d decomp051t10n ef :
the synthetlc sulphide phases in the Fe N1-S system that dlfferences in
rate for dlfferent compos1t1ons are fa1r1y Iarge so that the upgrading of
sulphide concentrates.cons'isting of pyrrhotite a.nd‘p.entla.n'd_ite rnight; be
po.ssible by' seIecting ‘proper eonlditioﬁs.;for sueh acid decomposition
reaetions. Spec.ifically, .acid'svolvutions lof>the appr.opl;iate concentra-
tion apparently dissolve pyr.rhotite at a sigﬁi_ficent ra;e while pentlandite
and other sulphides (i.e., chaic.oi)yrite, pyrite, and ganéue) should
rerna.in essentially undis slolved..‘ | |

The upgraded residues after the disselutioh of pyrrhotite
are both suitable and desirable for.'known nickel processes, since no
valuable components are eliminated. At th.e same time the pregnant
leach solution from which hydrogen sulphise has been stripped, contains
ferrous salts which can be the source of various iron comi)oﬁnds as

determined by further treatment of the solﬁtion.

1. Experimental

A sample of nickel concentrate was obtained from Sudbury
district ores as a donation from the International Nickel Company of
Canada Limited. This concentrate analyses 5.92% Ni, .2.4% Cu,

37.9% Fe and 25.9% S according to: the compahy assay shu'pvplied.
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The experimental se‘t—u.p and procedure were the same as
those used in the previous sections for the normal dissolution experi-
ménts, except a 1000 ml Erlenmeyer flask was used instead of 5»00'm1.
The equipment used for the eleétrolysis e.xperirnent is described later
in this chapter, N

During the leaching rqﬁ, aquﬁots of several mls were
sampled from thev i’each pulp to analyse for nickel, iron and copper ;.t
selected intervals. Other met_é.ls and non-métallic inpurities were not

determained.

2. Results and Discussion

2.1 Acid leaching of Ni-concentrate

In preliminary experiments, the Ni-concentfate wés found
to be very much less soluble in weak acid than the equivalent synthesized
compounds. In Figure 4-1, the iron extraction from the Ni-concentrate
is shown in hydrochloric and sulphuric acids during stepwise concentra-
tion increases every 10 minutes at:60 and 8'0°C. According to these
results, the dissolution, in sulphuric acid is insignificantliy small at
all conéentrations, while dissdlutioﬁ 1n h&rdfochloric aci“d starts at
around 3M acid -c‘oncentration after an 'indgctiop period., whivcbh__is .
shérter at 80°C,. To inyestiga‘te the natur'eA of"the induction. period and
the irnnr'luni‘ty of the Ni-concentrate to éulphuric acid, . the pyrrhotite

"powder was prepared by crﬁshing lump nici%e_li’ferroué pyrrhotite from

the Falconbridge Mine in Ontario under a nitrogen atmosphere, thus
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avoiding air oxidation of the powder. This hand crushed pyrrhotite
powder (v = 50 mesh) was then leached in 1M hydroch)l_oric acid and 1.8M
sulphuric acid at 60°C, The results are shown in Figure 4-2. In both
cases, the dissolution star.l:s aé soon és pyrrhotlte contacts the solution.
The decrease in the dissolution rate in hydrochloric acid solutlon at
later stages is probably due to decreasmg in acid strength.

From thes_e facts, .it can be concluded that pyrrhotite is a
well-khown minéral that is oxidized easily with air even at room tempera-
ture; therefore, during milling and flotation t;he: surface‘ of pyrrhotite
must be oxidized and this oxidized surface inhibits the mineral decompo-
sition in acids. In addi.tion, strong hydrochloric acid can dissolve this
oxidized surface reasonably quickly and soéﬁ eéxposes a fresh pyrrhotite

surface that is reactive.

2.2 Effect of chloride addition

It is commonly known that chloride ions destroy- the passive
surface film on most metals to-activate the corrosion process, If the
surface of pyri'ho_'tite in the Ni-concentrate is ovxidized, an .addition of
chldride ontobthe leaching solution should prorﬁote the dissoiution of the
oxidized surface aﬁd as a result the disvsolutic’)’n of pyrrhotite.

In Figure 4-3, the: result in the‘N.'.aLCI +1.8 M HZSO4
solution is shown at 60°C with a 10% pulp dénsity. The éddition of 1 M'
NaCl1 did not activate the system, but that of 2.5 and 5 M NaC1 results

in the dlssolutlon of pyrrhotlte after 20 and 9 mlnutes of the induction
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period, respectively.

