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Chapter ,

Introduction

1.1. Composition of the Duluth-Gabbro Ore

The Duluth Gabbro Complex in northeastern ~1innesota is a large body of mafic

and anorthositic plutonic rocks of Late Precambian age. Primary mineral components

in the feldspar-rich gabbro are plagioclase, olivine and pyroxene. Secondary minerals

such as chalcopyrite, cubanite, pentlandite and pyrrhotite have potent~al economic

and environmental significance. The chemical and mineral phase analyses of repre-

sentative samples of operationally defined unmineralized and mineralized gabbro

material, which were .used in this study, are presented in Tables 1.1 and 1.1.

Pl~gioclase (NaA1Si30S/CaA12Si20S) is the major feldspar mineral, chalcopyrite

(CuFeS2) the major copper mineral and pentlandite, the major nick~l mineral.

In general, gabbro ore deposits contain approximately 0.5 to 1.5 weight percent

of combined copper and nickel with an average Cu to Ni ratio"6f 3 to 1.

1.2.' Environmental Significance

Field studies (1) near an open-pit iron-ore.mine covered by Duluth Gabbro

overburden shm'l that heavy metals and sulfate are released in significant. .

concentrations from various seepage(sites to a small stream which flows into a

larger aquatic ecosystem. Potentially toxic trace metals such as Cu, Ni, Co,

Cd and Zn are .apparently released in aqueous solution from exposed Duluth-Gabbro

ore even though the seepage effluent is buffered naturally to approx;mately·pH 7.

leaching of mineral mining solids such as lean ore? waste rock, tailings and

displaced overburden can occur 'through a combination of chemical, physical and

biological processes. Historically, environmental concern with leaching of

metal sulfides has been focused on acid min~ drainage w~ich results directly from

"the oxidation of iron pyrite. In general, the oxidative-dissolution of metal



sulfides depends on the availability of water, oxygen, acidity, exposed surface

area, bacteria, iron content and the acid neutralizing capacity of the host

mineral matrix. Release of the above metals to aquatic systems may be detrimental

to the aquatic life and indirectly through the process of bioaccumulation to

human health. Leachate from Duluth Gabbro mining solids is atypical because the

pH and the alkalinity are unusually high. Hith high alkalinity and pH, in the

absence of strong complexing agents, the concentrations of trace metals should

be controlled at relatively low levels by their respective hydroxide and carbonate

~olids. However, due to the solubilizing impact of humic/fulvic material (2)

present in the waters of northeastern Minnesota these metals are found primarily

. ... , _. -

in the soiuble phase.

f.3.- Research Obj~ctives

- The- primary objective of this research project vIas to study the detailed

~inetics ~f th~'oxidative dissolution of metal sulfides and silicate minerals

present in -mining solids derived from the Duluth-Gabbro Complex. From a study

bf rate 6f'le~c~ing of ~arious metals and sC~fut compound~ as a fun~~io~:of a

'va-riety of 'environmental parameters such a pH, T, Eh,-0' (p~rtic1e siz~) and
::: ~ .- -. -: :' - ,- ~ : . ~ - -, - - - .: -." : ,- ,P ~' _,' -
catalyst concentrations and empirical rate law and a-mechanism consistent with

From a knowledge "of the rates of oxidative-

tiissolution and the primary kinetic factors affecting these rates, the relative

impact of the exposure of Duluth Gabbro to the aquatic environment can be pre

·dicted~ An understanding of the detailed mechanism of oxidative-dissolution and
..

subsequent trace metal release should lead to the design of optimal control

procedures to eliminate, inhibit or minimize environmental degradation.

1.4. Relevant Research

little direct information on the oxidative dissolution of sulfidic minerals

'is available ;n the primary chemical literature. Nore information ;s available
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on the microbial leaching of metal sulfides as a beneficiation technique (3).

However, the majority ,of relevant information is available in the hydrornet

al1urgical literature (4,5,6). For an extensive review of the literature on

metal sulfide leaching the reader is referred to an earlier paper by the

principal authors (7).

Because the environmental conditions found in the mine drainage from Cu-Ni

{ deposits, the role of microbial catalysis in the leaching of sulfidic minerals

appears to be minimal. The two principal strains of sulfur metabolizing bacteria,

Thiobacillus ferroxidans and Thiobaccillus thj_Qo--xigans, \'thich are critical for

microbial leaching, are acidophillic~chemolithotropicbacteria with pH optima

near 2. Above pH 4, the primary mode of leaching is' due to chemical oxidation by

Fe+3 and 02 (8).

Under typical environmental conditions of Eh (electrochemical potential) and

pH the oxidation of metal sulfides to sulfate and elemental sulfur with the

. concomitant release of the principal metal is favored thermodynamically. Eisenreich

et al., (7) have generated an equilibrium model for leaching in wasterock

pil~s of Duluth Gabbro ore and subsequent speciation of trace metals released

to aquatic systems. The model qualitatively pr'edicts that metal sulfides will \
(

by oXidized.by 02 to sulfate in an aqueous 'environment. Subsequent mobility

of the trace metals is predicted to depend highly on the nature and concentration

of organic and inorganic liqands and on the nature and availability of adso~bing

surfaces. The acidity which is generated upon sulfide oxidation appears to be

insufficient to overcome the natural buffering capacity of silicate minerals, such

as plagioclase, which undergo a unique series of weathering reactions. 0 Examples of
.'

these reactions are given in Table 1.3.

Peters (9) has developed an extensive Eh-pH diagram for chalcopyrite, CuFeS2,

which is the predominant copper sulfide mineral in the Duluth-Gabbro complex.

In a slightly acidic, oxidizing environment CuFeS2 will be unstable with respect
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non-oxidative dissolution that the reaction products
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to bornite, pyr'ite and HZS. Further increases in oxidation potential result in

the decomposition of bornit.e to cha'icocite. Kinetically) CuFeS
2

is preferentially

transformed to CuS, covellite, and FeS, troilite: These sulf~des are oxidized

in turn by Fe+3 or °
2
" to Cu+2

, Fe+3
) 5°4-

2 and SO

Metal sulfides such as ferrous sulfide (machina\~ite and pyrrhotite) and

nickel sulfides (millerite and pentlandite) readily dissolve under oxic or anoxic

conditions. Locker and deBruyn (10) have studied the anoxic dissolution of

synthetic ZnS and CdS in acidic solution which "dissolve according

the follm·Jing stoichiometric equation;

," ,. k1 +2" ()CdS + 2H + It Cd + H2S 9 •
• ~l

They shO\'1ed that in a well-agitated system that the reaction rate is

controlled by a heterogeneous surface reaction rather than mass tf.ansport in

solution; and that in

do not form a passive film that inhibits the dissolution process. The empirical

.rate expression obtained by these investigators is as -follows:
~'--- -" "- - - +2" "0.5 " 0".5
31/A) (d N H

2
S/ dt) = k1[HZS04]-_ k_1 [Cd ] H

2
S;. (1.2)

'. ~-:'-. vJhere the dissolution rate (mo1es/m2-se~) is a fur~ction of the surface area

_JA in M2) of the solid/liquid inter'face and the concentration of acid in the

.::System. "They developed a model and provide experimental evidence to show that a

}s'low -adsorption of a proton on the.so"lid surface is the "rate. determining step

"i'n "the" reaction. Their results clearly show that the rate of non-oxidative

~issolution depends on both the properties of the solid and,the solution.

~ankow ("11) has studied the non-oxidative dissolution of FeS (mackinawite)
" . '2

~v~r the PH range 3-7. The flux, Fs (mo1es/c~ m) from the surface of pressed

IFeS pe"ll ets obeyed the fa 11 O\;!i ng ernp i ri cally determi ned ra te 1aW:
V dS +

Fs "= -A' dtt = k1y [H ] + k2 :( 1. 3)

where ~and k2 are rate constants with values of 0.22
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and 1.9 moles/cm2-lJIin', respectiv'ely, at 25°C. The k2 term would predominate in

the pH range of natural waters. Mechanistically, the kl term arises from direct
+ .

adsorption of H on the FeS crystal surface and ~he k2 term arises from thermal

vibrations and solvation effects which result in the dissolution of lattice

constituents.

The role of oxygen in the oxidative-dissolution of FeS is apparent in the

empirical rate law determined by Nelson (12).

. + 0.25
-d [FeSJ/dt = k As Po [H ] .

2

The rate of dissolution of FeS has a firs order dependence on dissolved

oxygen concentration and the total available surface area; however, unlike the

anoxic dissolution, the oxidative dissolution exhibits a fractional dependence on

the hydrogen ion concentration. The reaction is remarkably sensitive to catalysis

. by Ni(II) in concentrations in excess of 10-5M. At pH 7, the rate of dissolution

is accelerated ten-fold when the Ni concentration is lO-~ Other trace metals

s~ch as Cu(II), Ag(I) and Cd(II) exhibited no catalytic or. inhibitory activity.

Below pH 9 the major sulfur oxidation product was elemental sulfur with significant

contributions from thiosulfate and sulfate. The exclusive iron oxidation product

. "las 'Y-FeOOH (1 epi docroci te). In the presence of hi gh concentrati ons of Cl

.elemental su1fur was the exclusive sulfide·oxidation product. . .
. .

Under the conditions of pH?, [02J = 4 mg/l, [FeS]o = 800 mg/l and rapid

stirring the observed oxidative dissolution rate was lO-4M-1 Min-l. This is a

significantly greater rate of oxidative-dissolution than would be predicted if the

rate of either the ho~ogeneous oxidation of Fe(II) (13) or HS- (14) at

saturation values was the overall rate-de~ermining processes. Using the rate

law of Stumm and Lee (13) under the above conditions Fe(II) would be oxidized

at a rate of 10-6jimin-1• Similarly., the rate law of Chen and Norris (14)

predicts that HS- \'lQuld be oxidized at a rate 'of 10-10 Mmin-1. Both of these

calculated rates are below 10-4 Mmin-1• Therefore, it was concluded that the
' ..
I:'"
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oxidative dissolution involves direct attack of 02 at the FeS surface. Furthermore,

considering the results of Pankow (11) and Nelson (12) jointly, it can be concluded

that kinetically FeS will preferentially dissolve via an oxidative pathway although

both mechanisms should be operative simultaneously under environmental conditions.

Oxidation of the three major sulfidic minerals of economic significance in

the Duluth-Gabbro complex, chlacopyrite (CuFeS
2

).

-. -. , ,-. - - c' '

CuS + 2Fe+3 ~ Cu+2 + S° ~ 2F~+2
, -'. ...

pentlandite {(Fe, Ni)gSa}'

" :. ~+3 :.~: -,.. -=, -

J.8_~e + (~e, N,i)gSa ~
~;",....... :.... - \ ..' ...~ .. ..,.,. . .::. . - .

-:- - : .....

(1.5) ,

(1 .6)

, (1.7)

(1.8)

'-." ..- .. -.'
- ·'-(1.9)' .

..... '.. ..... . .. " '. '_.-

-" ~ -- - -: - .. ~ _. ~...;. - .-----" ... _.~.

, .
:;~·r·:.~ . : ....-:..._. - .- -~ - ~ _.

- - ... - ... ,: ,'. 1:' ; t;::' : -:::- .~. ~ .:" ~ ~(Ct~ ·:·i·; ~ :Jtt.~"i r r: :~ \,.~~-: i:.~:.'...
~ . ~., .. - ~ - -

ana 'cubanite (CuFe
2
's

3
)

= .... -."

,""' ..
. .. ..... .. ....... : ...

~ ''';" "

-
(1. 1~ )

.to. -. •

(1.12)

has 'been studied \·lith the potential for mineral extraction as a primary goal;

therefore, detailed kinetic and mechanistic infornJation is not available, although

some of the experimental results and general observations are pertinent to this
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study. Kinet,ically, CuFeSZ is the copper sulfide most resistant to oxidative

dissolution (4). Madsen et al., (15) studied the large-scale ("7 ton), long-term

(500 days) leaching by Fe+3 of low-grade copper sulfide ores vlhich contained

. predominately chalcopyrite imbeded in feldspars (monzonite and' quartz monzonite).

These investigators observed parabolic release kinetics in which the extent of

leaching was a direct function of total exposed surface area. They used a mixed

kinetic model, in which dissolution is controlled partially by diffusion through

a reacted outershell of the host rock and partially by a chemical reaction at

the mineral surface) to mathematically predict the observed leaching rates.

Release of Cu is initially controlled by a surface reaction, hovlever, as the

reaction rroceeds a layer of reaction products "builds up on the surface and

diffusion of the oxidant through this reacted zone becomes rate controlling.

\~ads\'lOrth (4) reports that the oxidation of CuFeSZ by 02 in acidic solution

followed a mixed kinetic rate ,law involving the sum of a parabolic and linear

term

","n2 + An t (1.13)--
kp k

1

where l\n represents the amount of copper dissolved in solution in time t, and

k1 and k are respectively the parabolic and linear rate constants~ The parabolic
. p

term describes the diffusion of 02 through a deposited film of product sulfur and

the linear term describes a surface' reaction which doesn't involve charge transfer.

Dutrizac, MacDonald and Ingraham (16) followed the rate of dissolution of

synthetic cubanite by Fe+3 oxidation at temperatures greater., than 4SoC. The

dissolution rate was linear with an activation energy of 12 k cal/mole. At
" 0 6 + '0 1constant temperature)k,::y [Fe]' a,nd [H ]- '. From this evidence, it was

concluded that the rate of dissoluti.on was controlled by a chemical reation at the
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sulfide surface. Chloride ion appeared to have a catalytic effect on the rate

of dissolution.

Pentlandite {(Ni, Fe)9S8} ores are readily leached in column reactors

. by trickling solutions of ferric sulfate (17). Linear release rates were observed
-0. 1

over a significant portion of the reaction where k1=y [Fe+3]O.2 [H2S04]. At

low flo\~ rates the dissolution of pentlandite appears to be diffusion controlled

whereas at higher flow rates the reaction appears to be chemically controlled.

Formation of elemental suflfur and jarosite (HFe3(S04)2(OH)6) where observed

during the course of the reaction.

- - Other studies relevant to the potential leaching of Cu and Ni from Duluth

Gabbro are pertain to firstly, the relationship between the solubility product

and the rate of metal sulfide oxidation, secondly, t~e role of electrochemical

interactions between different metal sulfides in influencing the rate of metal

leaching and thirdly, the role of organic chelating agents. Torma and Sakaguchi

(37) have shovln that the rates of biooxidation of a series of synthetic metal

sulfides is directly proportional to their solubility products for a given

surface area. The sulfide with the highest solubility product (i.e. NiS)

is' oxidized most rapidily in the f~lowing order: NiS>CoS>ZnS>CdS>CuS.

~.~ :-7 Sat.? (18) has observed that one metal may enhance the dissolution rate of

another sulfide through electrochemical interactiqn. Specifically, for two

sulfides of the same metal, the one with the higher formal oxidation state is more

stabl~ than one with the lower formal oxidati6n state. This appears to be

consistent with the relatively high resistance of chalcopyrite to chemically

induced dissolution in mixed mineral syste~s. Bryner and Anderson (19) reported

that the presence of FeS2 accelerated the rate of Cu leaching from CuFeS2 0

FeS2, which is significantly more electropositive than chalcopyrite, should

induce dissolution of CuFeS2 by galvanic interactions. However, Ichikuni (20)
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repOt"ts that no galvanic effect was observed on the dissolutio~ rate of CuFeS2 in

+3the presence of Fe

Sato (18) has proposed that the rate determining step in the dissolution of

metal sulfides involves an election transfer with the formation of elemental sulfur.

MeS ~ Me+2 + SO + 2e (1.14)
-of.

The experimental potential generated by divalent metal-monosulfides measured

is the election acceptor equations 1.13 and 1.14

(1.15)

against a reference electrode were best
+3equation 1.13. When Fe

+ 2Fe+3 : 2Fe+2

predicted by the half-cell reaction in

can be combined to give the overall equation for oxidation.

MeS + 2Fe+3 ~ ~e+2 + 2Fe+2 + S°
+

(1.16)

Nelson (12) reports that leaching experiments conducted on ZnS, PbS, CuS and

FeS2 separately and in various combinations demonstrated that electrolyti~

action does substantially increase the extent and rate of oxidation of the sulfide

with the lower emf, \~hile offering considerable cathodic protection to the sulfide

with the higher half-cell potential.

Chelation by naturally occurring organic macromolecules has been implicated

or suggested by a number of inve~tlgators as an important path\~ay of weathering

or solubilization of a wide variety of minerals (21,22,23,24). Soi'l humic

acids, which are heteropoly condensates with structurally indeterminate arrays

Jf functional groups such as carboxylt carbonyl, phenolic, amino and hydroxyl

groups on the periphery of the molecule, have been sho~Jn to be effective reagents

for the dissolution of a variety of metal sulfides (21). Humic acids isolated

from 50;1 exhibited a dramatic effect on the leaching of copper sulfides.

Susceptibility to dissolution by humic acids was correlated \'Jith the relative bond

strengths of the sulfide minerals. These minerals were susceptible to humic acid



dissolution in the following order: Cu2>S>CuS>PbS>CuS>FeS4>CuFeS2>ZnS. Leaching

was also accelerated by a decrease in average particle size:

Schalscha et al., (22) studied the role of the model organic acids such as

salicylic, citrate, tartaric, and acetic acid on the extent of dissolution of a

variety of ferrungnious oxides and silicates. The extent of leaching appears

to be a function of the nature of the organic acid in terms of its complexing

strength and the particle size of the oxide or silicate mineral. Gruner (25) demon

strated that water drawn through a peat bed from northeastern Minnesota attacked

silicates, iron oxides and siderite but had little effect on pyrite .

. From these studies, it can be concluded the conc~ntration and nature of

dissolved organic carbon in the waters of the Duluth Gabbro complex will be

cri ti car factors in the rate and extent of 1each i ng. Fi e1d' studi es (1) sho'tl

that dissolved organic ~arbon levels in groundwater near the Dunka pit range

from 20-to 40 mg/l. H~mic material released from peat beds surrounding the

mining region may be responsible to a large extent for the observed rates of

leaching in the field.

1.5. I~Weatnering/Dissolution of Aluminum Silicates

:,,- 5. Trace elements of interest in{ this study such as Cu, Ni, Co. and Zn are

present primarily as sulfides in Duluth Gabbro. The m~tal sulfides are

disseminated as small particles in the interstices betvJeen silicate minerals

(plagioclase, olivine, pyroxene) or intimately intergrown with the silicafes.

As a result, silicate mineral dissolution may play an important role in the

release to solution of trace metals bound as sulfides. Tables 1.2 and A.S

list a detailed minel~alogical analysis of the mineralized and unmineralized

~abbro rock \'/hich \'las leached in this study. The primar~y minerals present in

~abbro rock leached are in order of decreasing abundance (weighted mean %):

pnagioclase (47-64~) >clinopyroxene (7.6-26%) >olivine (11-14%) >biotite

(3.3-5~~). Plagioclase minerals have the general stoichiometry of (Na, Ca)
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AISi
3
0
S

arld represent a continuous solid solution feldspar series with end

members albite (NaAIS'i
3

0
S

) to anorthite (CaAISi
3

0S)' Clinoproxene and olivine

have the general stoichiometry of Ca(Fe, r'lg)Si 20
6

and (Fe, r.lg)2 5i04, respectively .