In F:igure 4-4, the extractions of Ni and Fe from the Ni-
concentrate in the NaCl + HCI1 or H,50, system are shown. The maxi-
mum iron extraction is about 80%, where pyrrhotite and other iron com-
pounds, i.e,, oxide, aré leached. On the other hand, the maximum
nickel extraction is about 4, 5%, whiéh is due to the complete dissolution
of nickel in the pyrrhotite phase. Increasing the concent.r?.tion' of HZSO4
from 1.8 to 3.6 M yields higher iron extraction, but the same nickel
extraction which suggests thé.t increased acid .dissolves more of tﬁe iron
from compounds other than pyrrhotite existing in the Ni concentrate.
The induction period in all the systems seems to be shorter as the acid
streﬁgth and the NaCi #ddigion increase,.

As summarized in Fig. 4-4, thé acici decomposition of Ni-
concentrate showed fair selectivity, for aImoét all the pyrrhotite and
other iron compounds dissolve and leave pentlandite and chalcopyrite
behind in the residue, the exact separations depending on the leaching
conditions. However, from the industrial po-inl: of view, a mixture of
chloride and sulphuric acid may not be attractive Because of the com-~
plexity involved in the separation of chloride’and sulphate. Therefore,
strong hydrochloric acid is probably the most suitable reagent for the

[}

dissolution of the pyrrhotite from the Ni-concentrate.

2.3 Electrolysis of the Ni-concentrate

When pyri‘hotite is exposed to reduction potentials mipre
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negative than its rest potential, its dissolution rate increases, as men-
tioned in Chapter II. In addition, if the surface of pyrrhotite is oxi-
dized and the potential is low enough to reduce the oxidized surface,
the cafhodiéally imposed potential on pyrrhotite will prorﬁote the dissp-
. lution rate.

An experiment was .carried out to dissolve the Ni-concen-
‘trate using the cathodic compartment of an electrolytic celi. The elec-
trolytic cell design isv shown in Figure 4-5, * A cylindrical graphite
cathode, a prope‘l&vl.%élfstirrer, a !ﬁ:hermisﬁter probe tube,b a gas in-let
tube and a porous porcelain cup-shaped di#phragm were placed in a
1500 m! beaker. A graphite anode was Iocafed inside the porcelain cup.
To avoid air oxicig.tion of the catholyte, the top of the beaker was covered
with a plastic sheet. Tbhe wholé .cell' strﬁcture was put on a hot pléte
and the cell temperature was controlled b.y. a thermistor temperéture '
controller,

| The experiment Was ca.rrieAd out in the foIIoWing way:

first 800 ml of the electrolyte was placed in the cell, then helium gas
W as bubbled‘through the solution an_d ‘after approximately 30 minutes the’
Ni-concentrate was dumped into the catholyte of the cell and the electr_'o-
lysis was started. At selected interva].s an aliquot of the catholyte
solution was sampled to analyée for metal cqntent.

The results in Figure 4-6 1fep17esent the cathodic polariza-
tion curves in the cell at room t'emper‘ature. A Luggin-capillary was

inserted into the electrolytic cell to measure and control the potential
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af the cathode. The curves were obtained potentiostatically using a
We nking potentiostat. The current was measured after one minute at
each potential, Curxﬂa (1.) represents the‘ cathodic_ polarization of the
graphite eiectrdc.le withéut ahy solid present in lM_HCl solution. Curve
(2) is tﬁé pélarization curve for the system of 1M HCI (800 ml) + 100
grms of the Ni-concentrate, yvhich was charged into the cell in the as-
received condition. ‘Curve (3) Qas,made under the same éonditiéns as
that for (2), but the'Ni-co“n'c.:entrate wa.s fifst Washed with 1 M HCI
solution and then with.distilléd water prior to charging into the electro-
lytic cell. Curve (4) represents the differehce in current between
curves (3) and (1), |

.According to these results, thf: cathodic current without
solids is significaﬁ-t in the rénge §f i)otential swept. When the Ni-con-
centrate was not washed, the cathodic current was found to be much
larger, possibly because of the reduction of qxidized flotation re-agents
in this potential range. In any.case, the catﬁodic current is réduced
by washing the solid with HCI solutio'n and watér,‘ as shown as curve (3).
The polarization curve‘ (3) minus the curve (1) obtained in the absence
of solids represents the net cathodic current due to solids reduced at
the graphite cathode and is shown as curve (4). In this case, a sharp
increase in curreﬁt just below the rest potential of about 650 m V (vs
S.H. E.) is obtained, reaching a Iimiting-cﬁr¥'ént of 70 ~ 80 mA between .
550 and - 350 mV and then ris’iﬂg again below - 350 mV. In the poten-

tial region below - 350 mV the electrochemical reduction of the Ni-
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concentrate occurs and accounts for a maximum of about 65% of the
total cathodic current, the remainder of the current reacting faradai-
cally on the graphite 'cathode, presumably by hydrogen discharge,

In Fi’gurg 4-7, the dis'solution of iron fr'om.the Ni-concen-
trate is plotted against time under various conditions in sulphuric acid
at 55°C. Before electrolysis the dissolution of iron is nominal, but
starts in 10 to ZO‘ minutes afte;; Begi‘nning of eIectfolysis under these
experirﬁental condit.:ions. Thé ‘dis;olution als.o_ continues for a time after
electrolysis is stopped, és can be ‘se‘en from the curves in the figure.
For the dissolution in 3 6 M H,;S04 solution, the amount of. iron dis-~
solved ciecrease; after it‘reaches Fhe n'.laxirn.um, fhis being ‘due to preci=~
pitation of ferrous sulphate. From these da.t_a.in Figure 4-7, we can
conclude that the importance of the cathodic reduction of the Ni-concen-
trate is in the initiation of the dissolution; since afterwards the reaction
proceeds without the cathodi‘c electrdlysis. | During the initiation period
the cathodic currvent throdgh thie pulp may be cpnsumed by the reduction
of an oxidized surface layer or o’xidative species in the Ni-concentrate
or in the electrolyte. This dissolution rate of the Ni-concentrate in the
initial stage, where the electrolysis has beén just started, will be
called '"'the initial dissolution rate', Rinit. , and the dissolution rate in
the later stage, where the diss‘ol‘ution can proceed without electrolysis,
will be called ''the second _diséolution 1"at‘e"‘, R sec..

In Figure 4-8, thé initial dissolution rate of the Ni—concepf

trate is plotted against the amount of solid in 800 ml of electrolyte of
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1 M HC1 at 20°C with 0.4 A ca;thodic. curfent. 'I“he amounl; of solid

was varied from 100 to 550 grms. According to the results, above

300 grms thé pulp density do.es not inﬂuencevthe initial dissolution rate,
which means that the Fe++ y_ie.l_d pef coulomb for t.he reduction of the
solid reachés a makimum at 300 grms of the solid chérge under the
experirﬁehtal cohditions.

Fig_ﬁre 4-9.shows the éffect of:the cathodic cﬁrrent on the
initial and ségond dissolution rates in 0.9 M HZVSO.4 solution at 55°C
with 300 gr‘ms of solid in 800‘r‘nl of electrolyte. As seen‘ in thié figure,
the initial dissolution rate_depends on the cathodic current up to 1.5 A,
then becc;mes ind'épe'ndent.:. : Mea.nwhile,. the éecond diséo-ll;ltion_ rate does
not depend. on the ‘cathodic current., which is ant_:ic.ipated‘ from the
results in Figure 4-7. |

In Figure 4-10, the il;xitial and second dissolution rates are
plotted against the sulphuric acid cAoncentrat.ion at 55°C and 1A of catho-
dic current with 300 grms of solid. Both rat;es are influenced by the
acid strength of thé eleétrolyte according to these results, |

In F%gure 4-11, the.dependence: of the initial and second
dissolution rates on temperature is .shown- in .the L;emperature range
between 40 and 85°C,; Up to 55°C,’ the initial and second dissolution
rates increase as 'temper'a.tur_e increases; hoWever,'above 550C the
fast seéond dissolution dées. n'o.t -oc‘cur during 2 hours of eléctrolysis.
The disappearance of the fast seéond dissolution at higher température

is not understood; however, it is possible that at higher temperature
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reactions between q:,;idized surface and the pyrrhotite occur faster
than the reduction of the oxidized surface by electrolysis with the con-
sequence that only one stage of leaching is observed.‘.

’jI'hrou'gh all experiments in the electrolytic dissolution of
the Ni- concenti‘ate, thé amou1;1t of nickel di_ssolvea was approximately
one-hundredth of the totallamo'imt of irop dissolved, and this can be
accountéd for as nickel di_ssolqtibn frorﬁ the nic_kel'-beafing iayrrhotite
phase.‘ There is no need to'assun‘ne é,ny decompoéitidn of pentlandite.