. Since greater than 90% of the gabbro mass consists of silicate minerals, and

the majority of silicate mineral comprised of plagioclase (a feldspar series),

a discussion of the weathering/dissolution of feldspars is included,

The incongruent dissolution of aluminum silicates (weathering) can be

represented by (26).

* -)c,

cation - Al-silicate + H2C03 + H20 + HC03 + H4Si04 + cation + Al-silicate(s) (1.17)

In this process, a primary silicate mineral ;s degraded into a secondary mineral

which is often ill-defined structurally or X-ray amorphous. 'Aluminum i~ generally

conserved in the reaction as it forms insoluble silicate minerals such as kaolinite

(A1 4[Si 4010](OH)8 or halloysite (A14[Si40'O](OH)82H20), amorphous aluminum oxides

(A1C(OH)3nHZO) or microcrystalline Al oxides such as gibbsite (A1 20j3HZO). The

weathering of Al silicates imparts alkalinity (HC03~) to the water, and therefore

the resulting degraded Al silicate is more acidic than the primary mineral.

Silicic acid (H
4
Si0

4
) and mineral cations are' released to solution, vlith

(

aqueous control mechanisms being different for both. The appearance of cations

(C +2 M +2 t' +1 K+1) / '1" 'd 1'" d 'd fa , 9 ,~a, and or S1 lC1C aCl to so utlon 1S offere as eVl ence 0

silicate mineral \tleatheri.ng, and is usually monitored in laboratory kinetic~

studies.

An example of the incongruent dissolution of a typical .plagioclase

(andesine) to give the degraded silicate kaolinite, can be represented by (26):
. "

4 NaO SCaO SAl S· 0 6 CO * 1 °~ + +2 -• . 1.S 12•5 8 + H2 3 + 1 H2 + 2Na + 2Ca + 4 H4Si04 + 6 HC03 +

(1.18)
.....

..... .
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1 h · 11 + d C +2 d '1' .In this reaction the rate of re ease of t e catlons da an a an Sl lC1C

acid can be used to determine the kinetics and possibly the mechanism of

plagioclase dissolution.

In addition to the weathering of Al silicate minerals, incongruent

dissolution can occur through the slower chemical process of hydrolysis. For

example, the hydrolysis of anorthite, an end member of the plagioclase series,

can be compared to the weathering of anorthite as -represented below.

(1.19)

\·:ea the ri n9.

(1.20)

lhe~ hydrolysis of anorthite leads to the release of Ca+2 and OH- s and formation

of the secondary mineral, kaolinite-~ but no 'silicic acid is released. In contrast~

the ''lea thering of anorth; te re1eases, in addi ti on to the above, HCo; and s i 1i ci c

acid. The rates of incongruent dissolution' are- slo~" for both' reactions, but

~weathering processes exert a greater ultimate-influence on the chemical compo-
(

.. sition of the aqueoLls phase .

. ·lb~ mec~anism of aluminu~ silicate dissolution and t~e process exerting

~on~rol on aqueous phase solubility on the reaction products have been studied under.

~nvironmental conditions by Garrels and Howard (27), Wollast (28), Helgesen

(29,30), Luce et. al., (31), Paces (32), Petrovic (33), B~senberg and Clemency

{34) Dayal (35) and Busenberg (36). Garre~ and Howard (27) found that the

initial interaction of feldspar with the aqueous phase consisted of a reversible

ion-exchange reaction between H+ from the aqueous phase and surface cations

resulting in the release of a stoichiometric·quantity of cation to solution,

and an increase in solution pH. This was followed by the incongruent dissolution
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Jf the feldspar surface (27, 34) leaving behind a slightly soluble product

layer. Wollast (28), Helgesen (29) and others have modeled the diffusional

transport of silicic acid and cations through th~ building product layer.

Busenberg and Clemency (34) studied the dissolution of kinetics of eight

different feldspars at 2SoC and 1 atm of CO2 partial pressure for time periods

of 400-1200 hours. The 'incongruent dissolution of the silicate minerals

could be adequately described by a four-stage process. The first stage

involved an ion-exchange reaction whereby H+ were exchanged with surface cations

resulting in a.n initial rise in pH. Negligible amounts of H
4
Si04 or Al \\fere

~eleased in this stage lasting - 1 minute. The second stage lasting to - 50 hours

tOr cations and 1.5-100 hours for silicic acid could be described by an equation of

the form C=ketn where C=concentration, ke=rate constant, t=time, and n=dimensionless

~ factor. They attributed this complex release behavior to two or more processes

bccurring simultaneously. The second stage was typified by a rapid release of

cations and silicic acid in solution'. The diffusion controlled parabolic

third stage lasted up to - 19-21 days and could.be described by an expression

of the. type

where kp=rate constant and A.=integration constant. Parabol ic release kinetics

\..fete attroibuted to the rate limiti~g process of diffusional transport of cqtions

across a thickening product layer. Wol1ast (28), Busenberg and Clemency (34)

and Busenberg (36) suggest that Al diffuses out of the Al s~licate matrix in

the first and second stages where it hydrolyzes to form an amorphous Al (OH)3 l

Silicic acid diffusing through the secondary product layer reacts with the

Al(OH)3 to form an Al silicate which covers the surface. Diffusion of cations

~~d ~ilicic acid through the new miheral phas~ explain the parabolic kinetics

observed in the third stage. The fourth stage lasting beyond 21 days exhibited



linear kinetics, which can be expressed as

(1.22)

where k
1

= rate constant, and B = integration constant. Linear kinetics may

result \'/hen the rate of formation of the secondary product layer equals the

rate at \·,hich the layer is destroyed by dissolution or fragmentation (32).

Busenberg (36) has'studied the products of feldspar dissolution under

conditions of 1 atm partial pressure of CO2 and 25°C. He, determined that the

activity of Al in the aqueous phase within the initial 4 hours was controlled

by pH and the solubility of microcrystalline gibbsite (A1 203 2HZO). After 100

hours) the activity ,of Al and 1-1 45;0
4

in solution ~'/as controlled by microcrystalline

hal10ysite (Al y [5i
4

010](OH)S 2H20) a hydrolyzed form of kaolinite (A1 4 [Si 40
l0
]

,JOH)8. The dissolution of the secondary product laY,er can ~e represented by the

equat'j on: .: . - - . ~ ':' .~::- ~. :-

:.;. ~. 1..:""-:'·'- ,r - .-- , •. -

Bus.~n.berg and Clemency (34) reported that, the parabolic stage rate constants
- - ~ '- - - ,,- , - 14 ,- -13 2' . 1/2 . , '
ranged from 3.4 x 10 to 9.3 x 10 mole/em /sec , the linear rate constants

wer~ (.03 -' 2.5) x 10-15 mole/cm2/sec, and the apparent diffusion coefficients
;r-,

(parabolic stage) were (0.1 - 5) x 10-21 cm2/sec. Helgeson (29) determined

~th~t thi incongruent dissolution of feldspars at "25-200oC exhibited parabolic

~onstints from 10-10 to >10-8 moles/cm2 dayl/2 ,-,~' -~

"1~6.. Interrel~tionship of Alumino-Silicate and Metal Sulfide Dissolution

The dissolution of alumino-silicate minerals (plagioclase) can effect

the dissolution of base metal sulfides such as chalcopyite 'and pentlandite by
.r ,,,

~ \1 •• r.o '"
1) exposing additional metal sulfide surface to solution, 2) controlling

. solution pH through buffering reactions, 3) contributing anions (HC03-),
'),/ '( ·c

cations (Ca+2, Mg+2, Na+, K+) and s'ilic;c ac~d (H4Sro4) to solution '.'Jhich might
. .
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accelerate or inhibit n:etal sulfide dissolution or oxidation, 4) increasins

ionic strength \'/hich increases the solubility of metal sulfides, and 5) sorbing

released metal from metal sulfides onto pri~ary (feldspar) or secondary product

layers (amorphous Al(OH)3; microcrystalline gibbsite, kaolinite, halloysite),

and 6) forming insolubl~ metal precipitates such as metal silicates. The

dissolution of silicate minerals, in general, increases with increasing acidity,

increasing Pe and increasing tendency for complex formation (26).

The di~solution of silicate minerals increases with increasing surface area

available to solution. Garrels and Howard (27) noted that K+ release from a

. K+ feldspar increased with increasing solution loading of -200/inch particles.
\

Increases in solid surface area available for dissolution may be achieved by

increasing loading of similar size particles or by addi~g equal masses of different

size particles. For particles less an 1 ~m in diameter or of specific surface

areas greater than-3 m2/g, particle surface energy may become large enough to

alter surface properties. As a result, decreasing particle size may increase the

solubility of particle~ through a th~rlTJody~amic influence of surface properties

on· the 'solubil ity product constant.
(

Solution acidity is a dominant var'iable in the dissolution of silicate

minerals. A dilute aqueous suspension of feldspa'r results in an increase in

pH (28) with the solution buffered at pH 7-9 •. Busenbe.rg and Clemency (34) ..

ob~erved an increase in the pH of an acidic feldspar solution from 3.92 to 4.51.

Table 1.3 lists a series ~f equilibrium reactions describi~g the dissolution

of a typical feldspar, anorthite. Reaction i represents the initial ion exchange

reaction of a feldspar surfac~ with solution where H+ replace cations in surface

exch~ngeable sites. Wol1ast (28) has shown that the initial reaction rate

(15 mins. - 2 hrs.) depends on pH according to the expression

+ 1/3rate = k
1

(H )
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Under natural conditions, the rate and extent of silicate dissolution

increases from pH 8 to pH 4, and cun be described by H
4
Si04 diffusional transport

through a residual product layer made up of slightly soluble Al(OH)3 follo\'/ed by

formation of Al-silicates (equation A, Table 1.3). At pH <5, no protective

product layer is formed due to continuous dissolution of amorphous Al(OH)3·

Therefore, the rate of appearance of silic acid and cations in solution at low pH

shoul d not fall 0'.'1 pa rabo1i c ki neti cs, and shoul d not be contra11 ed by di ffus i on.

Wol1ast (28) extrapolated the results of his experiments to the field in that

natural conditions of good drainage, and rains of high intensity and frequency,

but of s~ort duration, should yield maximum dissolution rates. Reaction rates

increase above pH 8 due to dissolution of the slightly soluble Al(OH)3 formed

on the feldspar surfac~. There is not agreement, however, that feldspar

-dissolution is controlled by diffusional transport from pH 3~lO (33).

- .. - Dissolved oxygen exerts an indirect influence on the dissolution of

'sillcate minerals. As the dissolved oxygen (DO) content of the solu~ion

increa~es (i.e., high Pe) there is a greater tendency for oxidation of the

metal 'sulfide minerals such as pyrite, pyrrohotite, chalcopyite and pentlandite.
. • I(

- - + .
The release of H thr~ugh the oxidation of ferrous ion and reduced sulfur species

will decrease solution pH at the surface water boundary, thereby increasing

s i 1i'cate di sso1ut ion. In aqueous su'spens i ans cons ti tuted of 95% pl.agi ocl ase and

5% mineral sulfide by \'Jeight, bulk solution pH \'lill be only sl,ightly affected by

redox processes.

Organic and inorganic liqands may enhance the dissolution of silicate

minerals. Reaction B (Table 1.3) demonstrates the effect of organic complexation

with ligand (Y-) undergoing a ligand exchange reaction with surface bound Al,

thus degrading the silicate structure. Available ligand may also bind the

released cations mJintaining them in, a disolved state. Organic chelation has

been observed as a factor in enhancing silicate weathering (22). Salicylate,
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8-hydroxyquinoline and EDTA incr2~;sed the extent of biotite dissolution by binding

structural components. Plagioclase in intimate contact \.Ji th ground or surface

water containing naturally occurring organic ligands may enhance the dissolution

of silicate and metal sulfide minerals. In add-ition, organic ~omplexation of

released metals may prevent their removal by sorption or precipitation.

Reaction x. (Tabie 1.3) demonstrates the adsorption of trace metals on the

silicate surface. The mineral surface is available as the native feldspar or

as secondary reaction products such as amorphous 1A1(OH)3' microcrystalline

A1
2
03"3H

2
0, kaolinite or halloysite. Thus tra'ce metals released to solution

through oxidative dissolution of the metal sulfide may be removed by adsorption

on the s~licate mineral surface. The relative extent and importance of adsorption

as a metal removal mechanism depends on .pH and total metal concentration.

1.7. Research Direction ~ Parametric Studies

_ From the above review it is apparent that a number of factors can control

the rate and extent of metal leaching. Some of these factors include the

ava i 1abi 1; ty of oxygen or other ox i dants ,5 uch a? ferri cion ~ tempera tu re, degree

of surface. saturation by water, pH, particle size, chemical or microbial
.

catalysis, ionic strength, chelati~g agents, and galvanic interactions. In the

following sections, laboratory research experiments will be described, that were

designed to elucidate the relative importance of the above factors in controlling

the rate and extent of leaching of. heavy metals from Duluth Gabbro mining solids.

Parametric studies were undertaken in an attempt to determine an empirical or

operational rate la\v which can be used for predictive purposes and to elucidate

a plausible mechanism for leaching consistent with observed kinetics. Kinetic and

mechanistic models \vil1 be developed in subsequent chapters. Results of this

research should prove to be useful in predicting the relative role of chemical

ieaching of Duluth Gabbro solids (~ineralized, unmineralized and tailings) as

a source of potent i a1 tox -j c meta1s ~o aqua tic ecosys terns in northeas tern
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Minnesota. A knowledge of mechanistic pathways should suggest reasonable control

procedures to prevent or treat any mine drainage that results from the mining

or beneficiation of Duluth Gabbro Ore.
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Chemical Composition of Gabbro: Table 1.1
Va 1ues in \'Je; gh t Percent

Element
Sb

Ni
Cu
Coa

Zna

Fe
Ca
Ng

Unmineralized--_.._----
1•1
0.095
0.24
0.082
0.0009

10.4
2,,6
2.0

Mineralized

.3.92
0.36
1.4
0.039
00012

17.2
2.3
1 .9

a Neutron Activation Analysis (University of Wisconsin)
b Wet Chemical Analysis
c Atomic Absorption Sepectrophotometry (all other elements)

Mineral Analysis of Gabbro: Table 1.2-

. 0.032 0.34

0.13 1.3

0.403 3.1

4.0 3.1

14 11

7.6 26

2.8 2.3
64 47

;----- -----
C/

c( ( .

..

~1ineral

Pentlandite

. Chalcopyrite-Cubanite

Pyrrhoti te

Ilmenite

Nagnetite

01 i vine

Clinopyroxene

Orthopyroxene
Plagioclase

Weighted Mean Volume Percent
Formula Unmineralized Mineral~zed

( Fe,Ni)gSS

CuFeS2-CuFe2S3
Fe7SS-FeS

FeTi03
Fe304
(FeMg)2 S1 04
Ca ( Fe , r~g )Si 206

(Fe,Ng)2Si 206

NaA1Si 30 a-CaA12Si208



Table 1.3
Silicate Dissolution, Anorthite

Initial Ion Exchange
+ 2+ "

i. CaA1 ZSi 208(s) + ZH = Ca + HZAl zS'zOa(s)

Dissolution Phase for Anorthite

Inorganic Reaction

1i_ CaA'2SiZ08(s) ~ 2H+ + H20 = A1ZSiZOS(OH)4(s) + C~2+; log k = +14.4a (Kaolinit~

111. A1 2SiZOS(OH)4(s) + SHZO = 2H4Si04 + A1 Z03 . 3GZO(s); log k = -9.4a (Gibbsite:.
A. CaA1ZSi 20S(s) + 2H+ +"6H20 = 2H4Si04 + A1 203 . 3G2L(s) + Ca2+; log k == 5.0

Organic Ligand Y·, effect on kaolinite dissolution

iv. A'ZSi zOS(OH)4 + ZY- = 2A1Y(aq) + 2H4Si04 + ~2oa

+ - 2+B. CaA1 2Si Z08(s) + 8H + 2Y+ = Ca " + ZA1Y(aq) +,2H4Si04

Additional Reactions

y~~. Si02 (amorph) + H20 == H4Si04

vil, .. H
4

Si0
4

= SiO(OH); + H+

lx'. (--$ IOH ) = (... Si°-) + H+..

-. \1"1. Al b • 3HZ"O(s) + OH- = Al(OH)42 3 l~g k == -:,1.0a

.' log k == -2,,7a

pk.= 9.46a

pk int ==·6.8~O.2a,b ,"

;X'. MeTl1 + N (-SiOH) = ~1e(OSi-) "+ NH+c

(slmilar to reaction of Men+ with (OH-)

a·. :Re"ference 26; 25;,;C, 1atm. ,
b·. "0.11:1 NaC104, Schindler & Kamber (1968) in Stumm & Horgan (26)
ce·. :Ougger (1964) i n Stumm & r'lorgan (26)



Chapter 2

Experimental Procedure

2.1. Sample Preparation

Duluth Gabbro rock was obtained as s3!iiple composites from mineralized and

unmineralized areas of the Dunka Pit mine. The two samples were ground at the

Mineral Resources Research Center at the University of Ninnesota. The grinding

process consisted of subjecting the rock sequentially to jaw crusheers of 2.54 cm

and 1.27 em capacity and gyro crusher. The sample was then split into 1.8kg

portions using a basic splitter and submitted to Bond Ball Mill grinding dry at

70 rpm. The resulting sample was sieved through a Tyler screen shaker for 5

minutes of grinding and 15 minutes of shaking. The' minus 200 mesh portion was

retained for use in laboratory leaching experiments', and stored in polyethylene

containers.

In initial experiments, representative portions of the bulk Gabbro sample
~were selected by the coning and quartering method. In later experiments, samples

to be leached \';ere obtained by removing the desired quantity from the well-mixed

bulk material.

2.2 Apparatus

The experimental apparatus used in the batch leaching studies consisted

of six, 4-1 Pyrex beakers in which the lips had been removed, and the assembly

covered by a fitted Plexiglass top. Six air diffusers were connected to a

manifold by Tygen tubing \'1ith a diffuser inserted into each beaker through the

protective covef, and sealed with an aluminum-foil covered rubber stopper. The

gabbro suspension in the reaction flask \'Ias mixed continuously with a laboratory

stirrer consisting of a teflon shaft and blade protruding through the top of

the Plexiglass cover. Samples were withdrawn by pipette tflrough a stoppered

sampling port. All reactors were maintained in a constant temperature room
. + 0

at 20" 0 - 1 c.
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The beakers, mixing shafts and gas diffusers were prepared for each

experiment by washing with 3 portions of distill~d water, 3'portions of

O~l N HN0
3

and 3 additional portions of distilled.water. Distilled water

(3500 ml) was measured into each reaction flask and the air bubbled the

solution for 24 hours prior toeach experiment, except when disolved oxygen

was being varied.