In tile electfolytic dissc;lution of the Ni—conéentrate, ‘the
selective dissolution 6f byfrhofite from the concentrate could be initiated
under suitable copditions of éurrent, acid concentratioﬁ, ‘temperature
and pulp.densi.ty.. .The. electrolytic cellvde'si‘gned in this work limits
these conditions, because, at a pulp density.of. 3(50. grms of solid in
806 ml of electrolyte_, Where_ the maximurn ‘current efficiency and a
reasonable dissolution rate were obtained, the'minimum acid necessary
to consume é.ll the pyrrhotite in the concenfrate is approximately 4
moles/800 ml or 5M. As seen in Figure 4-7", the solubility of ferrous
ion in 5.4 M HZSO4 solution is only about 56 érms/SOO mi, and s0 the
pyrrhotite separation from the Ni-concentrate will be limited to less
'fhan 50% of the arhouht present at the point where precipitation of ferrous
sulphate in the eIe;tronte begins. Therefore, a commercial cell
design must be based on a méthod of staying ‘within the solubility 1imi£s

of FeSO4 by the time the pyrrhotite is completely dissolved,
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2.4 Thermal reduction of Ni-concentrate

As noted above, it is essential to eliminate the air oxidized

content t;c‘)'achieve the complete dissolution of the pyrrhotite from Ni- A
concentra;te. | i‘his was accc;rhplished by 1e'ac.hing in either Sti'ong hydro-
chloric acid, NaClI - containing mil.d acidsl, 'c‘>r.1eaching with the aid of
cathodic electr'c;lysis. It should also be possible to reduce the oxidized
surface content by means of hydrogen at furnace témperatureé prior to
leaching. Hy’drogén reduction .W‘a.s‘ carried out, us‘ingba lvaborato'ry-scale
fluid bed roaStér With a chai'.ge of 200 g;rris. un_de_r‘ séveral controlled
temperatures foi-  1 ~ 3 hours. After hydfogen reduction, the Ni-concen-
~ trate was fu‘rnace éoéled .to room tgmpei‘ature unde‘r‘contivnuihg‘ hydrogeh
flow.

| In Table 4-1, the chémica} ané.lyses of the Ni-conqentrate
before and after t-he hydrogenvreduc'tion are summérized for Fe, Ni and
Cu.,

According to these analyses of ti';e Ni-concentrate, the
metal content generally incréases after H‘2 reduction treatmeng; howéver,
the increase is not'significant.v Thevrmodynamic calculations indicate
that reduction of FeS, Ni3S; and CuZS' in the concentrate to metals is.
unfévourable.A However, H, r.eduction of the Ni-concentrate under the
experimental conditions’ can reduce the excess sulphur éontent in the
sulphides, if present, thereby accounting for snmall increases in metal

content. Also, oxidized material on the particle surfaces would be

reduced.
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TABLE 4-1

CHEMICAL ANALYSES OF THE Ni- CONCE’\ITRATE
FOR Fe, N1 AND Cu

" Reduct. O, S
. Temp. 500( C) 600. 7OQ 700 800

Reduct. (hr)

% Company Time | I 1 1 3 1
Assay Found : | : . .

Fe | 37.9 35,6 |35.7  |36.5 [36.4 |37.9 |36.9

Ni 5.92 5.60  |6.15 | 6.00| 5.88] 6.00] 6.00

Cu | ‘z’.41 | 2040 ] 2.42 2.56 | 2.42| 2.57| 2.57

The H2 reduced Ni-concentrate was examined by means of
leaching tests, which were ca_;fied out at 60°C and 300 ml of HCI1 or
HZSO4 solution undér a helium'atmosphere‘.

In Figure 4-12,. the extraction.s of Ni and Fe a're plotted
against Ieaching time for the ;educed concentrate at different tempera-~
tures for 1 hour. The conditions of leaching (1 M HCI and 10% pulp den-
sity) corlrespond to apprpximate stoichibrﬁgtry'between hyt.irogen ions
anci,all the pyrrhot.ite in the Ni-concentrate eciﬁivalent to about 85% of
the_iron; From all the results, except those for 500°C, the iron extrac-
tion from the pyrrhotite seém_é to Be‘ completed for all tempera;‘tures;
however, the ﬁickel .extract;iqn is a maximum fér 600°C reduction.

Figure ‘4-‘13 repreéents the effect of the reducti_on time at

700°C on the extractions of Ni and Fe. The results suggest that in this
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range there is no significant effect. This means that the reduction can
be achieved in not more than 1 hour at this temperature.

Figure 4-14 shows the result of leaching with two different

-..pulp densities and initial acid concentrations, maintaining, the same

acid-pyrrhotite stoichiometry. The iron extractions at the beginning
are simiiar; however, at a 1éter stage the iron extraction for the 30%
pulp density decreases, possib.ly due to salt pr'ecipitatioﬁ. Meanwhile,
nickel extra'ction. 1s much higher for 30% pulp density than for the 10%
pulp density. This must be caused by partial dissolution of pentlandite
in the charge at higher initial acid concentration.

In general, nickel extraction decreases in the later stages
of leaching, as seen in the results shown in Figures 4-12~14, This
' rﬁay"be caused by the precipitation of nickel.sulphide with hydrégen sul-
phide remaining dissolved in the solution after depletion of acid.

In Figure 4-15, the results in sulphuric acid are shown for
H, reduced Ni-concentrate at 700°C for 1 hour. The result in HCI
solution is repi'oduced for cémparison. In0.5M I—IZSO4 solution, the
iron extraction reaches a maximum of 72% and the final nicke>1 extraction
is less than 1%. However, for 0.75 and 1.0 M HZSO4 solutions, the
iron extraction and nickel extraction continuously increase, which sug-
gests that dissolution of pentlandite is occurring., For the best separa-
tion of nickel from iron., therefore, acid concentration nee.ds to be kept
down to avoid dissolution of thé pentlandite present in the concentrate.

As mentioned previously, the hydfogen reduction for
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Ni3SZ, FeS and CuZS is an unfavoqrable reaction; therefore, a vslight
partial pressufe of HZS as a reaction product will affect the reduction
reacti&n. An experiment was carried out to investigate the effect of
partial pressure of H,S in the hydrégen reducing glas; . A mixture 'gas

of H, + 1% H,S was used for the hydi‘ogen reductién of the Ni-concen-
trate at 600°C for 1 hour. After the reduction, the concentrate was
leached in 0,75 and 4.5 M HZSO4 solutions under the same conditions

as the previous experiments. The results are shown in Figure 4-16 with
those of the pure hydrogen reduced coﬁcentrate at 706°C for 1 hour for
comparison. From these results, the dissolution for the concentrate
reduced with an Hp + HS mixture spontanequsly starts like that reduced
with .HZ gas. In O, 75'M H,50, solution, the ir‘on extraction for the
former seems to be slightly smaller than that for the latter. In addition,
the nickel extraction.for the concentrate reduced with Hp + ‘HZS gas
mixture is about 6% and does not increase significantly after 30 minutes.
Strong sulphuric acid (4.5 M) does not incfease metal extractions greatly
compared with 0, 7“5 M HZSO4 solution. This differs from, the. result ob-
served for the concentrate.reduced with pu.re-H2 gas shown in Figure 4-
15, From these data it may be concluded that a small amount of HZS
present in the redﬁcing gas reduces .th_e dissolution of the pentlandite in
the concentrate aIthough. it do‘e.s not seem to hinder the aétivation of the
pyrrhotite, This conclusion ié supported by ghe results shown in Figs,
3-2, and 3-4, which suggestithat the dissolution rate of pentlandite

is more sensitive to the PH,S/PH, ratio in the range 0.01~ 0,001 than
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that of pyrrhotite.

It is very importaﬁt that the copper content in solution
must be minimized to avoid loss of copper or an extra unit process to
recover it, During the leaching of the H, reduced'concentrate the
copper content in the leach liquor was measured, and found to be usually
less than 0.5% of the copper content in the concentrate, although occa-
sionally a slightly higher valﬁe (1%) was observed, as in the leaching
with 1 M HZSO4 solution. It can thérefore, be concluded that copper
dissolution into the leach.liquor is sensitive to the presence of excess
acid and when the excess acid is kept low, copper is not appreciably dis-
solved.

The results in Figure 4-15 indiéate that when excess acid
exists in the leach liquor, the dissolution of pentléndite in the coﬁcentrate
reduced with H; gas may occur at a significant rate. Therefore, the
leaching of pentlandite can be achieved by acid decomposition after the
concentrate is reduced with hydrogen. |

An attempt was made to dissolve nickel froml a leach
residue that had previously been hydrogen-re‘duced. A residue weighing
30 grms obtained from pyrrhotite leaching in 0,75 M HZ‘SO4 solution at
60°C for 1 hr was charged into 300 mil of I, 1.8 and 3.6 M HZSO4 solu-
tions at 60°C. The amounts of nickel and copper dissolved were plotted
against time in Figure 4-17, According to the leaching curves, 3.6 M
HZSO4 solution seems to dissoive all thé nickel after 140 minutes. The

dissolution of copper starts after the nickel dissolution slows down and
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the dissolved copper reprecipitates in the later stages of leaching.
In Table 4-II, the chemical analyses for Fe, Ni and Cu in the leach

residues are summarized. .

TABLE 4“-111 -

CHEMICAL ANALYSES FOR Fe, Ni AND Cu
‘ IN THE LEACH RESIDUES ‘

. : : 1st 1<.aach _ 2nd leach residue 60°C
o H2 reduced | residue : : e
7o Ni'conc. [0.75MH5804 | IMH,SO4 | 1.8MHpSOy4 | 3. 6MH,SO4
- 60°C, 60min. | 150 min. 270 min. 270 min.