2.3 Procedure

Gabbro samples (-200 me~h) were weighed on a Sartorius Analytical Balance

and poured into the reaction flasks, initiating the experiment. Samples were

withdrawn at periods exceeding 1000 hours at the time intervals of 0.5, 6,

24 and 48,hours and 1, 2, 3, 4 and 5 weeks. The 150 ml sample was withdrawn

through the sampling port from a point in the reaction flask two thirds depth

of the liquid. With the exception of the particle size experiment, no water
"

was replaced to the reaction fl'ask because representative amounts of solid

~nd liquid were taken for analysis. The samples were placed into washed, pre-

weighed 250 ml polyethylene bottles, re-weighed and the weight of the sample recorded.

The samples· were filtered immediately throug~ acid-washed, O.4~ Nuclepore

filters placed in a Millipore Filtration Apparatus. The filtered sample was

~cidified to pHl with concentrated HN03.

In some experiments, the quantity of metal precipitated or adsorbed to the

·leached particle surface was determined. The untreated Gabbro suspensions ob

tained from the reaction flask were filtered through 0.4~m Nuclepore membrane

:filters and the particul ate -laden filter vIas re-suspended fn 100 mls of O.OlN Hr~o3

'for 60 seconds. The sample was re-filtered and the filtrate saved for chemical

analysis ..

The metals studied in the leaching experiments wereCu, Ni, Fe, Ca and Mg,

and It,'ere determined by Atomic Absorption Spectrophotornett~y (AAS) in the flame
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(Varian r·iodel 175 AA) ,or flal!;eless mode (PE t'1odel 360 AfJ5 vii th 02 background

corrector and HGA 2100 graph i te furnace). Ana lys e3 \'/ere performed accordi n9 to

the general il:structions of the manufactur'er \·Jith minor modifica,tions to account

for the high salt matrix encountered. Quantificatioll was achieved by comparison

to standards or by standard addition. Reproduc ibility measurements indicated

a variation of <10%5 Sulfate was determined by the recommended procedure in

Sta ndard i'letho ds (37) \'Ji t h mo di f i cat ion to srna 11 er samp1e vol ume s . Sol ub1e

reactive silica determined in some experiments was analyzed for'by the method of

Strickland and Parsons (38). Spectrophotometric measurements were performed with

a Beckman Model 26 UV-VIS Spectrophotometer.
'.

Dissolved oxygen measurements were made with a YSI Model'54 D.O. Meter,

vJith a ~iodel 5739 D.O. probe. Dissolved oxygen of reaction solutions It/as

adjusted using various combinations of O2, N2 and compressed air. Solution

pH ~as determined with a Corning Model 10 pH meter and a microelectrode, or an

Otion Digital pH meter (Model 701A). pH was maintained in controlled experiments

by daily or hourly additi,ons of HCL or NaOH.

'.

"
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Chapter 3

Experime~tal Results - Metal Sulfide Dissolution Kinetics

3.1 Background

Previous investigations, which were reviewed ih Chapter one, on the dissolution

kinetics of the slightly. soluble metal sulfides have stlown that the critical

factors are available reactive surface area, pH, dissolved oxygen concentration

and the presence of active catalysts. In order to formulate a reasonable kinetic

expression which adequately describes the process of oxidative-dissolution of

metal sulfides, each important parameter must be varied independently of the

other parameters in order to ascertain the relative' impact of that particular

variable on the dissolution of the metal sulfides.

The study of ~eaction kinetics in heterogeneous systems is a difficult

problem even for simple systems which involve only two phases (i.e. one liquid

and one solid phase). In simple homogeneous systems the rate of reaction is

'most often controlled by formation of an "activated complex ll to use the terminology

'of transition state theory (39). Hm'lever in hetergeneous systems, mass transport

!or Cliffusion 1imitations to reaction rate become important. In a hetereogeneous
I.

~y~tem as complex as the Duluth Gabbro ore, which according to Table 1.2 involves

~t 1east a minimum of nine solid phases, one liquid phase and one gaseous

~hase) ~he problem of resolving the detailed kinetics and mechanism of dissolution

':5 ,immense if not impossible. In order to simpl ify' the presentation of experimental

lr'esults the problem of metal sulfide dissolution vlill be separated from the problem

'of' 'sl"lcate Inlneral dissolution, although these t'tlO processes are not mutually

'exclusive. In the discussion of results presented in Chapter 5 the t\·/o problems

"\'/'-'1 be interfaced in a unifying manners

The primary metal sulfides identified by x-ray diffraction analysis Vlet'e

in their relative order of abundance pyrrhotite (FeS), chalcopyrite (CuFeS2 )1
.

'pentlandite (Fe,Ni)gSS and cubanite (CuFeZS3). From an environmenta.l and



economic standpoint the rate of appearance of Cu and Ni in solution is of

primary importance. X-ray analysis also shows that ore samples It/hich are

ground to a finely divided state (i.e., <74u in p~rticle diameter, Dp) contain

. distinct fractions of metal sulfide independent of the originai silicate matrix~

Assuming'that the metal sulfides are found in discrete inclusions and are

liberated totally from the surrounding silicate (plagioclase) matrix by grinding

to a Dp <O.74u , the problem of metal sulfide dissQlution can be separated

from the problem of silicate dissolution (weathering) as a fist approximation.

Silicate dissolution kinetics are presented separately in Chapter four.

3.2ft Preliminary Experiments and Kinetic Analysis

Hel1~mixed batch reactors described in section 2.2 were used for all

ki net i c runs. Pre1i mi na ry experi ments \'/ere run \'ii th powdered Gabbro materi a1

'with a Dp <74~ susp~nded in doubly-distilled water by'mechanical stirring. The

goal -of these initial experiments was to determine optimal conditions for following

the rate of release of Cu, Ni and' Fe -into aqueous s~lution. During each kinetic

run aliquots of the solid-liquid slurry were extracted while the system It/as

well-rnixed. Ideally the solid to liquid ratio was maintained constant during

e~ch experiment. A liquo~were tak~n at pre-established time intervals during

the course of each experiment. Total time_of reaction was generally around

1000 hours.

Initial experiments in unbuffered, pH uncontrolled systems were designed

to determine the impact of increasing solids to volume ratio in a search for

optimal experimental conditions for subsequent studies. The effect of increasing
....

total specific surface area or loading on the relase of Cu, Ni and Fe was

studied at mass loadings of 2, 10, 50 and 100 grams of Dp <74u of unmineralized

Gabbro material. Increasing the Ga~bro loading at constant volume increases

the total specific surface area of sulfide minerals for reaction with oxygen,
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on one hand, but on the other hand, an increase in total specific surface area

of the silicate minerals, \·,hich have charged surface silanol groups, increases

the possibil I~Y of adsorptive interactions with charged aquated and hydrolyzed

metals in solution.

The overall impact of increased loading on total metal release is illustrated

in Figure 3.1. As the loading increases the pH of the slurry rises in response

to the incongruent dissolution of plagioclase which releases HC03- to solution

according to equation 3 1

This effett is shown more clearly in Figure 3.2. The release of bicarbonate to

solution accounts for the unique buffering capacity exhibited by the Gabbro

material in equilibrium with water. After 2,JOO~ours the Gabbro H20 air system

can be assumed to have reached equilibrium witt) respect to pH. This assumption

is verified by the results presented in Figure 3.3 which show that the pH

stablizes at a constant value after approximately 500 hours for different

Gabbro loadings. The buffering capacity of the Gabbro ore appears to be a

direct function of the total specific surface area and the total bicarbonate

released to the system. For example, for a reactor system dominated by

bicarbonate buffer exposed to the atmosphere equations 3.2 and 3.3 can be

combined to show the approx ima te dependence of the sytem pH on the bi carbon ate

concentration if all other equilibrium are ignored~

(3.2)
"

(3.3)

(3.4 )

If the [HC03-J in solution at equilibrium is 3001g/1 (log HC03- = -3.3) the

pH \'Jould be 8.0. From the results shm·Jn in Figure 3.2, it can be seen that the
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Ii 1"0 loadings.

Referring to Figure 3.1 again, the greatest total release, which is the

sum of the solution phase metal and the adsoa"bed 'phase metal, for Ni and Fe

occurs at relatively low loading rates and consequently relatively low pH.

Copper, on the other hand, shows a greater total release at higher pH although the

majority of released metal vias found ;n the adsorbed phase~ In general as the pH

rises the released metals are found predominately in the adsorbed phase. This

is consistent with the known surface characteristics of~;-quartz and other

silicate minerals in aqueous solution.

In general, at lower pH FeS and (Ni ,Fe)gSa would be expected to dissolve

more read1ly independent of any surface oxidation. However, CuFeS2 dissolution is

relatively insensitive to increasing acidity \'Jhile surface oxidation plays a more

important role. It' is \'Jell-kno'tJn that oxidation of HS increases vlith increasing.

pH (14, 40) a'nd by analogy the oxidatio'n of CuFeS2 may also increase with

increasing pH. A summary of the effect of loading on metal release ;s present

in Table 3.1.

Using raw data presented in Table A. 1 (Appendix A) concentration versus

time profiles on Cu and Ni can be constructed as shown in Figure 3.4. At mass
I,

loadings .::.10 9 1-1, the concentration of Ni as' a function of time appears to be

linear. This linear or apparent zero-order rate of dissolution of Ni was observed

consistently over a wide variety of conditions. The rate of appearance of Eu

with time was more complex and showed a greater sensitivity to pH. In order to

observe Cu release rates, it was necessary to keep to solut~~n pH below 6; whereas

Ni release rates were less sensitive to pH and maintained apparent linearity.

Initial release of Cu at lower pH could be 'described as pJrabolic with a later

'linear stage of release. The fate of Cu in solution is more sensitive to pH

because of the formation of Cu(OH)2 and CuC·· 3(s) at pH 6 and electrostatic

and chemical interactions \'Jith surface -51011- groups. For this reason, it
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Table 3;'-

Total~ Re'lease:' t:ffect of loading on unmineralized bbro
Ad: Adsorbed &Precipitated, Sol: In solution, 'tot: Total Release

All values in moles * lOG per gram gabbro

Time: 750 Hrs

9 Gabbro pH t~lAd Ni$o1 Ni Tot CVAd CUSo1 CUTot FeAd FeSo1 F~Tot CaAd , CaSo1 Carat ~igAd MgSo1 MgTot . SOTot
Liter

2 4 .. 4 0.UB3 3.. 6 3.. 0 0 .. 24 0 .. 24 3.. 5 7.0 63 7.0 6.6 32 .38 2.6 19 19 ~(l

10 7.. 1 3.7 0.44 4. 1 1.5 <0.01 1 .5 26 0.027 26 N.D. 13 N.D. N.D. 6. 1 N.D. 11
...

50 7.7 L.2 0.035 2.3 3.0 0.01 3.0 19 0.01 19 58 7.6 65 13 3.3 16 15 r\J
'...c

lOa 8.2 1.8 0.02 1.9 4.4 0.01 4.4 11 0.01 11 N.D. 5.6 N.D. N.D. 2.7 N.D. 11

!

2* 5.2 o. 12 2.2 2.3 '0.22 0.28 0.50 9.9 59 69, 5.5' 24 29 3.6 16 20 18

50* 7.7 1.. 8 0.01 1.8 2.2 0.01 2.2 20 0.01 20 56 6.0 62 16 3.5 19 4.4

* Nitrogen Diffusion
NO: Not Determined
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\'/as decided to follovi the appearance of Ni vlith time as a measure of the intrinsic

rate of oxidative dissolution of metal sulfides.

The rate of oxidative-dissolution can be expressed mathematically in the

. follm'iing \'Iay:

-d [(Fe,Ni)gSaJ/dt = kA~[02Jm[H+Jn

assuming that the kinetics of dissolution have a similar dependence on active surface

area as oxygen concentration and hydrogen ion concentration. Superscripts

1, m, n are the reaction orders for As' [02 J and [H+J,respectively. Under constant

conditions any catalytic factors would accounted for by k, the overall rate

constant. From the stoichiometry for the oxidative-dissolution of pentlandite

by oxygen

The rate of disappearance of pentlandite vlil1 be related to the rate 'of

appearance of Ni+2 in solution by equation 3.7.

(3 .. 7)

and substituting into equation 3.5 gives. '

Under conditions of constant 02 pH and As equation 3.8 can be rewritten as a

pseudo zero-order reaction

d[Ni+2J/dt = k1 (3.9 )

where

" (3.10)

. Equation 3.10 predicts that a' plot of [Ni+2J versus time should be linear with a

slope equal to k' as is actually observed in all kinetic runs when all other

variables tlre held constant. The pseudo zero-order rate constant, k1, will have

units of ug ,-1 hr-'.
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The rate of dissolution of (Fe,rii)gSB can be also expressed as a flux when

the total reaction volume Y and active surface area, A , are considered. Ins

general, for a heterogeneous reaction ofa solid surface with a surface area As
2 3 ' 2

. (COl) dissolving in a solvent system of volume V (em) the flux (moles/em sec)

of material escaping from the surface into solution can be ",witten in terms of

the rate of the bulk concentration value, . Ni+2 (moles/cm3) as follows:

d [Ni+2J = J1.sF
dt -Y-

or

F(moles = V (d[Ni+2J/dt)
2em -sec As

(3.11)

(3.12)

Since As was not determined experimentally but is a function of the actual surface
2 .

area, A(cm /g), the mass of Gabbro, m, can be substituted for As assuming that

As := rnA (3.13)

Substituting this expression into equation 2.12 al1oy/s an "operational" surface

flux to be calculated according to equation 3.14.

AF = F'(moles ) =~ d [Ni+2J

g-sec m dt

(3.14)

In subsequent sections results of a parametric study on the factors controlling

the absolute value of k1 or F1 will be presented sequentially starting with

particle size, followed by pH, dissolved oxygen, ionic strength and chelating

agents.

3.3. Effect of Particle Size, Dp .

. In general, finely divided solids have a greater solubility thun large

crystals. This phenomenon is commonly knm·m as the f(elvin effect (26). The

f ree ener gy cha119e, i~G, i nvol vedin subdi vi din 9 a caarse sol ids us pendedin

aqueous solution intu a finely divided one of Illolar surface area, S is given by
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6G = 2/3yS (3.15)

\'/here y is the surface tension of the solid-liquid interface .. This change in

free energy can be considered in the overall free energy change for dissolution.

(3.16)

which yields

log kso(S) = log kso(S=O) + ~~yS
2.3RT

Equation 3.17 shows that the thermodynamic behavior of a solid is a function

of the surface area. If the rate of oxidative-dissolution were dependent on a

pre-equilibrium dissociation of the sulfide mineral· followed by a rate determining

oxidation~of Fe+6 or HS- in solution, then a shift in the equilibrium constant

due to a change in soli.~ surface area would become significant. At 250 C with ~

= 400 ergs/cm2 and S = 104 m2~ole the effect on log kso is approximately 0.5.

Alternatively, if the rate of oxidative-dissolution is a function of the

number of reactive sites on the surface, then increasing the total available

surface area should increase the reaction rate .. To test this hypothesis, the effect

of fo~r discrete particle size fractions at a fixed mass loading on the reaction

rate was studied. The four size fr~ctions examined were

Dp ~ 74~, 74~ <Dp < 420 ~) 420~< Dp~ 840~)and 840~ <Dp ~ 2380

The.approximate surface area of the Dp ~ 74 fraction was determined using-a

sub-sieve sizer. The areas of the other fractions were estimated using this

approximate value, finer sieving analysis and mathematical extrapolation. The

areas as determi ned by the above methods "Jere 1700, 190, 62 and 25 cm2/g.

Elemental analyses for Ni, Cu, Fe, Ca and Mg found in each discrete particle

size function are presented in Table 3.2

As particle size was reduced the rate of dissolution increased. This

effect is shown clearly in Figure 3.~. Using kinetic data presented in Table

A.3 it is possible to detennine the sensitivity of k to changes in As ",here



Effect uf Particle Size

CO~lPOSITlm~: All Values in mg (g gabbro)-l

. Diameter (mm) Ni Cu Fe

d<O.074 3.55 14. 1 172.

0.074 d<O.42 1.82 . 8.25 155.

0.42 d<0.84 4.52 12.8 259.

0.84 d<2.38 4.08 23.5 460.-

"

Ca Ng

22.7 19.2

17.6 18.2

29.3 37.9

47.3 80.2
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Table' 3 .. 2b

Total R'elease'~ Effect of particle size~ M,ineral i'zed Gabbro
Ad: Adsorbed & Pr~ci'p'itated" Sol: In sol ution, Tot: Total Release

Atl values in moles * 10 6 per gram gabbro

Time: 890 Hrs ..

S.A. pH NiAd Ni so1 N'Tot CUAd CUSal CUret FeAd Fe So1 FeTot CaAd CaSol Carot
MgAd ~tgSol M9Tot ~O

2 -1 -
-, T01

em 1

4900 6.0 0,,09 6.3 6.. 4 0.08 0&33 0,,41 0 .. 47 0.27 0.74 2.2 9 .. 1 11 0.57 6.1 6.7 30

540 6.4 0.08* 2.2 2,,3 0.05* 0 .. 03 0.3* 0.3* 0.02 0.32 2* 6.3 8.3 0.4* 2.8 3.2 . 19

120 6.5 0.05 1.. 2 1,,2 0.02 0 0.17 0.17 0.03 0.19 1 .4 4.7 6.1 0.08 2.2 2.2 . 17
....

72 6.2 0.04 0.76 0,,80 0.02 <0.01 0,,36 0;37 0.06 0.42 .. Q 4 .. 0 5.8 0.42 1 .2 , .6 15I • .J

.
Table 3.3

Total Release: Effect of pH on unmineralized Gabbro
Ad: Adsorbed &Precipitated, sol.: In sOlution, Tot: Total Release

All'values in moles * 10 6 per gram gabbro

pH Ni Ad Ni so1 Ni rot CU Ad Cu~ 1 CUTot FeAd Fe
So1

FeTot CaAd CaSal Caret MgAd M9So1 M9rot SOTot.,)0

6.9 0.33 2.6 . ~ 3.0 0.17 0.02 O. 19 1.9 0.03 1..9 10 18 29 0.88 8.6 9.5 14

4.7 0 4.7 4.7 0.03 1.2 1.2 1 .8 35 37 1•1 23 24 0.08 15 15 20

4.3 <0.01 . 3.2 3.2 0.05 1.5 1.5 2.7 71 74 1.5 46 48 0.49 23 23 10
'oJ

4.0 <0.01 2.7 2.7 0.03 1•1 1 .2 1.9 100 100 0.91 64 65 0.35 37 37 1,8

.~

:n
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k1 = k A 1
s

Taking the logarithm of bo~h sides of this equat~on yields

109 k1
= 109 k + 1 log As

(3.18)

(3.19)

\'Jh i chi sal i near equa t ion 'd i thas lope equa 1 tothereact ion 0 rde r, 1, for the

surface area. Equation 3.19 is plotted in Figure 3.6 with data taken from Table

3.10.

be 0.4.

From this linear relationship the reaction order in A was determined tos

From data presented in Table 3.3 it can be seen that total metal release

for all metals studied increases with a decrease in particle size although this

effect is most promounced for the metals which are thoug~ to originate from sulfidic

mi nera1s . Copper and Ni appea r predomi na te ly in so1ut ion "'/hereas the maj ori ty

of iron is found in the adsorbed stat~ most likely as FeOO~. ,

As total specific surface area is increased within the same particle size

fraction the apparent dissolution rate remains unaffected as shoYIn in Figure 3.7.