Fe | 36.7 13.6. 6.5 1.6 1.0
Ni 6.1 10. 6 5.3 1.5 0.36
Cu 2.5 4.7 8.4 9.2 9.4
Solids | 100 | (= 52) ' | C(x 30)

The per;:entage o.f solids in Table ;l—II was calculated from
the metaliic ions dikssolved in th_e leach liquors. .The residue of the 1st
leach probably consiéts mainly of pentlandite, chalcopyrite* and silicious
material. The residue from the second leach probably consists of bornite
and precipitated copper suiphides, such as covellite, as well és» silicious

material. The content of elemental sulphur in both residues was found

* Under H, treatment chalcopyrite would be expected to decompose to
a two-phase mixture of bornite (CugFeS4) and pyrrhotite, according
to a phase diagram published by Yund and Kullerud (70).
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to be negiglibly small, i.e., about 0.1%. From the nickel contents of
the initial concentrate and the residue of the second leach, the nickel
recovery was calculated to be 98.2% provided that all dissolved nickel

from both leaches could be recovered,

3. General Disoussion

It is .generally known that the n1cke1 sulphlde ores in the
Sudoury dlstrlot consist of pentlanellte chalcopymte anvd nickel- bearlng
‘ pyrrhot1te. 'The stabilities of copper squhldes in eo1d1c solution without
oxidant are known to be high, and therefore would resist dissolution as
was observed. In .add‘ition,. the ‘results showﬁ in Chapter IIT anticipate
that the dissolution rate of pyrrhotite may be much hlgher than that of
pentlandlte of equi- sulphur act1v1ty Therefore the separation of
pyrrhotite from'pentlan‘d.ite and chalcopyrite may be achieved with the
aid of the acid deeomposition reaction. In practice, however, this anti-
cipation was unrealized by the effect of oxidation on the py;rrhotite sur-
face. The elimioafion of.the passivated sur‘fa,ce layer was essential in
order to expose a fresh sulphide surface. D'uring milling and flotation
such oxic.iat.ion of the ‘squhide sur_faoe is inevitable. A s.trong hydro.-
chloric acid or chloride treatment, cethodic electrolysis, or hydrogen
reduction at h1gh>temperature prior to the leaching were all successful
in eliminating the oxidized surfa.ces and a reactive pyrrhotite was ,
realized. The acid decomposifioo 'reac.l:i'on on reactive pyrrhoitite pro- |

ceeds very fast in both dilute hydrochioric’ end sulphuric acids. All the
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pyrrhotite 1n the concentrate dissolvesin the preseﬂce of slightly excess
acid, provided ferrous salt solﬁbilities are not exceeded,

From a pi‘actical point o.f. view, the thermal reduction of
the Ni-concentrate ‘with hydroéen priof to 1ea'ching Jhas the following ad-
vantages;

(1) sulphuric acid, Whiéh is more econéndi(:al than hydrochloric
| acid, .canvbe used,
(2) no chioride ..nee‘c'l be. added Eo t;he leach liquor, |
(3) the pentlandite 1n the Ieaéh :;'esidue:c‘an be subsequently
leached by acid decompo_éitioh with strong suiphurié acia.

The third advahtage is most interesting because the dis-
solution of pentlandite has bgaen considered very r."iifficult and requires
very harsh »I(.eaching cond}itions for the completion of the reaction.

In Figure 4—18, a tenfative conceptual flowsheet for the
treatment of nickgl concentrate or'pyrrhotite concentrate incorporates a
hydrogen reduction step prior to leaching,

Ni- céncentréte or pyrrhotit?e concentrate is first reduced
in the fluid béd rdaster at about 800°C for 30~ 60 minutes, then leached
in the first tank at 60°C under a non~oxidizing atmosphere in recycled
solution with st"o.ichiometric or slightly Ies's sulphuric acid added for
less than 2‘hoursv."to dissolve pyrrhotite and ailsd pPrecipitate excess nickevl
from ‘the recycl,ea solution. The residuevfrc;m the first leach is sent to
the second tank lwhere stro_ﬁg sulphuric acid dissolves the rémaining

pyrrhotite andpeﬁtlandite in less than 4 hrs _é.t 60 ~ 80°C under a non-
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Figure 4-18. A tentative conceptual flowsheet for the treatment of nickel and
pyrrhotite concentrates,
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oxidizing atmosphere. The leach residuev from the secend tank is
processed as a copper concenAtrate.‘ H,S gas in the exhaust gases from
the fluid bed roaster and the leach tanks is stripped and sent to a Claus
reactor to be recovered as.elemental sulphur.