This result indicates that metal solubility as defined by the solubility product

relationship may control the rate of appearance of Ni in solution. Decreasing

the particle size would have the net effect of increasing the solid solubility

as predlcted by equation 3.17.

If the rate of dissolution were controlled by a chemical reaction on the

sulfide surface then increasing the total reactive surface area should result

in a demonstrable increase in reaction rate .

. Further evidence for a solution phase rate limiting step in the dissolution

of pent 1and i t e i s presen ted in' FiguY'es 3. 8 and 3. 9 \'1hi ch shO,\'I the time de penden t

changes in pH and sulfate, .~espectively. pH remained relatively constant in the

larger particle size fractions; however, in the lowest size fraction the pH

'''las progressively lm·:ered as the reuction proceed(;d. This indicdtes that significant

oxidation of HS- and Fe+2 is occurring \·Jith a concomitant release of H+ to solution.



Table 3.10 .

Nickel Kinetics •Summary of Data

:NiJ ::: kt+b
~ in mole sec -1 (g gabbro)-l
~ in ma 1e (g gabbro)-l
:. in seconds

~eactor
2 b*109 k*1013'.r---

~ - 1 0.8814 890 24
:-2 0.9914 17 16
:-3 0.96B7 -1.4 3.2
:-4 0.8531 0.081 0.79
:-5 0.8911 450 17
~-6 0.4274 2.5 -0.15
~-1 0.9938 3. 1 30
3-2 0.9d53 270 37
3-3 0.9424 360 27
3-4 '0.8723" 400 18
+-1 0.9972 53 21
+-2 0.9759 25 4.9
l- 3 0.9710 15 - 5. 1
+-4 0.8935 23 3.5
5-1 0.8903 -1.0 4.8
3-2 . 0.9879 58 11
)~3 0.9779 180 22
3-4 0.8929 170 21
5-1 0.9853 39 12
5-2 0.9963 21 9.4
5-3 0.9814 20 5.8
5-4 0.9964 10

..
5. 1

7-3 0.9475 1.3 11
7-4 0.9330 4.4 12
8-1a 0.9230 20 1.2
B-1b 0.6944 80 3. 1
8-2a 0.9780 2.4 0.31
8-20 0.9192 5.7 0.42
8-3a 0.5324 0.43 0.0098 •
8-3b 0.6554 . 3.4 -0.015

1 Description
2 9'-1 unmineralized gabbro, air diffusion

10 91:1 unmineraTized gabbro, air diffusion
50 g1 1 unminera1ized gabbro, air diffusion

100 91-1 unmineralized gabbro, air diffusion
2 g'-1 unmineralized gabbro, N2 diffusion

50 gl- unmineralized gabbro, N2 diffusion
2.86 gl- 1 unmineralized gabbro, PH 6.9
2.86 g1- 1 unminera1ized gabbro, PH 4.6
2.8~ gl- 1 unmineralizcd gabbro, PH 3.9
2.86 91- 1 unmineralizcd gubbro, PH 3.5
2.86 91- 1 -200 mesh mineralized gabbi'o
2.86 gl-1 +200 - -40 mesh mineralized gabbro
2.86 91- 1 +40 - -20 Illesh mineralized gabbro
2.86 g,-l +20 - -8 nlesh m; nerlll i zed gubbr0
2.86 91- 1 mineralized gabbro, 0.0.=1 mgl- 1

2.86 91- 1 mineralized gabbro, D.0.=5 nlgl- 1

2.86 91- 1 mineralized gabbro, 0.0.=9.3 rngl- 1

2.86 91- 1 mineralized gabbro, 0.0.=44 moll
5.71 gl- 1 mineralized gabbro, PH 5
5.71 g,-I.mineralized gabbro, PH 6
5.71 gl=1 mineralized gabbro, PH 7
5.7191 1 mineralized gubbro, PH 8
5.71 g1- 1 mineralized gabbro, ~=O.005
5.71 gl- 1 mineralized gabbro, ~=O.05

.:':::»
~
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::

This idea is corroborated by the S04 vs. time profile in Figure 3.9. Significant

inc rea seS 0 f su1fat e· vii t h time 0 ccur red 0 n1yin the 10\'"est par tic1e s i ze f rae t ion

indicating that a pre-equilibrium dissolution of'pelltlandite may be rate controlling.

Oxidation of ,\..+2 to Fe+3 and subsequent hydrolysis to Fe(OH)3 or formation of

jarosite, KFe
3

(S04)2(OH)6 will result in the release of either 3 or 6 moles of

H +2 'd" d+ released per mole of Fe OX1 lze .

+2 + +3Fe + 1/402 + H ~ Fe + l/ZHZO

+Fe+3 + 3H20 ~ Fe(OH)3.+ 3H

+ +3 - +
K + 2Fe . + 2504- + 61-12°-r KFe 2(S04)Z(OH)6 + 6H

(3.18)

(3.19)

(3.20)

Regardless of the mechanistic implications) the kinetic results sho't! that empirically

equation 3.9 can be rewritten to take surface area into account in the following

fashion

where

= 4.5k A 0.4
s s (3.21)

(3.22)

3.4~ tt~ect of Disso1ved Oxygen Concentration

th~ oxid~tion of FeS, CuFe5Z and (Fe, Ni)gSS by oxygen to a variety of

prbdutts is favored thermodynamically under experimental conditions used in this
-

study. However, the stoichiometries presented in equations 1.4 through 1.11

at~ incbmplete. Oxidized sulfur is found in a variety of metastable oxidation

states. These states include elemental sulfur, So, polysulT'ide, S -2, dithionite,. n
-2 -2 -2

52°3 l' trithionate" 53°6 ,tetrathionate, 54°6 '

dith~onate, 52°6-2; although under the conditions of these

e"perimen t s su1fate, 5°4-, i s the prr:di cted end- product 0 fox ida t ion. For eI, J mp1P. ,

in the oxidation of pyrrhotite
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the stoichiometric coefficient, f'l, can vary from 0.75 \·/hen sulfur is the

exclusive oxidation product to 2.25 when sulfide is oxidized to sulfate. For a

given set of experimental conditions where the reaction variables are held constant,

the'value of Mshould remain constant in the absence of any autocatalytic in-

fluences which may arise during the course of the reaction. Experimentally,

the reaction order of oxygen, M, can be determined by studying the variation

of k1 with [02 J when all other variables are held constant.

Variable [02 J concentrations were achieved by differential mixing of N2

ahd 02 gas through four different reactors. Concent~ations of oxygen of 1, 5,

~.3 and 44 mg/l were obtained and held constant throughout the reaction by gas

diffusion through a [ritted glass dispersion tube \~ith continuous mechanical

stirring.

the apparent Ni release rates increased as a direct function of increasing

t02J until 9.3 mg/l as shown in Figure 3.10. Above 10 mg/l in [02 J the reaction

rate shm'/s no fur'ther increase. This result suggests that the rate may be limited

by the .numbe-r of reactive surface available f~r direct attack by oxygen. Once

these reactive sites \I/ere fully saturated there It/ould be no further rate increases

'\{i t ~ 'i nt rea sin9 [ O2'] ins0 1uti 0 n. The de pendenceo f k1
0 n [02J can be as cer t ai ned '

trbm the fo-11m'/ing 'linear relationship

k-1 -= Ok LO ]m (3" 24)
-2

lO,g k', :: log k + mlog[02] (3.25)

'..\-/h'; ch is plotted for the kinetic data presented in Table A.4 in Figure 3. 11 . From

this graphical relationship it can be seen that the reaction order in [02J is

'0.8 \':hich is fairly close to one. This suggests tho t at 10\'J [°2] the reaction

or'der is one and at high concentration it should be zero. This saturation

-e f f ectis seen i n Fig ure 3. 11 .
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inin,g ion 3.21 allows the

empi ri ca1 ra te 1a','! to be \'Jri tten as

\'/here

{3.26}

(3.27)

Significant release of Cu with time during the 02 variation experiments did not

occur until the oxygen concentration exceeded 5.0 mg/l. Unfortunately during

the course of these experiments the pH was not maintained absolutely constant.

Initially, the pH at "each [02 J was stable but as the reactions proceeded, especially

when [02 J >9.0 mg/l the pH dropped as the buffering capacity of the Gabbro was

exceeded. The change in pH during the later portion of each experiment may

explain the Cu release rates observed in Figure 3.12. Even if oxidation proceeds

at an appreciable rate, Cu oxidation products would be expected to accumulate as

Cu2C03(OH)2 and Cu(OH)2 in a reacted zone on the surface of CuFeS2, When pH

drops below 6, release of eu to the aqueous solution will OCCUf •

. Th~se interrelationships are illustrated more clearly in the data presented

in Table 3.4. Nonetheless, the pronounced dependence of the dissolution rate and

extent of metal release on the dissolved oxygen concentration implies that sulfide

oxYgen plays an important role in the leaching process. Saturation of the

rate bf release of Ni at higher [02J suggests a surface controlled reaction

which ;s limited by the number of available reaction sites.

Although the reaction rate is not significantly increased when the [02 J

exceeds 10 II1g/1, the extent of and ra fe of ,SO4- forma ti on (Fi gure 3.31) is

increased at higher concentrations. This would be expected to occur if the

initial sulfide oxidation product was a metastable intermediate such as So,

52°3= or 54°6=' Given sufficient time these metastable sulfur products will

be oxidized cOl/lpletely to sulfate,
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3.5. Effect of pH

From the results of previous studies (12, 16), on the oxidative-dissolution

of metal sulfides, the role of pH is relatively Linclear. At most there seems

to be a reciprocal dependence of dissolution rate on the hydrog~n ion concentration.

In order to determine the impact of pH on the observed rate constant for Ni

release, four different reactors were run with pH maintained constant by the addition

of acid or base. Mass loadings and [02 J were maintained constant in each reactor

-1 <at 5.71 91 of _ 74~ mineralized Gabbro and 9.3 mg/l, respectively. Results

of this controlled pH variation are presented graphically in Figure 3.14 and in

tabular form in Table A.5. From the trends observed in Figure 3.14 it is apparent

that the Ni release rate increases as the pH drops from 8 to 5 although the most

significant change occurs between pH 8 and 6.

The observed rate ~onstant, k', depends on the [H+] with all other variables'

•held constant in the following way

(3.28)

(3.29)

where '

k ~ k A 0.4[0 JO.8
H s 2

I

(3.30)

The reaction order, n, was determined to be 0.2 from a least-squares fit of

the ~inear relationship presented in equation 3.29. -
The pH dependency and reaction

order is illustrated in Figure 3.15. A similar pH dependency on Cu release

kinetics is illustrated in Figure 3.16. Copper release rates are accelerated

as pH drops from 8 to 5. The net impact of pH is summarized in Table 3.5 ..

The increase in dissolution r~te with a decrease in pH suggests that a

surface controlled reaction \'Jhich is. dependent on protonation before the rate

determining step. This could be visuolizcd as a step involving protonation of



1400

1200

1000

"'-
tJl 800
,~

'...

S
~ ~ .. 60"0

400

o pH 5
.6 pH 6
o pH 7
o pH 8

55

Time: hours



-f'-

.'

'\

56

co

I
0..

o co' ,.tq
a 0

J4·1/5n' ~>i

~
o

C\J
o



57

o

, . .......

. -----~~
~~

.__--IY' D,
,....__---t.:i. _----------

~~ik.~.~;;QI~==~.·Z~~;;~·==-6···-1".--0" I

200 400 600 .800 1000
Time~. hours

o
o

100

300 -

0 pH, 5
~ pH 6
0 pH 7
0 pH 8

200



o
Oi

- $

<J-O 0 0 0

o
cd

'0
.~

ooL------'oL.-------'o'-----1
o

L..----.----JoL----'o¢

o ro w ~ N

:r:
0..



"t

59

o

20

15

5

o pH 5
~ pH 6

pH 7
pH 8

.'

o

o Ll---'L-I 1-- ---1- ..1.- ---1-'_.----'
o 200 400 600 800 1000

.. Time: hours



"

60

surface sulfide groups from +5 to +SH or +SHZ" Ptflkm'l (11) has shoYIn that the

rate of anoxic dissolution of FeS depends d-irectly on the [H+] to the first-order.

Without further experimental information, it would be difficult to conclude that

" reaction rate is controlled exclusively by a surface reaction ~hat involves a

proton ih the transition state. The observed pH dependency would also be

consistent with a solution phase reaction"which depends on a pre-equilibrium

dissolutionof the metal sulfide. However, the rate of oxidation of HS has

been sho~m to decrease with a decrease in pH (14, 40).

This is also tru~ for the oxidation rate of Fe+2 by 02 which depends on

[OH-J 3 (13). Although unlikely in this pH range, Fe+3 could serve as the

principal oxidant.

In addition to increasing the rate of oxidative dissolution with a decrease

in pH, the solution phase mobility of Cu and Fe, in particular, is enhanced and

to a lesser extent the mobility of Ni is also enhanced. As the pH drops from 8

to 5 the dominant solid and adsorbed-phases become Tess important. This effect

can be seen in Figure 3.17 which was calculated >vith the aid of REDEQL2 (41)

using the maximum observed concentrations at the lowes~ pH. This effect is also

illustrated by the data in Table 3.~.

Add it i ona1 evi dence for i ncreas ed surface reacti v-i ty vii th an increase in

[H+] is given in Figure 3.18 which shows that the sulfate concentration increases

more-rapidly at 10vi pH. This trend is opposite the known solution phase k{netics

of sulfide oxidation (14, 40) and suggests that increased protonation of reactive

surface sites accelerates electron transfer on the surface."

3.6. Effect of Ionic Strength
.'

Changes in ionic strength are expected to affect the rate of homogeneous

reactions \'/hen charged species are ~eacting. In heterogeneous system such as
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metal sul fide -H20-02 syste~:' ionic ~trength ','/culd be expected to affect the

solubility product. For' exan;ple considering the dissolution of FeS

K +2 2feS ~so Fe + S- (3.3l)
+

the solubility product can be \'/ritten as

+2 -Kso = [Fe ] [HS] f Fe f s
(3.32)

By using the extended Uebye-Huckel 1a\\1 , equation 3.32 can be re\\/ritten as
)

log Kso = l09C Kso - (ZFe2 + Zs2) (0.5 I) (3.33)

1 + I

Equation 3.33 illustrates that the solubility increases with increasing ionic

strength and that the effect is especially pronounced for solids containing

multivalent ions.

To experimentally determine the effect of ionic strength, three reactors

loaded with 5.71 gil of Gabbro ~ach were run under normal conditions except that

one 'reactor contained 0.005 MNaCl antoher reactor contained 0.05 MNaCl and

the third reactor was used as a control. The pH in each reactor was nlaintained

·constant at 7.0 with the controlled addition of acid or base. The effect of

irinic strength on the rate of releas~ of Ni is shown in Figure 3.19. A slight

enhancement in the rate of release of Ni is''observed as the ionic strenght is

increased to 0.05 MNaCl. The pseudo zero-order rate constant for nickel

release, kN") is plotted as a function of ionic strenght, ~, in Figure 3.20.1 _

As predicted by equation 3.33, the solubility of pentlandite increases with an

increase in IJ. A summary of experimental results is presented in Table 3.6.

In general total metal release for all meta,ls is enhanced by an increase in ionic

strength altholl~h the IllOSt pronounced effect ',-las observed for the metal sulfides.

Surprisingly, the sulfate concentrat-ions remained relatively unaltered \·Jith changes

in ionic strenth.
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Table 3.6.

Total Release: Effect of Ionic Strength
Ad: Adsorbed &Precipitated, Sol: In Solution, Tot: Total Release

All Values in Moles * 10 6 per gram gabbro

M PH Ni Ad Ni So1 Ni Tot CUAd CU Sa1 CUrot FeAd FeSo1
l:" Ca Ad Ca.-~ 1 Carot MgAd M9So1 N9Tot 50TotI eTot ;)0

)a 7.0 o. 19 1.0 1.2 . 0.56 0.06 0.61 1. 1 0.39 1.5 6.5 7.8 14 0.71 5.7 6.5 16

). OOSb 7.0 0.67 1 .4 2. 1 0.50 0.01 0.51 2.7 0.04 2.7 9.8 9.0 19 1 .2 7.0 8.2 19

7.0 0.42 2.6 3.0 0.94 0.01 0.95 4. 1 0.05 4.2 6.7 11 18 0.97 7.0 8.0 21

i:t = 910 hrs.
): t = 1030 hrs.

... Table 3.7

Total Release: Effect of Ci'trate on Unmineralized Gabbro cr.
w

Ad: Adsorb~d &Precipitated, Sol: In Solution~ Tot: Total Release
A11 Va lues in Mell es * 106 per gram gabbro

:CITJ:M PH Ni Ad
Ni So1 Ni Tot CUAd CUS ' CUTot F:eAd FeSo1 FeTot Ca

Ad CaSal Carot MgAd N9So1 .M9Tot SOrot01

I .3E-4 7.0 0.64 1.6 2.2 0.28 0.20 O.4E: 2. 1 : 3.5 5.6 15 20 35 1 .9 11 13 14

1.3E-3 7.0 0.09 5.3 5.4 0.16 0.95 1•1 4.8 130 140 18 19 37 5.4 38 44 43

1.3E-4 "7.5 0.50 0.55 ',.1. 1 0.23 0.03 0.26 2.3 1.9 4. 1 13 33 46 0.66 8.4 9. 1 13

1.3E-3 8.2 0.28 4.8 5. 1 0.12 0.86 0.98 4.4 23.0 39.0 13 29 41 . 1 .9 12 14 11

1.3E-4 7.7 O. 18 0.33 0.52 0.22 0.03 0.25 O. 12 2.2 2.3 4.7 7.1 12 0.47 8.0 8.5 15

1.3E-3 8.3 0.22 0.02 0.24 0.36 0.12 0.47 2.5 9.0 12 6.5 6.9 13 1.9 9.9 12 11

) 6.9 0.33 2.6 3. 1 0.17 0.02 O. 19 1.9 0.03 1.9 10 18 29 0.88 8.6 9.5 14
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3.7. Effect or Organic Ligands and Natural Haters

High concelltrations of dissolved organic ca~bon have been observed in the

natural \'/aters surrounding the Erie r'lining Company's Dunka Pit (1). Complexation

capacity measurements sholtl that a strong affinity exists betv/een the dissolved

components in the natura~ waters and added metals such as eu, Pb, Cd and Zn.

t'lost likely, organori~etallic complexes (2) are formed betvleen the naturally-occurring

or'gani c materia 1 and the t race t ransit ion meta1sin" the aque0 us ph as e . Comp1exat ion

should enhance the solubility and transport of metals such as eu, Ni and Fe.

Concentrations of these metals are normally controlled by their sulfide, hydroxide

and carbonate solids.

The effect of synthetic and natural organic ligands on the weathering of

silicate and sulfid~ minerals is well-documented (21-24). In gene~al, the rate

and extent of metal dissolution is enhanced in the presence of moderately strong

chelating agents. This rate enhancement may arise from either a shifting of the

equilibrium dissolution or from a surface catalytic influence. For example,

if the rate of dissolution is limited by diffusion through a layer of reaction

· products on the surface of the sulfide m"ineral, chelation of a particular metal

rnay accelerate the normally slmv diffusion through the reacted zone. The other

possibility is that an organometallic complex acts as a catalyst for the activation

of molecular oxygen to a more reactive state and as a consequence accelerate the

surface oxidation (40).

If the rate of dissolutior iscontrolled by a solution pbase oxidation of

either Fe+2 or HS then shifting of the pre-equilibrium dissblution step will

increase the apparent rate of oxidation. Using FeS as an example the follovJing

sequence of reac t ions can be hypothes i zed.
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K
H+ + FeS _).50 Fe+2 + HS-

"'l-

2 -2 B
Fe'" + Y - -)00 FeY

-(-

so - o· fast HSG -
H 2 + 2 + 4

(3.32)

(3.33)

(3.34)

(3.35)

Since equation 3.34 represents the slow rate determining step in the reaction

sequence, the rate of oxidative dissolution can be 'written as

trom the equilibrium expressions \vritten in equations 3.32 and 3.33

[HS-J = [H+J Kso/[Fe+2J

[Fe+2] = [FeYJ/8[y- 2],.
Substitution of these expressio~s into equation 3.34 yeilds

(3.36)

(3 .. 37)

(3 .. 38)

... d[FeS]

dt - [FeY]
(3.39)

~ Equation 3.37 predicts that the rateof oxidative dissolution will be directly

p~oportional to the ligand concentr~tion, [y-2]. A similar rate expression

should result if the complex FeY were an active catalyst for the surface oxidation

of FeS.

to experimentally determine the impact of organic ligands on the rates of

oxidative dissolution, two synthetic chelates, citrate and phthalate, and natural

water pl us peat bog organics were used in conventional le~ching experiments

according to procedures previously describ~d. Experiments with citric acid, Wllich

is a highly soluble tri-carboxylic acid {H02CCH2C(OH)(COZH)CH2C02H} with pk's

of 3.13\ 4.76 and 6.40 for the succ~ssive dissoci~tion of the carboxylate proto~s,
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Table 3.B •
.' Total Release: Effect of Phtha11ic Acid

Ad: Adsorbed &Pr~c;pitated, Sol: In Solution~ Tot: Total Release
All Values in Moles * 10 6 per gram gabbro.

tha11 i c.;" ~": PH Ni Ad Ni So1 Ni Tot CUAd CUSo1 CUTot FeAd Fes 1 FeTot Ca
Ad

CaSol CaTat MgAd M9so M9Tot SOT .1-

id _0 " 01..

7.0 0.19 1.0 1.2 0.56 0.06 0.61 i .1 0.39 1.5 6.5 7.8 14 0.71 5.7 6.5 16

3E-4b ........
~...... 7.0 0.36 0.92 1.3 0.04 0.01 0.05 1.4 0.23 1 .6 7.2 8.5 16 0.62 7.0 7.6 . 16

3E-3b 7.0 0.60 0.49 1•1 0.39 0.03 0.42 2.3 0.61 2.9 9.0 13.5 22 2.7 6.2 8.9 11

a. 912 hrs.
b. 1034 hrs.

~

Table 3.9
'-J
0

. Total.Release: Effect of Natural Waters
Ad: Adsorbed &Precipitated, Sol: In Solution, Tot: Total Release

All Values in Moles * 10 6 per gram gabbro

. ~ater PH Ni Ad Ni So1 Ni Tot CUAd CUSo1 CUT t FeAd FeSo1 FeTot CaAd " CaSal CaTot Mg Ad M9So1 ' M9Tot SOTot10

Negapure 8.0 0.21 0.09 0.30 0.67 0.01 0.68 1.3 0.07 1.4 8.4 6.9 15 1•1 4.7 5.8 15

BOG 0.21 0.09 . ~ 0.30 0.62 0.05 0.67 5.0 0.24 5.2 18 -1 .6 16 5.3 -8.5 -3.2 4.3,

Ground 0.37 0.07 0.44 1.3 0 1.3 9.9 0.01 9.9 34 -10 24 8.5 -3.5 5 ·6.6

a:t = 912 hrs.
b:t = 1034 hrs.
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were run at concentrations of 1.3 x 10-
4 Mand 1.3 x 10-

3
M at a"mass loading of

2.86 g/l of rniner-alized Gabbro adjusted to pH 7. At pH 7, \'/hich \'Jas maintained

-constant durir,~ I"he course of the reaction \'Jith the addition of acid or base,

the citric acid added to the system is essentially non-protonated and would be

expected to behave as a moderately strong chelatec Phthalic acid, an aryldicarboxylic

acid, with successive pk's of 2.95 and 5.4, is a relatively weak bidentate ligand,

which is commonly thought to be representative of the functionality found in aquatic

humates (32). Reaction~ with phthalic acid added at concentrations of 1.3 x 10-4 ~1

and 1.3 x 10- 3 Mwere run with mineralized Gabbro loadings of 5.71 gil at

pH~. At this pH the phthalic acid will be totally deprotonated and should exhibit

r/eak to moderate chelating ability. Natural organic material present in bog \'/ater

and ground water was tested with Gabbro loadings of 5071 gIl adjusted to pH 8.

All other conditions were identical to those used in previous experiments.

Results of these experiments are summarized in Tables 3.7-3.9, A.2, A.3,

A.7 and A.8 and graphically depicted in Figures ~.2l-3.27. The presence of citrate

had.a noticeable impact on rate and extent of mineral dissolution in addition to

enhancin'g the solution phase mobility of the metals. HO\'/ever during the later
~

stages of the reactions a sudden drop in the concentration of metals in solutions

occurred. Thi s occurrence '1,as also observed by Scha1scha et. a1., (22) in the; r

studies of silicate dissolution by organic chelates. Rapid dissolution of the

silicate matrix may result in the solution being supersaturated in dissolved

silica as 5;02 or H45i04· At some point the soluble silica precipitates as

amorphous, opaline silica is a discontinuous fasnion resulting in a sweep-floc

removal of dissolved metals as coprecipitat'es or adsorbed species.

The effect of increasing citrate concentrations on the rate of appearance

of Ni is illustrated in Figure 3.21. In these experiments 1inear dissolution
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kinetics were only observed for the first 100-200 hours. Duririg later stages

release appeared to be parabolic. Comparing the ,linear stages of Ni release

shows that as the concentration of citrate increases tenfold th~ pseudo zero

order rate constant, k1, approximately doubles. Similar trends are observed

when these experiments are run in duplicate. From these results k1 - ko [citrate]O.3.

Similar rate enhancements are shown for Cu release in Figure 3.22, although in

later stages a sudden drop in concentration occurs due to the precipitation of

silica. Support for the mechanism postulated in equations 3.32 ·to 3.35 is obtained

from the results presented in Figure 3.23 which shows a dramatic increase in the

rate of appearance of S04- as compared to the syst~m with no citrate~ This

result would be predicted if equation 3.34 were rate limiting and equation 3.37

representative of the rate of dissolution .
• The effect of phthallic a~id on the apparent dissolution rates was

dramatically different than citrate .. This effect is. predicted to some extent

by equation 3.37 since B (phthalate) < B (citrate) with all other factors held

constant. The effect of,phtnalate can be seen in Figures 3.24 and 3.25. Increasing

concentrations of phthalate have an inhibitory effect on the rate of release
~

of Ni and the rate of appearance of sulfate. Chen and Morris (33) have shown

that the rate of autoxidation of sulfide in aqueous solutions is inhibited by a

number of organic reagents. A similar inhibition in Ni release rate is observed

when bog and ground water from the Dunka Pit region is used, (see Figures

3.26 and 3.27) although bog water does enhance the rate and extent of Cu release.

This suggests a specificity of the complexing agents present in bog water for Cu.

Preferentially binding of Cu over Ni for the same ligand is predicted therrno-

dynarni ca11y.
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Chapter 4

Results: Silicate Dissolution

4. 1

The dissolution of the alumino-silicate minerals (primarily plagio

tl~se) in continuous mix batch reactors was investigated as a function of

particle surface area, solution pH, dissolved oxygen concentration, organic

ligand concentration, and ionic strength. Results are presented in terms

of a time-dependent chemical release as affected by the above dependent

variables. Experiments were performed under natural conditions of constant

temperature ('20°C) and atmospheric pressure. Therefore, the dissolution

rates and constants may be extrapolated to environmental conditions.

4·.2

Kinetic Treatment

The incongruent dissolution of alumino-silicate minerals in aqueous

s'o'lution under natural conditions has been described by a sequential four

'~tage process in which ~+initially replac$ surface cations followed by

~·tages.which were represented by the expressions (Busenberg and Clemency,

C = k t" 2nd stage; competing processes (4.1)e
C = k t 1/ 2 + A 3rd stage; parabolic' kinetics (4.2)p

C = k1t + B 4th stage; 1 inear kinetics (4.3)

the ~bove expressions are derived from the general equation C = ktn where

C = concentration

k =overall rate constant

t = time

(4.4)

n - integer b~tween p and 1.

As';nglr pO\'Jer la\'I of the above type vIas used to describe the release (surface
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flux) of Ca+2 and Mg+2 in continuous-mix batch reactors from alumino

silicates in Duluth Gabbro. The limited number of data P?ints makes the

four-stage delineation impractical. A power law equation of the type

(C = ktn) was used as an estimation of the release kinetics over the

time span of the experiment to ~ 1000 hours.

4.3

Effect of Particle Surface Area

The effect of particle surface area on Ca+2 and Mg+2 release with

time was investigated in two separate experiments. Initially 2, 10, 50

and 100 g/l suspensions of unmineralized gabbro (-200 mesh) were subjected

to the mineral batch leaching procedure for periods up to 750. hours. The

observed concentrations of Ca+2 and Mg+2 increased with time at each mass

loading, and increased in separate reactors with increased loading (Figure
. .

4.1). The results are not unambiguous as the pH of the solution also in

creased with increased gabbro loading and may have resulted in changes in

the dissolution mechanism.

The rates of Ca+2 and Mg+e release decreased non-linearly with increased

loading as shown below:

loading kCa+2 k +2mg
-1 2.4 2.9. 2 g.l

10 II .51 .009

50 II .06 .06

100 II .009 .03

kea+2 (male . sec-1 . g-1) x 105;

kMg+2 (mole. sec- 1 . g~1) x 106

The rate of Ca+2 release varied from (.009-2.4) x 10-~ mole. sec-1 . 9-1

f,tg+2 .:.. 6 - 1 - 1while rates varied from (.009-2.9) x 10 moles. sec . 9
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Interpretation of the release behavior \vas complicated by the concurrent

leached for ~ 890 hours. The four size fractions examined were 0 < 74 ~m,p-

74 IJrn < 0 < 420 \lm, 420 < 0 < 840 ~m, and 840 ~m < D < 2380 \lm. Particlep - p- . p-

surface areas were estimated to be 1700, 190, 62 and 25 cm2/g (Section 3).

Elemental analyses (Table 3.2) show that Ca and Mg are enriched in the 840 \lm

~ <2380 m particle size fraction, and decrease by' factors of ~ 2 and 4,. p-

respectively, in the smallest size fraction.
'. +2 +2The concentratl0ns of Ca and Mg and the dissolution rate of the

silicate matrix increase with decreasing particle size (Figure 4.2). The

-cation release behavior is characterized by a rapid initial release, pre

sumably due to the replacement of surface cations by H+ and a subsequent

.buildup of the secondary product layer. After ~ 50 hours, the concentrations

of Ca+2" (Figure 4.2) and Mg+2 tend to plateau to a constant value except for

the <74 \lm particles, which co~tinue to release Ca+2 at a linear rate. In

these experiments, final pH varied from 6.0 to 6.5, and vias not a major

factor ;n the concentrations observed.

To determine the sensititivy of kAs to changes in the particle surface

area, an equation of the following type was developed (Section 3):..

where

log k' = log k + ~ log As

k = rate constant

As = surface area

t = reaction order

4.5

Equa t ion 4. 2 isal i near fun ct i 0 tl, and i flo9 klis Plot ted ve rsus 10 C1 .r... s '
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the reaction order, 1, can be determined for the dependence of As on

dissolution rate. The kAs values are plotte~ in Figure 4.3 while equation

4.2 is plotted in Figure 4.4 with k values obtained from Table The reaction

order, 2, for -the effect of particle surface area, determined as the slope

of the line in Figu~e 4.3 was ~ 2.0 for the .release of Ca+2 and 0.5 for the

release of Mg+2 for As ~ 200 cm2 g-1 A discontinuity in the log kAs-log As
+2 +2 .plots was observed for both Ca and Mg ·for partlcles < 740 ~m in particle

+2size. In the case of Ca ,release rates became smaller than expected,

while Mg+2 release rates increased. The incr~ase in t1g+2 release rate may

result from its enhanced concentration in the smallest size particle. The

surface area loading for which particle size effects on release rates were
2 -1• greatest appears to be ~ 200 cm.g gabbro. The differences in reaction

rates and orders describihg Ca+2 and Mg+2 release may be dependent on surface

concentration, bulk solid co~centration, diffusional transport through the

'secondary product layer and aqueous chemica~ .removal processes. The data

in Table i.2uescribing the mineralogical composition of the gabbro suggests

that Ca+2 is largely derived from plagioclase and clinopyroxene while Mg+2

+2has olivine and clinopyroxine as its origin. The surface exchangeable Ca

is likely in higher concentrat~on than Mg+2.

At the conclusion of the experiment, from 60-90% of the Ca+2 released
+2and> 90% of the Mg released appeared in solution as soluble cation (Table

3.3). However, as the As available for dissolution detreased, the percentage

of surface-associated Ca+2 (sorbed/precipitated) increased. The discontinuities

obser'ved in the kCa+2 and kMg +2 may be related to the tendency for formation

of secondary precipitates.
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4.4

Effect of pH

Th~ lwsults of previous investigations (Section 1.6) suggest that the

net" effect of decreasing pH is to increase the extent of alumino-silicate

dissolution. In or~er to determine ~he effect of solution acidity on silicate

dissolution in our studies (Ca+2, Mg+2 release), 5.71 g.~-l of ~74 ~m min

eralized gabbro was leached in each of four reactors in which the solution

was maintained at pH 5, 6, 7 and 8, respectively, by addition of strong acid

or base. Dissolved oxygen was maintained at ~ 9 mg/l and the temperature

was 17°C. The results of the pH study are plotted in Figure 4.5 for Ca+2

release; similar results were obtained for Mg+2 release. The release curves

are characterized "by an initial rapid release of Ca+2 which tends to plateau

.at Ca+2 concentr"ations betv/een 1.8 and 2.8 mg.z-1. The quantity of Ca+2 and

M9+2 appearing in solution (Figure 4.5; Table 3.5) with time increases with

decreasing pH. At low pH, less than 10% of the Ca+2 released is associated

with the particle surface, but as the pH increases to 7 and 8, up to 56% of

the tot~l released Ca is sorbed to the particle surface or precipitated in

a new solid phase. In contrast, less than 20% of the M9+2 is associated

with the solid phase at pH 8. A possible explanation of this behavior is

that Ca+2 diffusing through the secondary product layer rapidly precipitates

out as Ca(OH)2 or CaC03 at high pH, but remains in solution at low pH. The

total quantity of Ca+2 released increased with increasing pH while Mg+2

exhibited the reverse trend (Table 3.5). Aqueous chemical ren~val processes

apparently control Ca+2 observed in solution, while solid dissolution exerts
+2a greater control on Mg concentrations.

The rate of Ca+2 and Mg+2 release to solution increases with increasing

:"\H from pH 6 to 8, alld incfeases bel 0':1 p'rl 6 (F' 4 6)t' 19urr ..

..
Prelinlinary cxperi-

... .
. ~".. '."-
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ments pcrforr:~~d'to study the pH effect (Table A ) sho\'/ed that Ca+2 release
-5 -1-1rates reached 2.9 x 10 moles. sec . 9 gabbro at pH 4.15, while the

-5' -1-1
k

Ca
+2 achieved at pH 8 was only 0.2 x 10 moles. sec ; 9 • The increased

rate at low pH ;s likely due to the acid-assisted dissolution of the silicate

surface preventing the buildup of a protective layer; therefore, no diffusion

limited transport. Also, low pH inhibi~ formation of'solid carbonates and

hydroxides.

At solution values of pH 5-8, the kCa+2 ranged from (0.1-0.2) x 10-5

moles -1 -1 gabbro and the k(~g+2 varied from 0.3-0.5 -6sec . 9 x 10 moles

sec"" -1 gabbro. The rate of release '+2 +2 .
re1ati.vely9 of Ca and Mg 1S

independent of pH in the range pH 5-8 in contrast to the kNi +2 values

s observed (Section 3.5). To determine the sensititivy of kMg+2 and kCa+2

on pH, a kinetic expression of the type be1o\~ was developed (Section 3.5):

4.6

4.7

k' = k' [H+Jn
H

109 k' = log kH + n log [H+]

where kH= kA9-[O Jms 2 '
. +2

be 2.9 for Ca release, and 0.14

. +2 +2S,nce Ca and Mg

re1ease rates increase with increasing pH (6 to 8), and Ni+2 release rates

The reaction order, n, was determined to
, '+2fot Mg release at pH 6-8, using a least-squares fit.

. show the ~ppos;te behavior (Section 3.5), it is reasonable to assume that

the dissolution kinetics of the silicate minerals have no major effect on

metal sulfide dissolution/oxidation.

4 .. 5

Effect of Dissolved Oxygen

The effect of dissolved oxygen on the dissolution of alumino-silicute

'minerals fllUSt of necessity be indirect if observed at all. In Section 4.4.
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the solution pH was found to be relatively uninlportant in the dissolution

of silicate minerals in the pH range of natural \'Jaters. HO\,/ever, the data

indicat r - .1.hat depress"ion of the pH belo\'J 6 increases the reaction rate by

up to a factor of 10 for Ca+2 from natural conditions. Increases in solution

acidity may result from the increased oxidative dissolution of metal sulfides
. +2

(Section 3.4). Acidity from this source may increase the release of Ca

and Mg+2 to solution.

To determine, the effect of dissolved oxygen on alumino-silicate dis

solution in the "presence of finely-divided metal sulfide particles, 2.86 g.i-1

of -200 mesh gabbro were leached in mixed reactors at 17°C under conditions
-1of variable dissolved oxygen concentrations 1-1; 5,9.3 and 40 mg.i . The

dissolved oxygen concentrations achieved by variable mixing of pure C2, com-"

-pressed air and N2 in the batch reactors. Solution pH was monitored but

not controlled so as to prevent sample disturbance.

The release of Ca+2 from mineralized gabbro as a function of dissolved

oxygen concentration is sho\'m in graphical form in Figure 4.7, and in tabular

form in Table 3.4 (and Table A~ ). The results show that the concentration

of Ca+2 in solution generally increases with- increasing dissolved oxygen.
+2However, the Ca increase occurred concommitantly with a decrease in solu-

+2tion pH resulting from the oxidation of reduced S species and Fe . Total

+2 +2Ca and Mg release (T~ble 3.4) either remain constant or decrease

slightly with increasing dissolved oxygen. As expected, the dissolved oxygen

content of the leaching solution has little or no effect on alumino-silicate

"dissolution, unles solution pH is altered by metal sulfide oxidation.
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4.6

Effect of Ionic Strength

The general effect of increasing salt content in heterogeneous reactions

is to decrease the so~ubility product of the dissolving solid, thereby in

creasing its solubility. Equation 3.33 (Section 3.6) illustrates that in

creasing ionic strength increases solubility, and that the effect of ionic

strength is especially important for solids containing multivalent cations.