- Ferrous ions in the lea:ch liquor from the first tank is
recevered as FeSOy or FeSQ4 * - H,O cr'ystalns. in an autoclave at about
150°C, at Wthh temperature the selublllty of nlckel squhate is relatlvely
high compared with that of ferrous sul;;hate. (71) .The nickel reme.in-
ing in the solut_l‘on will be sent'back to the first tank. The exce;ss con~
centration of nickel in the first leach solutiou will be precipitated as
nickel sulphide which will be leached in the second‘tank. - The ferrous
sulphate precipitate is passed to a'ro‘tary k'iln‘tcv) dry and decompose it
to high grade irou >oxi‘.de e.nvd sulphur dioxirie. The former can be used
as an iron ore dei)ending on its purity,

A portion of sulphur dioxide gas can be sent to the Claus
reactor to oxidize HZS to yield elemental sulphur and the remainder to
a sulphuric acid plant.

The leach liquor from the second tank is processed to
recover nickel. -Thie leach solutio‘n also >contains ferrous ion and excess
free eulphuric acid; therefore, by heating it to above 200°C under pres-
sure ferrous and uickel sulphate are p_recip,ite.»ted due to reduced salt
solubilities. The precipitated sulphate mixture is then processed
further to separate nickel from iron, while the residuel sulphuric acid

solution is sent to the second tank with further addition of sulphuric acid.
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Oxidants in the leach solutions usually suppress the acid decompbsition
reaction. and decrease the yield of HZS; therefore, their contamination
into the leach liquors must be minimized.

In this discussior;, the behaviour of othef metals in ore,’
i.e., cobalt, precious metals, was ﬁot discussed, because no analytical
data dealing with their deportment was obtained in this work. It should
be anticipat¢d that the_.noble. meta_ls will not‘dissol\}e in sulphuric acid
under the prevailing reducing conditions, and so can be expected to

remain quantitatively in the final copper-rich residue..



1. Summary

(2)

(3)

(4)
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CHAPTER V

CONCLUSIONS

Acid decomp.osition of pyrrhotite is promoted by a low
excess sulphur céntent in pyrrhotite, a high concentration
of hydergen ion, a high concentratidn of chloride ion at
high aéid concenfration, and a low imposed potential

by elec‘tro'chemical means'or chemical redox environments.
Acid decomposition of pyrrhotite is suppressed by a high
exc.éss sulphur cqntent in pyrrho‘tite, a high concentration
of chlor‘ide ion at low acid concentration, the presence of
cations forming sﬁlphide precipitates less soluble than
pyrrhotite, hydrogen sulphide il’l solution, and a high
imposed potential or oxidizing environment.

Th¢ acid decomposition reaction is highly selective towards
the sulphide compounds with equi-sulphur activity in the
Fe-Ni-S system. This is also true for the natural minerals
in the Fe-Ni~S system.

As found in the acid decofnposition of pyrrhotite, the com-
pounds in the Fe-Ni-S system are also susceptible to the
inhib.ition in _oxidizing environment. It was generally found
that the higher. thé sulphur activity in the -compounds; the

more susceptible the compounds are to inhibition,



(5)

(6)

(7)

(8)
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It was concIuded_that the induction period which has been
cbmmonly observed in the acid decomposition of natural
pyrrhoti.tes is probably caused by air oxidation of the
pyrrhotite surface, During the initial period of leaching,
the slow dissolution of this air-oxidized pyrrhotite surface
is occurring, followed by the rapid acid decomposition of
the pyrrhotite bulk,

The mild acid decomposition treatment of nickel concen~
trate (mainly pyrrhotite, pentlandite and chalcopyrite) was
inhibited by the a;ir—oxidized surface on the minerals.
Treatment Wi.th st_rong hydrochloric acid or ‘dilute acids
with :va.ddved chloride, cathodic reduction of the slurry, and
reduction of the concentrate by hydrogen at high tempera-
tures could expose the fresh pyrfhotite surface and lead
to the quantitative séparation of pentlandite and chalcopyrite
from nickel concentfate'by acid decomposition.

The hydrogen reciuction treatment of nickel concentrate
could also activate even the pentlandite phase and make
the acid decomposition applicable to it.