According to the extended Debye-Huckel equation (3.33), the decrease in the

solubility product should be proportional to I~.·

To determine the sensitivity of k to ionic strength, batch reactors
l.l .

-1 -3-2containing 5.71 g. 2 gabbro were adjusted to 0, 5 x 10 Mand 5 x 10 M

NaCl. The reactor solution was maintained at pH 7, 17°C and 9:3 mg.2-1 D.O.

The results of the ionic strength experiment are plotted as a function

Df time in Figure 4.8. Silicate ~issolution in~reased slightly with increas

ing ~ as indicated by the release of Ca+2 (figure 4.8) and Mg+2 (Table 3.6)
+2 +2 .

t~ solution at pH 7. The greatest increase in Ca and Mg concentratl0n

in solution was observed in the reactor having the highest ionic strength.

lfttreased salt content was expected to decrease the initial ion exchange

te~ction between surface cations and solution HT
, but Na+ would probably also

. be effectiye in displacing surface Ca+2 and Mg+2

+2 . +2The rates of Ca (kca+2) and Mg (kM9+2) release increased with

increase in ionic strength as sho\IJn in Figure 4.9. The following rate con-

slants \'/ere observed:
.'

Il kCa+2 kNg+2
._--_.

0 •18 .033

.OO5H .84 .072

.05M .87 .11
--_._(mo 1cs . sec - 1•g- 1 ga-~ b t~o) x 10- 5-
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The results indicate that the enhanceL1ent in Ca+2 release reaches a maximum

at 0.005 Ii rlaCl and plateaus, vlhereas ~lg+2 release increases linearly at

least up 59 O. 05 Ii tlc1Cl. The increase in kea+2 at lo\'/ )J may be responding

to ~urface-associated cations, while the increase in k
M9

+2'with increasing

p may result from increased dissolution of the bulk solid. This interpreta

tion is consistent with that made based on pH variations (Section 4.5).,

4.7

Effect of Organic Ligands and Natural Waters

The effect of synthetic and naturally-occurring organic ligands on the

weathering of silicate and mineral sulfides has been reported (21-24). In

general, the extent and rateofsilicate dissolution is enhanced relative to

control conditions. The effect of organic ligands is to form-weak to moder

ately-strong complexes or chelates with structural or surface-associated
'"

cati ons by 1i gand exchange reactj ons of the t.Y'pe (rabl e·;:l .3) :

In this example, kaolinite reacts with the orgamc ligand, Y-, to form a soluble

complex with structural Al atoms, thereby degrading the alumino-silicate.

Similar reactions can be written for plagioclase minerals whereby Al and

surface-associated cations (Ca+2, Mg+2) are complexed, resulting in an

. increased rate and extent of mineral dissolution. In experiments performed

in this study, the appearance of Ca+2 and Mg*2 in the reactor solution at a

.'faster rate than observed in the control was used to demonstrate the influence

of organic ligands. A further discussion of organic ligand effects on nlinerals

'dissolution may be found in Section 3.7.

The effect of organic ligands on silicate dissolution "las deri:onstrc1ted

by leaching gabbro under natural conditions by citrate, phthalate and natural



\,..aters consisting of bog and ground \'Jater. Citrate and phthalate It/ere chosen

to be representative of functionalities thought to exist in natural waters.

Citric acid ;s an aliphatic tri-carboxylic acid (H02CH2CCOHCO ZH CH2COZH)

having pKa's equal to 3.13, 4.76 and 6.40 at Z5°C and zero ionic strength

"for the successive acid dissociation constants. Under solution conditions

'used in this experiment (pH 7), greater than 90~ of the citric acid is expected
+2 +2to be fully ionized. The reactions pertinent to the bind~ng of Ca and Mg

by citrate are:

!itric acid is a moderately strong ligand relative to both Ca+2 and t<tg+2, and

tbinds each \'Iith about equal strength.

Phthalic acid is an aromatic di~carboxylic acid (benzene, 1-2, dicarboxylic

. :a~ld) having successive acid dissociation constants of pK1 = 2.95, pK2 = 5.10.

Therefore, phthalic acid is fully de-protonated under the solution con-

~t~ stability constant for the formation of MgY o is not available.

To determine the influence of organic ligands and;natural waters on the

~issolution rate of silicate minerals, citrate or phthalate was added at

-4 -1
<onc~ntrations of 0, 1.3 x 10 Mto reactors containing 2.86 g.~ . The

~91ution \'Ias adjusted to pH 7 ~!1d maintJined thr~oughout the experir.1ent. The

~ontrol reactor (pH 6.9) contained no li~and, and the pH was not adju~t0d due

Ca+2 + y= ~ CaY

Ca+2 + HY=~ CaHYo

. Mg+2 + y= ~ MgY-

+2 =-+Mg + HY + MgHYo

(4.13)'

(4.9)

(4.10)

(4.11)

(4.12)

pK = 3.50

pK = 2.10

pK = 3.37

pK = 1.92

pK = 2.42

The reaction pertinent to the binding of

= -+ '.Y + CaY o

experiments.~jtions used in these
+2

~ by phthalate is:

Ca+2 +

•
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to its proximity to pH 7.
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In prel inti nary experiments, amorphous pre-

cipitates \'/ere ,observed which removed trace metals but had lesser effects

on major cations.

Results of these experiments are summarized on Tables 3.7-3.9, A.2,

A.3, A.7 and A.8, and represented graphically in Figures 4.10 and 4.11.

Citrate tended to increase the initial rate and extent of Ca+2 re1eas~

(Figure 4.9), but concentrations decreased in later stages of the reaction

(after 400 hours). Schalscha, ~~. (22) observed this behavior in their

experiments and suggested that it would be explained by a breakdown of

the organic complex, adsorption onto mineral reaction products or other

complicated factors. In this study, precipitation of a new mineral phase

(amorphous metal silicate) may be responsible. Up to 400 hours, tne
+2rate of appearance of Ca in solution was enhanced over the control.

-4the effect of the 1.3 x 10 ~ ligand concentration was much l.ess ·than the
. .!, -.' '~:.,":':>"~ ,.

effect of the 1.3xlO-3~1 solution, and did not differ mar'keelly 'fro'm the

.tontrol after 400 hours.

Figure 4.11 shows the re1ease of Ca+2 with time in the presence of

lncreasing concentrations of phthalate. In this case, Ca+2 concentrations'

were only slightly enhanced over the control up to ~ 100 hours. After 100

hours, increasing concentration of ligand inhibited Ca+2 release to solution.

the appearance of a brown precipitate in acidified, filtered samples with

ora\·m from the reactors may have caused the a,pparenf'concentration decrease.

1n any case, phthalate does not apparently enhance silicate dissolution.

lhe effect of increasing citrate and phthalate concentrations on the

:rate of Ca+2 and (.t9+2 release is shovm in Figure 4.12. Assuming Ca +2 r,elease
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~s infl~enced by citrate concentrations can be represented by the

equatit .. :,' = ~o[CiT]n, then log k' = log k + n log [CiTJ. As indicated

in -the lO\'Jer half of Figure 4.11, a plot of log k Y2... log [Cit] yields a

line of slope equal to ~ 0.3-0.4. This corresponds to an approximate

doubling of the observed k as the [CiT] increased by ten times. The Mg+2

release rate remained essentially unchanged with increasing [CiT].

The rates of Ca+2 release in the presence of citrate ranged from
5 -1 -1 +2.77-2.1 x 10- moles. sec 9 while Mg rates ranged only from
6 ' -1 1

.33-.58 x 10- moles. sec . g-

to determine the effect of natural waters on the dissolution of silicate

minerals, bog and groundwater obtained in the vicinity of the Dunka Pit

were used to leach 5.71 g . 2-
1 of mineralized gabbro at pH 8. Natural

concentrations of Ca+2 in bog ~nd ground\'Jater,were 7.8 and 18.9 mg .~-1,

t~spectively. Results of the dissolution experiment are shown in Figure
. -1

~~13. Calcium concentrations increased by 3.0 mg . 1 ,in the bog water
+2 . '-1tase over ~ 1000 hours, while the Ca levels increased by 1.20 mg . i

1h the groundwater reactor control experiments showed an~ 2.0 mg . 1-
1

~~trease over the same time period. With this comparison, bog water enhanced

l!he dissolution rate of gabbro by about 507~, \'lhile ground~"ater inter.actions

Imay have actually removed Ca+2. The Mg+2 concentration increased by

1.0 mg . t-1 and 2.90 mg .£-1, respectively for th~ groundwater and bog

\\'/a te'r 1each.

the initial reaction on mixing of- surface waters with alumino-silicate

'm; n~rct 1S \'IOU 1d be a decrease in the so1ut i on caneen trat i on due to prec i p-

'itation!sorption fol10\'Jed by a slo\'1 increase as " result of dissolution
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•

by binding structural elements, and maintain higher solution concentt~a

tions through complexation. The effect of silicate dissolution on mineral

sulf·:.: ... oxidation may simply be to increase As available for leaching .

I

.•.
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Chc:lpter 5

oi scuss ion 0 f Kin etic Res u1t Sand r·1cchan isms

5.1. Oxidative Dissolution of Metal Sulfides

The kinetic results fur che abiotic oxidative dissolution of pentlandite

present in the Duluth Gabbro ore can be summarized by the follovJing empirical

rate expression:

-.d[Fe,Ni)gS8]
dt

= d[Hi(II)]

dt

(5.-1)

When surface area, As, dissolved oxygen, [02], pH and organic chelate, [CIT],

remains constant, the rate of, appearance of Ni is pseudo zero-order (i.e., con

centration increases linearly with time).

d[Ni{II)) = k1

dt

k' ~ 4.5kAso.4[02]O.8[H+]O.2[CITjO'~

. (5.2)

(5.3)

Equation 5.3 predicts that magnitude of the observed pseudo zero-order rate

constant will increase with an increase in surface area (or a decrease in particle

size), with an increase in the dissolved oxygen concentration (over the range 1-10 mg/l

\-Jhich is typical of envir'onmental conditions), \'Jith a decrease in pH (an increase

in [H+]) and with an increase in the concentration of organic chelates that

exhibit specificity for the comple~ation of Ni(II) or Fe(II).

Simi1ar kinetic dependencies were observed for the rate of release of Cu to

solution from the dissolution of chalcopyrite although the reduced solution phase

mobility of Cu over a broad pH range prevented the same detailed analysis of Cu

dissolution rates. The oxidative dissolution of cubanite and chalcopyrite was

Significantly enhanced \'1ith 'a decrease in pH and :='r1 increase in organic chelate

concentration. In fact, the impact of chelation on the release rate of Cu should

be predicted to be greater than that of Ni based on fundamental considerations

of li9und field stabilization erpr'gies (44).
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The stability constnat, 8, for the formation of analoSjoLls complexes of

1 +2 +2 .+2 +2 +2 h' h' 11 ddivalent ions follO\-' the genera trend r·1N <Ca <Nl ~Cu ~Zn vi lC 1S Co e

the Irving-Williams order (44). From the concentration time profiles for Cu, it

. appears that release of copper to solution may be diffusion controlled at higher pH in

the absence of strong chelates. This idea is consistent with the observations

of other investigators (4~ 15, 16) who have observed mixed linear and parabolic

release rates for Cu from CuFeS2. Copper has a proDounced tendency to form

Cu2C03(OH)2 (malachite) and Cu(OH)2 at the pH and [HC03-J obser~ed during these

studies. Formation and deposition of these products on the CuFeS2 surface may

provide a barrier to the rapid diffusion of Cu(II) away from the surface and

result in a reaction rate which is controlled by mass transport of Cu(II) through

the reacted zone. In addition to these non-sulfide products of the oxidative

dissolution of CuFeS2, metastable products such as CuS and Cu3FeS4 may form'on

the surface.

Dissolution of solid reactants such as CuFeS2 are thought to involve three

distinct steps which are firstly; the detachment of ions or molecules which

constitute the solid from the crystal lattice, secondly,. the transport of the

re.leased solutes a\'Jay from the disso]ving crystal face and thirdly, in the case

of a chemical reaction at the surface, the transport of this reactant to the

crystal surface. For many readily soluble solids such as alkali and alkaline

earth halides it has been observed (45) that step 1 is relati~ely fast and the

solution near the surface is saturated. Dissolution of these compounds appears

to be diffuiion controlled (step 2). Generally, the rate law observed for such

systems is

de = AD (C -C)._- -- s
dt VS

(5.4)

\~here A i s the sur fa ce area, Vis the vol ume 0 f the sol vent, Dis the sol uti 0 n

phase diffusion coefficient and S, is the "Ner nst diffusion 'layer thickness. (46)11.

A Silllilid' rate 1a\-, \'/ould be predicted for dissusion of a reactant such a 02
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t1u"ough a porous reacted ld:/·~r on the surface of the dissolving ·crystal. Diffusion

,,'0Jltrolled reactions shoVI a unique dependence on temperature and mixing. Increasing

the rate of stirring \(/ill result in a decrease in S and an increase in the rate of

Jissolution. The activation energy obtained fro~ the Arrhenius relationship

(equation 5.5)

d 1n k/dt = Ea/RT2

k t: Ze- Ea/ RT

(5.5)

(5.6)

'for a diffusion-controlled reaction is typically <6 kcal/mole whereas a chemically

tontrolled reaction will have activation energies which are generally >8 Kcal/mole

(38)~

In the future, ~he rates of dissolution of the sulfide minerals present in

the Gabbro ore should be studied as a function of temperature and mixing rate to

~~certain the relative importance of mass transport in the rate controlling process.

Even though the rate of oxidative dissolution is predicted to be a function

~ both the dissolved oxygen concentration and surface area for either a diffusion-

~~ntrol)ed or chemically-controlled reaction; .the bulk of experimental evidence

$~ggests that the rate of dissolution of pentlandite is controlled by a chemical

~r~action either on the surface or in solution in close proximity to the surface.

~ 5imple hypothetical model for the dissolution of FeS has been presented in

.f:~;a~ions 3.32 through 3.37. This model assumes that the rate of dissolution

.:15 controlled by the solution phase oxidation of HS- (alternatively, oxidation of
-L ·+2 •
~e - could be rate controlling). The kinetic expression which results from this

. +
:~~J{el predicts that the rate of dissolution, should be a functlon of [02 J, [H J,

"' •• '? and [y-2 J, the organic chelate concentration. Results predicted by this

:{\; ·"nistic lIlodel are consistent \·tith the experimental obser'vations of this

,~t'v1y and of other investigutions (10, 11, 12, 21, 37) although the range of

"eJ:,t>rimental conditions \'/aS significantly differen.t.
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A sil::ilarrnodel, in \'/hich 'the rote of dissolution is controlled by a solution

phase reaction, can be presented for (Fe, Ni)gSS'

8H+ + (Fc,tli)gS8 -:. 4.5 Hi+2 + 4.5 Fe+2 + 8HS- (5.7)

K
so

= [rli+2J4.5[Fe+2J4.S[HS-J8 j [H+J8 (5.8)

. 5 8' .. d h [F +2 J [~111·+2J and that [Nl·+2J1. 12
To simplify equatlon.. ,.It 15 assume t at e = i

[Ni-2]. Using these assumptions equation 5.8 reduces to

(5.9)

After an equilibrium dissociation of pentlandite the following feactions are

. postulated to occur in sequence:

N·+2 -2 B Nl'Y1 = Y +
rapid

- k -HS + 02 +1 HSOZs Oltl

•

(5.10)

. (5.11)

(5.12)

Since equation 5.11 is the slow step in the reaction mechanism, the rate of

dissolution will be controlled by this step and can be expressed as follows:

-d[(Fe,Ni)gSSJ =
dt

k [HS-J[02] = 1 d [N;(II)]
4:-5 dt

(5.13)

Substitution of the equilibrium expressions written in equation 5~9 and 5.10

into equation 5.13 yields equation 5~14 after rearrangement.

d[Ni(II)] = 4.5 k KsoB[y- 2][02][H+]

dt [NiY]

(5.14)

Equation 5.14 predicts the observed kinetic dependencies within reason. The

dep0ndence of the rate on the total concentration of the chelating agent, y-2, vlill

be fractional. The observed kinetic orders for O2 and H+ and 0.8 and 0.2 respectively.

0.8 isc losc enough to one to suggest a first-order dependence on OXYgen, hC~'::t~\'~r',
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the slllall frac':.iondl dependence is not adequ<ltel) predicted by this model.

An alternative rnodel that could account for the fractional dependence of

both oxygen and hydrogen ion assumes that the rate of the reaction is controlled

'by a surface reaction bet\'/een bound HS- groups and oxygen, Based on the ideas

presented by Nelson (12) the model It/ould involve the follo\'!ing sequence of steps:

Oxygen must first diffuse to the solid surface and then attach itself to the

surface. After attachment of oxygen to the surface electron transfer from sulfur

to oxygen must occur. This step \'Iould be follo\'Jed by a molecular rearrangement

and bond breaking. It is most likely that a proton assis~ the bond breaking at

the surface. Additional secondary reactions may occ.ur on the solid interface. The

final step would involve the diffusion of reaction products into the bulk solution.

Assuming the reaction is neither limited by the diffusion involved in the first

or last step, the following model for the reaciton of oxygen alone would result .
•
This model considers that a limited number of reactive sites are available on

(5.15)

k3 products
-+

I
(5.16)

Equation 5.15 represents a rapid pre-rate-determining equilbrium step and

equation 5.16 is the rate-determining slow step in the reation sequence. The

k i net"i c express i on for the rat rof forma t i on of Products, P, is

*dP = k [=/-SH'O ] (5.17)
elt 3 2

*-Assuming steady-state conditions for the intermedi<lte =/-SH·02 the concentt"c1tion

of this intermediate is given by

* * *d[=/-SH'02 ] = a = k1 [=/-SH][OZ] -k2t=/-SH·OZ.]-k3[=/-SH'OZ ]

dt

(5.18)
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or

*[~/-SH·02 ] = kl [=/-SH][02]

k
2

+ k
3

Substitution of equation 5.20 into equation 5.17 gives

=dP = k3k1 [=/-SH][02]

st k2 + k3

(5.19)

(5.20)

However since the concentration of unoccupied r~active sites at" any time is unknown,

the [=/-SH] term must be \~ritten in terms of the total number of sites available

before the reaction begins.

*[=/-SH] = [=/-SH] + [=/-SH·O ]
t 2

Using equation 5.15, equation 5.20 can be .rewritten as

•

(5.21)

(5.23)

-where kf = {k1/(k2 + k
3
)}. Substitution of 5.23 into equation 5.20 yields

~ k3Kf [=/-SH]t[OZ]

(1 + kf [02])

The concentration of [=/-SH]t can be written as

[=/-SH] = As·N
t -V-

(5.24)

(5.25).

where Ni is equal to the number of surface sites per unit area, V is the

volume of the reactor and As is the total surface area of the sulfide. Substi-

tution of this expression gives

= k3Kf [02]As N
------

1 + Kf[OZ JV

(5.26
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Equation 5.26 can be examined under the boundary condition of Kr[OZ] » 1:.

which gives a reaction rate apparently independent of [02J; and that under the

boundary condition of Kf[OZ] « 1 the reaction \·lill·be first-order in [02]·

The role of pH can be taken into account in the reaction model proposed in

equation 5.15 and 5.16 by considering a pr2-equilibrium protonation of the ~etal

sulfide surface as follows:

+ Ka +
=/-SH + H t =/-SH2

+ k4 • +
=/-SH + 0 ~ =/-SH 022+ 2 2

--I-SH·O + k6 d t2 ~ pro uc s .

(5.28)

(5.29)

Using a similar mathematical development as used in the derivation of equation

5.26 in addition to a mass balance expression for the total reaction sites in-

eluding protonated and non-protonated sites a ne\1 expression can be obtained.

This approach is identical to that used by Nelson (12) and yields equation 5.30.

V
A

+= (k3K, + k6K2[H ] Ka) [02 JAs

. + +
1·+ K1[02J + Ka[H J + KaK2[H J[02J

I

(5.30)

"there K
1

= k
1
/k2 and K2 = k4/k6. Equations 5.26 and 5.30 are similar mathematically'

and conceptually to monosubstrate and bisubstrate Michaelis-Mention enzyme kinetics,

respectively. Equation 5.30 predicts fractional orders in both the hydrogen

concentration and dissolved oxygen concentration.

In all likelihood the rate of dissolution is a function Df all three

iilechanistic pathvJays. Thatis: diffusion, solution phase and surface phase

reactions may occur simultaneously to give the overall rate of oxidation.

Additional experimental \'Iork is needed to det:=r::ine the primary mechanistic path\'Jays

and specific rate constants involved.



110

5.2• 0iss0 1uti 0 n 0 f Alum i no -Si 1i cate N1nera1s

The inco~lgruent dissolution of alumino-silicate minerals containing up

tb 4.0~ sulfur and 1.5~ co~bined Cu, Ni as sulfides wi~hin interstitial spaces

was investigated in well-mixed batch reactors at 20°C and atmospheric pressure.

The kinetic results'for the abiotic dissolution of plagioclase (PL) present

in Duluth Gabbro can be summarized by the follo\'ling empirical rate expressions:

.:ALEU
dt

:d[PLl
dt

. +2
1= P[~~ = k

l
A
s
2.O [H+J2.9[CIT]o.3

and

= s!IMg+21 = k A 0.5 [H+]. 14
dt 2 s

(5.31)

(5.32)

+ .
where As = surface area, CIT = citrate and H = hydrogen ion.

Un1ike the case of pentlandite di~solution described by equations (5.1-5.3),

silicate mineral dissolution is not dependent on the dissolved oxygen (02)

concentration in aqueous solution. Howeve~, pH solution may change as a result

of oxidative dissolution of metal sulfides which will alter the rate and

extent of silicate dissolution. Several qualitative differences were observed
.c

in the release characteristics of Ca+2 and Mg+2 to solution indicating that

they are bound differently in the gabbro rock. Firstly, the reaction orders

bbserved for Ca+2 release as a function of As (2.0) and H+ (2.9) were ~ig-
, +2

h~ficantly greater than the corresponding orders for Mg release (As, 0.5;

H+, .14). Secondly, the release of Mg+2 to solution was not dependent on

citrate concentration \vhereas Ca+2 release vias fractio~'allY dependent. This

behavior was observed even though stability constants for the Ca+2-citrate

+2 +2il'nd Hg --citrate cO~iplexes are similar. Thirdly, the rate of Ca release
2 '2

under a11 exper i Ii1en tal condi t i on sexceededr·,9+ r e1easera t es by up to 10 •



( 5 -1 -1)kCa+2 xlO moles.sec ·9

• As .009-1.1
pH .1 - .2
u .43-.52
°2 ~4' - .. 9

CITRATE .. 8 -2.1
PHTHALATE .. 3 - .7
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. . . t l t C +2 d fvl g+2 b d'(,i\en this lnforr.1ation, It lS apparent 11a a an 'I are aun 1n

d iffcr·e '~ 11 i nera1 forms . The pr inc i pal Ca+2
:- bear i ng min era1 i s p1agi 0 c1ase

~hich represents 47 to 64~ of the rock by weight. Principal Mg+2 minerals

are blivine, clinopyroxene and biotite. In each of the above named cases,

Ca"...'2 is the cation ~ssociated with the silicate mineral maintaining neutrality,

" +2 h'while Mg is a structural component of the mineral lattice. T erefore, the

. .. f C +2 d r1 +2. 0 1 h G bb b t bIre'spectlve assoclatlons 0 a an -9 1n u ut a ro are orne ou y

-the observed release behavior to solution.

A f th C +2 d M +2 k' t' t t . b 1 f' summary 0 e a an 9 lne lC cons an s are glven e ow or

~arametric variations of As, pH, u, O2, CIT, PHTA:

k
M9

+2(X106 moles.sec-1.g-1)

.008-0.9
, .26-.58
.72-1.1
.35- .8
.6 - 1.3
.6 1.6

Under natural envir.onmental conditions, the Ca+2 release rate is in the range

~f 0.1-1 mole.g-1.sec-1, while'the Mg+2 release rate is ~ 0.21-1.5 mole
"-1 -1 +2.sec .9 . The slower release rates~observed for Mg release as compared

to Ca+2 are a result of smaller concentrations in the bulk solid and occurrence

in different mineral phases. The principal controls on the buildup of Ca+2

and Mg+2 in solution are pH and binding ligands. The occurrence of natural

organic ligands in water contacting plagioclase minera)'s will increase the

rate and extent of weathering (dissolution). The organic ligand may prevent

the buildup of the secondary product layer, thereby eli!ninating solute dif

fusion through the layer as a rate-limiting step. Decreasing solution pH

to less than 5 may cause similar effects.

+2 +2The shapes of the Ca and Mg release curves with time are consistent
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\'11 th the mechan ism of a1umi nos i 1i ca te mi nera 1s proposed by Busen berg and

Clemency (3~). However, the complexity of the Gabbro rock leached in batch

reactors precludes the proposed'mechanism from being fully substantiated.

According to Busenberg and Clemency (34), the dissolution of aluminosilicate

minerals can be explained by a four-stage kinetic process in which the initial

step is the exchange of solution protons for "surface cations follo\'/ed by the

Concurrent release of structural cations and silicic acid... In the second

Stage lasting ~ 50 hours, silicic acid reacts with newly-formed amorphous

Al(OH)3 at the solid surface to form a slightly-soluble product layer con

sisting of microcrystalline gibbsite or halloysite (hydrated form of kaolinite).

The third stage is parabolit, lasts up to 19 days and represents a diffusion

limited transport step. The fourth stage, lasting beyond 21 days, exhibits

ltnear kinetics in which the rate of formation of the secondary product layer

equals the rate at which the layer is destroyed by dissolution or fragmenta

tion (32). C~tion release curves were simi1ar to those previously observed

(34) and likely represent similar processes. Although parabolic kinetics are

suspected after ~ 50 hours in uur studies, insufficient data points were

obtained to verify this hypothesis.

the r~sults of parametric studies of the dissolution of aluminosilicate

minera1s indicate that weathering increases with increasing particle surface

area, acidity, pe, solution ionic strength and presence of organic ligands.
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Table A.l

Experiment 2

REACTOR 1: 2 g/l unlllineralized-200 mesh gabbro, air diffusion

TINE pH SOl+ Ni Cu Fe Ca ~19 Si
(Hrs) (mg/l) (1-19/ 1) (llg/l) r~g/l ) (rng/1, ) (mg/l) (mg/l)

0.75 3.66 2.8 100.4 178.2 4240 2.36 0.35 6.43
3.25 3.82 3.0 111 .2 156.2 5550 2.46 0.53 1.10
6.00 3.89 2.9 115.3 174.9 5910 2.21 0.57 1.10

26.75 4.00 2.6 130.8 232.1 6780 2.34 0.66 1.29
49.50 4.20 3.6 144.8 254.1 7140 ·2.45 0.80 1.81

146.0 4.41 3.6 210.0 307.3 7580 2.52 0.98 1.83
319.3 4.42 3.6 326.6 378.0 7520 2.60 1.0 1.84
507 4.51 3.4 460.0 436.5 7980 2.74 1.01 1.92
748 4.48 4.8 564.0 526.6 8000 2.88 1.13 2.22
l-AO-2 0 5.5 17 .2 440 0.30 0.07 0.98

REACTOR 2: 1,0 g/l unmineralized-200 mesh gabbro, air diffusion

TIME pH SOLJ Ni Cu Fe Ca Mg Si
(Hrs) (mg/l) (1-1g/1) (1-1g/1) (1-1g/.1) (mg/l) (mg/l) (mg/1)

0.75 7.10 2.6 16.6 2.2 15.7 3.71 0.34 0.86
• 3.25 7.19 2.5 16.0 NO 16.9 3.9 0.7 1.00

6.0 7. 18 2.5 "31 .4 0.3 13.3 4.23 1.02 24.56
26.75 7.21 2.5 102 ..2 NO 8.. 5 4.56 1.45 1.53
49.50 7.41 3.6 154.4 NO 22.2 4.83 1.10 1.89

146.0 7.39 3.3 298.8 0.6 16.6 5.26 1.21 2.54
319.3 7. 11 9.9 373.0 1.0 16.8 5.73 1.15 3.36
507 7.12 12.9 410.8 2.0· '17.8 5.86 1.40 4. 15

·748 6.90 13.7 317.4 NO 16.5 6.14 1.83 3.71
2-AD-2 3.8 242.5 105.2 1650 1.32

I

REACTOR 3: 50 g/l unminera1ized-200.mesh gabbro, air diffusion

TIME pH 504 Ni Cu Fe Ca Mg Si
(Hrs) (mg/l) (lJg/1) . (\Jg/l) (llg/l) (mg/1) (mg/1) . (mg/1)

0.75 8. 19 3.0 7.5 0.8 12.4 4.53 0.71 1.62
3.25 7.88 3.7 4.6 O. 1 . 6.9 . 6.42 1.00 0.83
6.0 7.92 4.4 . 8. 1 NO 6.2 8.75 1.31 1.22

26.75 7.89 5.2 89.5 3.7 45.6 12: 87 2.20 2.97
49.50 8.01 7.0 95.7 o. 1 9.5 13.69 2.40 2.91

146.0 8.02 10.5 107 . 1 O~7 11 .4 14.23 3.10 3.77
319.3 7.81 20.4 110.8 0.6 22.3 15.33 3.85 3.76
507.0 7.49 53.3 '14S.6 NO 19.7 17.45 4.60 4.23
748 7.55 110 127.0 1 .9 14.5 18.23 5.10 4.71
3-AO-2 3.8 707.7 1009 5660 12.45 1.66 0.45



TableA.l

Experiment 2

REACTOR 4: 100 gil unmineralized-200 mesh gabbro, air diffusion

TINE t'd 50 4 Ni Cu Fe Ca r1g Si
(Hrs) (mg/l) (119/ 1) (~g/l) (llg/l) (mg/l) (mg/l) (mg/1)

0.75 8.80 6.4 12.3 6. 1 11 .6 4.45 1.05 1.27
3.25 8.50 6.0 . 1.4 NO 44.2 5. 17 1.23 1.52
6.00 8.41 7.6 2.3 NO 6.4 6.50 1.60 1.47

26.75 8. 12 10.3 47. 1 0.8 8.3 13.,35 4.00 2.42
49.50 8.22 11 .8 66.2 1.2 11 .0 15'.63 4.65 2 .. 72

146.00 8.21 16.0 77.8 1.2 11 .a 16.79 5.00 3.87
319.30 8.04 59.5 113.5 1.3 10.3 22.75 6.40 4.44
507.00 8.02 128.0 196. 1 NO 9.6 31 . 13 7.50 4.28
748.00 7.87 148.0 145.5 NO 14.3 28.38 8.40 4.75
4-AO-2 3.7 2253.8 5850.0' 13,272.0 14.66

REACTOR 5: 2 g/l unmineralized-200 mesh gabbro, N2 diffusion

TIME pH S04 Ni Cu Fe Ca ~lg Si

• (Hrs) (mg/1) (l-l9/1) (lJg/l) (llg/l ) (mg/l) (rilg/l) .(mg/l )

~O. 75 4.27 2.9 56'.5 2.0 5010 0.47 2.38
3.25 4.79 3.0 51 . 1 7.9 6580 0.49 0.96

. 6.00 5.00 3.0 56.8 9.7 6920' 0.78 0.96
26.75 5.32 2.5 71.8 10.8 7330 2.05 0.78 1.22
49.50 5.69 3.6 69.8 2. 1 .7250 0.74 1.33

146.00 5.72 3.6 101.8 1.7 7240 0.77 1.89
319.30 5. 18 3.7' 230.6 41.8 6880 0.80 1.67
507.00 5. 12 3.5 330.4 46.1 6910 2.05 0.83 1.38
748.00 5.04 3.8 342.4 ~ 49. 1 7210 '0.92 2.30
5-AD-2 0 9.8 19.2 760 0.30 0.12 0.44

REACTOR 6: 50 g/l unmineralized-200 mesh gabbro, N2 'di ffus ion

TIME pH S04 Ni Cu Fe Ca Mg Si
(Hrs) (mg/1) (l-lg/l) (119/1) (119/1 ) (mg/l) (mg/l) (mg/l)

0.75 7.21 3.6 10. 1 NO 22.4 9.-97 2.00 1 .21
3.25 7.51 2.7 4.5 NO 37.3 11 .20 2.02 1.36
6.00 7.51 4.6 5.8 NO 42.9 11 .93 2.55 1 .24

26.75 7.61 4.9 3.6 NO' 41.4 11 .63 3.05 1.23
49.50 7.93 6.0 3.7 NO 45.7 11 .10 3.40 2.61

146.00 8.12 6.7 3.6 ND 48.2 11 .73 4.05 3.09
319.30 7.85 10. 1 17 . 1 1.6 39. 1 13.03 4.80 3.34
507.00 7.51 25.1 15.2 ' NO 31 . 1 13.75 5.30 3.02
748.00 7.43 29.1 11 .5 NO 33.4 13.60 5.05 3. 13
6-AO-2 3.5 501.8 635.0 5150.0 10.40 1.76 .~ .90



Table /\.2

Experiment 3

REfICTOi'< 1: 2.85 gIl unmineralized-200 mesh gabbro, air diffusion

TINE t"~ S04 Ni tu Fe Ca Mg
(Hrs) (01g/1) (lJg/ 1) (lJg/ 1) (mg/l) (mg/l) (rng/l)

0.5 6.89 0 2.6 1.7 0.022 1.05 0.140
6.0 6.86 0 10.3 1. 1 0.009 1.30 0.260

24.5 6.80 2.9 39.7 1"5 <0.005 1.43 0.341
48.0 6.94 0 88.9 1.7 0.020 1.50 0.386

168.5 6.86 0 285.0 1.5 <0.005 1.85 0.465
335.0 6.80 3.2 460.0 4.1 0.026 2.05 0.574
480.0 6.90 3.6 590.0 1.2 <0.005 2.17 0.614
651.0 6.86 2.5 562.0 1.8 <0.006 2.30 0.652
987.5 6.90 5.3 586.0 4.6 <0.005 2.46 0.732

1..AD-3 117.0 66.1 0.640 2.50 0.128

REACTOR 2: 2.86 g/l unminera1ized-200 mesh gabbro; air diffusion;
add 1.6 m1 1R HC10 4

TINE pH 504 Ni Cu Fe Ca Mg
(Hrs) (mg/l) (lJg/1) (lJg/ 1) (mg/l) (mg/l) (mg/l)

0.5 4.09 3.2 42.9 74.6 3.96 2.28 0.605
6.0 4.52 3.3 66.0 92.7 6.06 2.34 0.708

24.5 4.72 3.2 94.6 101.0 6.60 2.46 0.805
48.0 4.80 3. 1 156.0 109.0 6.63 2.28 0.793

168.5 4.76 3. 1 392.0 153.0 . 6.41 2.39 0.968
· 335.0 . 4.73 4.0 548 .. 0 182.0 6.39 2.61 1.020

480.0 4.71 3.6 720.0 205.0 6.25 2.57 1.040
651.0 4.67 3.5 824. 0 ~ 240.0 6.71 2.81 1.150
987.5 4.59 7.0 1040.0 270.0 5.92 2.94 1.220

2-AO-3 0 NO 10.4 0.51 0.24 0.011
B-AD-3 0

REACTOR 3: 2.86 g/l unminera1ized-200 mesh gabbro; air diffusion;
add 3.2 m1 1 N HC10

TIl·IE pH S04 Ni Cll Fe Ca· Mg
(Hrs) (mg/l) (iJg/1) (pg/1 ) (mg/l) (mg/1) (mg/1)

0.5 3.57 3.2 50.9 87.2 7.02 4.14 0.713
6.0 3.76 3.3 . 80.6 149.0 9.38 4.30 0.899

24.5 3.92 3.3 99.5 187.0 10.70 4.46 1. 170
48.0 4.. 06 4. 1 136.0 205.0 11 . 70 4.38 1.350

168.5 4.30 3.2 26U.0 227.0 12.50 4.98 1.600
335.0 4.40 3.9 440.0 265.0 12.50 5.25 1.660
480.0 4.44 4.0 562.0 289.0 13.00 5.30 1.700
651 .0 4.45 4.7 679.0 317.0 13 ~OO 5.33 1.72,0
987.5 4.43 6.2 715.0 310.0 12.20 5.95 1.820

3-AD-3 0 0 .. 4 11 .6 0.51 0.20 0.033



Table A.2

Experiment 3

REACTOR 4: 2.86 gil unminetalized-200 mesh gabbro; air diffusion;
~dd 4.8 ml 1 H. HC10 4

Tlt1E pH S04 Ni Cu Fe Ca Ma
(Hrs) (mg/l) (~g/l) (lJ9/ 1) (mg/1) (mg/l) (mg/l)

0.5 3.25 3.3 57.2 61.4 7.67 5.63 0.803
6.0 3.41 3.4 82.3 121 .0 12.00 6.21 1. 120

24.5 3.53 3.5 101 .0 161 .0 . 13.90 6.84 1.470
48.0 3.63 4.1 116.0 174.0 15~90 7 . 17 1.760

168.5 3.87 4. 1 222.0 198.0 17.70 7.56 2.380
335.0 3.99 4.1 380.0 226.0 18.30 8. 12. 2.780
480.0 4.05 ·3.8 494.0 258.0 19.40 8.36 2.910
651.0 4.10 5.2 662.0 291.0 20.50 8.70 3.240
987.5 4. 15 7.2 708.0 274.0 21.20 9.42 3.580

4-AD-3 0 1.9 12.2 0·74 0.26 0.060

REACTOR 5: 2.86 gil unmineralized-200 mesh gabbro; air diffusion;
. citrate addition; 1.29 * 10- 4 ~