Baseci on the acid decomposition reaction on hydrogen
reducgd nickel concentrate, a ﬂo-wsheet of a process to
recover elemental sulphur, possible iron ore; and nickel

metal or compounds from nickel and pyrrhotite concen-

trates has been conceived.
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2. Suggestions for future work

(1)

(2)

(3)

(4)

Fo: a more comp_léte undervstanding of the mechanism of
the acid decomposition reaction, further kinetic studies
need to be carried out on pyr__rhotite and other sulphides.
The inhibition of the acid decompositioﬂ reaction by. o.xi-
dants aﬁd by impbsed higher potential, observed in the
s.ulphi.des of the Fe-Ni-S sy's.tem,‘ should be looked ét in
more detail; 'I.f the formafion of an oxide film -on the sul-
phide surfaée is i'eai, the oxidation leach decom.position
of thes,ve sulphides éroc.eeds throggh complicated steps
and the nature of these o‘xide films will play a very import-
ant roie in Ithe reaction. | |

Fdr the cathodic reduction of a nickel concentrate slurry,
the electrolytic cell design must be improved to yieid a
higher current efﬁcie.ncy and to prevent salt precipitation.
To develop a practical industrial process fér the acid
decomposition treatment of pyrrhétite an‘d nickel concen-
trates, further experiments and calculations must be
carried out in order to determine ﬁany unknown factors,

i.e., the behaviour of other minor sulphides and impurity

‘elements, the recovery of metal values; the precipitation

of salts at elevated t'empe‘ratures; and the reactivities of
minerals from other sources.  Only after the above data

are obtained can the processbe scaled and optimized.
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APPENDIX I

The solubility of HZS in aqueous solution can be calculated

from the thermodynamic data for the reaction.:
HZS (gas) = | HZS (aqueous) (I-1)
According to Latimer (10);
H,S (gas); AH® = - 4,815, AfO = - 7.892
HpS (aqueous); AH® = -9.4, AF° = .6.54 Keql

Using these values and the van't Hoff isochore; i. e, ,

_ AH 1 1
g Kp =-o—% (3 - 298 ) tlog K,

where A H is assumed to be constant, the equilibrium constant for
(I-1) can be calculated for each temperature. The calculated values for

K are,

1 1

1.03x 10" 1.01 x 10°

=~
1

e
|

293 298

0.890 x 10~} 0.706 x 10~}

303 ’ 313

~
1

~
|

The solubility of HZS in HCI was measured at 20; 30 and
4OOC. An HCI solution was bubbled with HZS for at least 30 minutes;
then an aliquot was taken for analysis of HZS by the standard iodimetric

method. (72) Figure I-1 shows the results for the HZS solubility under
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Figure I-1, Solubility of H,S (1 atm.) in HCI at different concentrations temperatures,
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Figure I-2. Solubility of H,S in 0.1 M HCI under different
H,5 partial pressure at 30°C,
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.1 atmosphere pressure HZS in HCI1 solution at those tempervaturesv. The
results indicate that the HZS solubility does not chahge with the acid
concehtratilon in the range of 0.0l ~ 1 M, The tempereture de'p‘enldence B
of the s‘olubivlity is cbnsistent wi.th.'thé,t obtained' ;trom the therrhqdynamici
ealcqlations. | | |

In Flgure I-2, the results en the H S solublllty under dif-
ferent HZS pressure are shown. The HZS partlal pressure wa.s changed
from 0.1 to.l atm at 30°C by changlng the fraction of I—I S in (H S+ He)
mlxture From thls figure, it is ev1dent that the HZS solublllty is di rectly'_ |
proportlohall to the HZS partial pressure tn thle range. The fact that the l’
plot does not pase through the origin rna.y be a.ttrlbuted to experlmental

error,



II-179

APPENDIX II

When we assume that the HZS activity at the pyrrhotite sur-
face is proportional to the surface Goverage of HZS; the eHZS term in

equation (2.9);

39}-125 = (Ro ~-R)/Ro

must have a linear relationship with aHZS. In Figure II-1, the estimated
log. aHZS is plotted against log < (Ro - R)/Ro } . Since Ro cannot be
determined experimentally, the reaction rate under a helium atmosphere
was taken as Ro. From this figure, it is evident that most of the slopes
are approximately unity in the region of high values of (Ro - R)/Ro., In
the low (Ro-R)/Ro region, the discrepancy can be attributed to the erro-
neous assumed Ro value. It can be concluded that the assumption for the
linear relationship between aHZS and GHZS is reasonable in the experi-

mental range,
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All binary sulphides treated by H;S/Hp mixtures have

been subjected to ,suffi.ciently long residence times so that it is

believed that they conform to the approximate compositions indicated

by the data by T. Rosenqvist (66).

PH,S/PH, at 600°C- Wt % S in Fe; S

Wt % S in Ni sulphides

10-3

10-2

10-1

10

57.9

~ 36,%

~ 37.

~ 37.

R

38

~< 38.

=~ 40

2

7

8

24

26

28
35,5
36

37