TIME pH 504 Ni Cu Fe Ca Ma
. (Hrs) (mg/1) . (119/ 1) (llg/l) (mg/l) (mg/l) (mg/l)

0.5 7.24 0 13.2 9.8 9.064 2.61 0.258
6.0 7•. 01 0 30.6 16.3 1.580 2.68 0.356

24.5 7.23 2.7 68.6 32.4 . 1.980 3.08 0.480
48.0 7.30 3.6 130.0 45.5 2.770 3. 15 0.540

168.5 7.64 2.9 99.5 1.8 0.143 . 3.84 0.627
335.0 7.66 2.5 110.0 2.4 0.041 4.06 0.644
480.0 7.63 2.7 110.01. 1.8 0.034 4.21 0.704
651.0 7.58 2.9 122.0 2.0 0.028 4.43 0.692
987.5 7.55 5.3 114.0 r.7 0.024 4.72 0.720

5-AD-3 0 219.0 107.5 0.940 3.88 0.121

REACTOR 6: 2.86 g/l unminera1ized-200 mesh gabbro; air diffusion;
citrate addition; 1 .29 * 10- 3

~

TINE
..

pH SOlt Ni Cu Fe -Ca Ha
(Hrs) (mg/1) (~g/l) (Wg/ 1) (mg/1) (rng/1) (mg/1)

0.5 7.95 3.0 17.5 19.7 0.95 2.94 0.258
6.0 7.61 3.0 40.0 44.6 3.79 3.08 0.430

24.5 7.63 3.7 137 .a- 88.5 6.51 3.26 O. 711
48.0 7.74 4.3 277.0' 118.0 7.46 3.44 0.892

168.5 3.25 3.8 737.0 162.0 . 8.28 3.52 1.060
335.0 n "") 4.2 1010.0 175.0 8. 13 3.59 1.080l.' • .).j

400.0 8.33 3.8 1070.0 131.0 8.00 3.75 1.050
651.0 8.38 4.0 1050.0 213.0 6.30 3.95 1.070
9:j7 . 5 8.49 3.4 1250.0 22G.0 6.66 4. 17 1. 140

6-AD-3 0 117.0 54.0 1. 71 3.63 0.322



Table A.3

Experiment 4

REACTOR 1: 2.86 gIl -200 mesh mineralized gabbro

TINE pH 504 Ni Cu Fe Ca Mg
(Hrs) (PPH) (PPB) (PPB) (PPB) (PPN) (PPN)

0.5 6.72 4.6 7.8 0 6.45 0.44 0.080
5.5 6.80 4.6 17.2 0.3 0.74 0.65 0.132

25.0 6.75 4.5 42.0 o. 1 <5.00 0.72 0.178
48 .. 0 6.57 4.5 69.5 0.2 0.62 0 .. 71 0.188

163.5 6.65 5. 1 194.0 0.6 9.02 0.78 0.258
336.0 6.50 5.5 460.0 1.4 8.09 0.92 0.326
526.0 6.02 7.. 4 839.0 8.'8 <5 .. 00 0.98 0.450
672.0 5.75 9.0 1070.0 34.8 10.90 1.10 0.443
891.0 5.44 9.8 1510.0 92.5 65.00 1.23 0.532

l-AD-4 3 .. 9 19.9 18.6 95.60 0.32 0.046

.. + -
REACTOR 2: ,2.86 gIl 200- 40 mesh mineralized gabbro

:
"

TINE pH S04 Ni Cu Fe Ca Mg
, (Hrs) (P~N) (PPB) (PPB) (PPB) (PPM) (PPM)

0.5 6.03 4.0 3.4 0.3 2.5 0 .. 18 0.016
5.5 6.28 3.9 7.2 0.6" 17.7 0.29 0.064

25.0 6.44 3.9 11 .1 1.0 ' 12.5 0.36 0.070
48.0 6.43 3.8 18.7 0 .. 1 . 2.7 0.35 0.092

163.5 ' 6.64 4.2 62.4 1.5 ' 22 .. 8 0 .. 47 0.120
336'.0 6.55 4. 1 122.0 0.1 0.8 0.62 0.123
526.0 6.38 4.3 221.0 0.6 1.7 . 0.66 0.174
672.0 6.35 4.. 5 293.0 K 2.6 <5.0 0.35 0.162
891.0 6.33 4.6 384 .. 0 4.. 8 1 .. 6. 0.68 0 .. 190

2-AD-4 :- -. , ' .
, -

REACTOR 3: 2.86 g/l +40- -20 mesh mineralized gabbro

TINE pH SOq Ni Cu 'Fe Ca Mg
(Hrs) {PPN} '( PPB) (PPB) (PPB) (PP~l) (PPM)

0.5 5.84 4.0 1.. 6 0.4 5.2 0 .. 23 0.004
5.5 6.10 3.9 4.7 O.lI, 8.0 0.22 0.012

25.0 6.25 3.8 11 .6 0.3 10.8 0.29 0.054
48.0 6.31 4.0 16.5 0.3 11 .8 0.30 0.072

163.5 6.46 4. 1 45.7 0 1.8 0.38 0.082
336.0 6.50 4. 1 92.7 0 9.5 0.45 0.093
526.0 6.44 4.0 153.0 1.0 32. 1 0.53 0.130
672.0 6.49 4.2 175.0 0.8 <5.0 0.51 0.152
891.0 6.59 4.1 203.0 0.4 <,5.0 0.50 O.lt~J

3-AO-4 4.0 13.4 6.8 45 .. 4 0 .. 27 0.009



Table A.J

Experi nJl::n t 4

"EACTOR 4: +20- -8 IlieS!l 1il11l2ralized gabbro

THIIE pH SO" Ni Cu Fe Ca ~1g

(Hrs) (PPN) (PPB) (PPB) (PPB) (PPi/l) (PPN)

0.5 5.72 4.0 2. 1 0.2 4. 1 ·0.22 0.025
5.5 5.93 3.4 6.6 1.2 15.2 0.24 0.026

25.0 5.98 3.3 10. 1 0.7 27.5 0.27 0.035
48.0 6.03 3.4 13.3 0.5 25.2 0.28 0.041

163.5 6. 13 3.3 33.2 0 15.0 0.32 0.047
336.0 6.22 3.4 60.0 0.6 2.4 0.33 0.055
526.0 6.25 3.5 79.6 0.7 38.0 0.40 0.093
672.0 6.30 3.5 86.3 0.4 4. 1 0.42 0.075
891.0 6.52 3.5 130 0.7 5.5 0.42 0.082

4-AD-4 3.4 7.0 3.2 59.4 0.22 0.026

REACTOR 5: 2.86 gil -200 mesh unmineralized gabbro,
_4 M

[CIT]=1.29xlO -

TI~lE pH S04 Ni Cu Fe Ca Mg
(Hrs) (ppr·1) (PPB) (PPB) (PPB) (PPN) (PPM)

0.5 7.24 5.0 34.2 16.6 602 0.66 0.240
6.5 7.30 4.0 48.3 ,21.2 2150 0.84 0.358

24.0 7.28 3.6 127 35.7 3050 0.86 0.493
49.5 7.42 3.6 144 28.9 2200 0.80 0.542

142.0 7.58 3.6 64.8 1.0 169 0.72 0.543
358.0 7.66 4.2 68.4 0.9 11 .3 0.86 0.598
531.0 7.72 4.5 54. 1 0.4 5.5 0.92 0.601
721.0 7.69 4.9 48.5 0.7 . <5 1.01 0.656
867.0 7.77 5.1 56.5 1.3. <5 0.98 0.704

1088 7.86 3.6
5-AD-4 28.5 36.8 18.1 0.50 0.030

I

REACTOR 6: 2.86 g/l 200 mesh unmineralized"gabbro
_3 N

[CIT]=1.29xlO -

TH~E pH 504 Ni Cu Fe Ca Mg
(Hrs) (PP~1) (PPB) (PPB) (PPB) (ppr"l ) (PPM.)

0.5 7.04 0.8 30.6 31.7 2300 1.04 0.408
6.5 7.39 0.8 65.8 52.5 5250 1.04 0.594

24.0 7.47 1.0 193 90.3 8200 1.14 0.832
49.5 7.77 1.0 353 106 9550 1.10 1.01

142.0 8.40 2.2 484 76.2 7250 0.90 0.882
358.0 8.60 3.4 6.5 7-. 1 181.3 0.82 0.766
531.0 8.61 2.9 5.3 9.6 32.5 0.84 0.810
721.0 8.63 2.8 5.2 9.9 9.5 0.84 0.821
867.0 8.68 4.4 5. 1 9.3 55.4 0.90 0.826

1088 8.71
6-AO-4 1.4 42.7 72.8 451 .0 0.84 O. 15



. Table 1\.4

Experiment 5

REACTOR 1: 2.86 gil mi nera1i zed- 200 1f12:3 h gabbro, nitrogen diffusion
:.. '.:.--) ;;.

TINE pH S04 Ni Cu Fe Ca '·1g
. (Hrs) (mg/l) (~g/l) (~g/1) (~g/l) (mg/l) (mg/1)

0.75 7.98 2.8 0 0.3 20.5 0.66 0.15
5.5 7.33 2.8 . 3.4 1•1 51.2 1.04 0.28

25.5 7.56 2.8 3.8 0.8 . 12.5 1.26 0.34
53 7.87 2.8 16.5 0.4 1.8 1.32 0.40

168 8.40 3.0 7.9 0.7 -6.8 1.32 0.45
363 7.05 4.4 24.6 2.0 8.8 1.38 0.51
502 7.91 4.9 30 2.5 15.4 1.3 0.5
628 7.79 6.4 32 3.0 13.3 1 ~ 1 . 0.5
817 7.56 8.2 22 1.6 9.7 1.3 0.5

l-AD 33 53.7 280 1.6 0 .. 3

REACTOR 2: 2.86 gil, mineralized-200 mesh gabbro, Nz ·& air diffusion

TINE pH . 504 Ni Cu Fe· Ca Mg
(hrs) (mg/l) (~g/l ) (~g/l) (~g/l) (mg/l) (mg/l)

0.75 7.25 4.3 . 8.1 4.3 34.1 1.10 0.18
5.5 7.06 4.3 15.2 0.8 6.8 1.26 0.26

-25.5 7.10 4.3 27.0 2.1 8.4 1.26 0.34
53 7.18 4.4 43.7 0 0.3 1.43 0.37

168 7.. 08 4.6 110.9 3.6 2.1 1.26 0.45
363 6.48 5.1 199.6 4. 1 0.4 ".54 0.51
502 6.88 4.6 268 18.2 . 20.6 . , 1.3 0.5
628 6.95 5.0 50 5.1 10.8 1.. 2 0.5
'817 6.. 94 5.1 26 I 2.4 3.7 1.3 0.6

2-AD 28 54.4 200 0.9 0.1

REACTOR 3: 2.869/1 mineralized-200 mesh gabbro, air diffusion

TIME pH 504 Ni Cu Fe Ca Mg
(Hrs) (mg/l) (~g/l) (~g/l) (~g/l ) (mg/l) (mg/1)

0.75 6.. 58 3.4 27.0 1.6 12.4
..

1.04 0.16
5 6.86 3.. 3 42.7 3. 1 11 .. 7 1.32 0.22

24 6.80 3.5 61.3 2_2 2.4 1.32 0.24
46 6.76 3.5 92.4 2. 1 1.4 . 1.48 0.25

192 6.45 4.0 237.4 2. 1 0.4 1. 1 0.32
356 6.33 4.6 351 4.2 2.0 1.. 60 0.37
523 5.95 5.3 454 13.2 6.4 1.82 0.42
690 5.97 6.8 595 27.6 8.7 1.92 0.46
860 5.54 7.9 721 48.5 10. 1 1.87 0.50
3~~6 724 50.8 12.2 2.09 O.S7

3-AD-5 53.4 54.8 151 .2 1.21 0.08



Table A.4

Experiment 5

REACTOR 4: 2.36 gil m;neraliz~d -201 r,esh gabbro, O2 diffusion

Tlr1E pH ' 504 Ni Cu Fe Ca Mg
(Hrs) (mg/l) (~g/ 1) (~g/l) (J.1g/1) (mg/l) (mg/l)

0.75 6.82 3. 1 23.7 2.4 19.7 2.0 0.18
5 7.51 3. 1 34.2 0.9 3.9 1.7 0.19

24 7.25 3. 1 71 .8 1.2 4.1 1.'5 0.24
46 7.41 3.3 80.0 3.4 5.6 2.4 0.25

192 6.94 3.7 157 1.6 2.8 2.2 0.31
356 6.04 5.3 226 19. 1 4.4 2.5 0.40
523 5.20 7.5 381 226 870 2.5 0.70
690 5.00 10.6 540 347 240 2.6 0.64
860 4.71 15.7 774 558 850 3.1 0.72
886 785 596 1110 3.4 0.75

4-AD-5 21.3 41.6 187.2 1~3 0.10

REACTOR 5: 2.86 gIl unmineralized -200 mesh gabbro, 1.29*10-4 Mcitrate,
adjust to pH 7

TIME S04 Ni Cu Fe Ca Mg
(Hrs) (mg/l) (~g/l) (l1g/l ) (~g/l) (mg/l) (mg/l)

0.75 3.4 20 16.2 440 1.6 0.28
• 5 3.6 56 33.0 1120 2.0 0.51

24 3.5 122 36.3 2980 2.6 0.63
-46 3.4 163 52.8 3350 2.7 0.70

192 3.7 348, 92.6 2550 3.5 0.87
. 356 3.5 455 136 1030 4.4 0.90
523 3.8 456 140 470 2.8 0.95
690 3.8 362 79.8 107 2.9 0.95
860 4.8 307 20.7 64 2.4 0.96
886 276 5.6· 85 2.1 1.04

5-AD-5 234 I 111.3 730 3.8 0.29

REACTOR 6: * 10-3N citrate2.86 g/l unmineralized -200 mesh gabbro, 1.29
adjust to pH 7

TIME S04 Ni Cu Fe Ca Mg
(Hrs) (mg/1) (J.1 g/1) (lJg/l) (119/ 1) (mg/l) (mg/l)

0.75 3.8 34.0 31 1980 2.4 0.46
5 4.0 68.0 62 5000 ,"2.3 0.72
24 5. 1 123 105 8320 2.2 1•12
46 4.0 195 113 10,080 2.3 1.42

192 5.5 563 130' 15,410 2.2 2.44
356 8.8 810 144 19,210 2.3 2.98
523 13.0 1020 140 24,100 2.3 3.09
69~ 15. 1 1090 133 25,308 2.3 3.11
860 16.2 1170 191 28,800 2.4 3.51
886 1260 158 28,800 2.2 3.37

6-AtJ-5 16.9 . 32.9 870 2.4 0.43



Table A.5

Experiment 6

REACTOR 1: 5.7 9 .£,1- -200 mesh mineralized gabbro, pH 5
2

TIHE pH Ni So t. Cu Fe Ca Ng
(Hrs) ( lJ9/1) (mg/1) ( l-lg/l ) (mg/l) (mg/l) (mg/1)

0.5 13 3.4 2.0 350 .91 .27
5.5 • 19 3.3 7.9 820 1.57 .43

24 52 3.3 6.6 340 1.87 .58
44 73 3.3 8.0 450 1.99 .69

196 180 3.8 78.7 1020 2.27 1.. 03
360 450 6.9 131 530 2.44 1. 16
530 700 11 .2 242 860 2.57 1.. 26
720 930 16.4 233 700 2.68 1.36
912 1170 23 .. 7 297 620 2.99 1.50
3-Au-6 27 66.9 380 0.24 .06

REACTOR 2: 5.71 g.£,-l -200 mesh mineralized gabbro, pH 6
2

TI~1E pH Ni S04 Cu Fe Ca Mg
(Hrs) (~g/l) (mg/1) . (lJ g/1) (mg/l ) (mg/l) (mg/l)

0.5 6 3.2 0.2 140 .74 .22
5.5 15 3.3 0.6 230 1.30 .37

24 35 3.2 0.5 20 1.60 .53
44 57 3.5 0.2 12 1.68 .60

196 160 4.4 12.9 19 2.05 .87
360 480 6.8 19. 1· 13 2.23 .99
530 770 8.1 30.9 18 2.47 1.10
720 · 1050 10.9 25.6' 9 2.66 1.23
912 1430 12.7t 77.5 22 3.00 1.36
4-AD-6 950 129 370 1.18 0.10

REACTOR 3: 5.71 9 -1 -200 mesh mineralized gabbro, pH 7
2

. ·TIME pH Ni S04 Cu Fe Ca Mg
(Hrs) (~g/l ) (mg/l) ( i:1g/ 1) (mg/1) (mg/l) (mg/l)

0,,5 7 3.6 0.4 43 ...88 .23
5.5 9 3.5 1•1 20 1.29 .32

24 26 3.5 0.3 5 1.46 .42
44 36 3.5 O. 1 5 1.45 .50

196 100 4.5 6.6 13 1.70 .. 71
360 250 6.6 3. 1 9 1.77 .77
530 400 8. 1 5.3 8 1.91 .85
720 450 9.8 4.8 8 1.99 .93
912 490 11 .3 34.5 210 2.18 1.04
l-AD-6 130 410 690 3.04 .20



. T\lblc A.5

Experiment 6

REACTOR 4: 5.7 g.~
-1 -200 mesh mineralized gabbro, pH 8

TINE pH Ni -2 ClI Fe Ca MgSo
(Hrs) (~g/l) (mg/1) (~g/ 1) (mg/l) (mg/l) (mg/l)

-

0.5 4 3.5 0.6 27 .83 .23
5.5 '6 3.6 1.3 11 1.25 .34

24 19. 3.3 1.0 21 1.52 .48
44 30 3.3 0.7 14 1.52 .51

196 52 4.3 7.2 35 1.60 .61
360 48 6.4 4.8 51 1.65 .68
530 38 7.5 4.5 103 1.83 .79
720 36 8. 1 6.0 69 1.77 .77
912 36 10.7 3.5 14 1.88 .80
2-AD-6 87 306 520 2.40 •19

I



Tahle A.6

Experin;ert t 7

REACTOR 1: 5.71 g~-l -200 mesh mineralized gabbro, bog ','1ater

TIr·tE pH -2 Ni Cu Fe Ca ~IgSo
(HfS) (~g/ 1) (mg/1) (lJg/ 1) (lJg/ 1) (mg/l) (mg/l)

0.75 8.03 ' 4.5 14 4 620 7.6 8.4
5 8.09 5. 1 15 3 440 7.6 8.4

27 8. 11 4.7 22 7 570 8.0 8.7
52 8.02 4.6 22 13 570 8.4 8.3

218 7.99 5.3 30 15 460 8.4 8.8
431 8.08 6.4 39 17 490 8.5 9.3 '
531 8.10 6.7 43 22 310 8.9 9.6
698 8.14 7.2 44 23 320 9.6 9.9

1034 8.12 9.9 46 36 250 ' 10.6 11 .3
l-AD-7 69 220 1550 3.8 0.73

T=O 3.9 0 3 160 7.8 8.9

REACTOR 2: 5.71 -1 -200 mesh mineralized gabbro, ground VJaterg2

TINE pH, -2 Ni Cu Fe Ca MgSo
'( Hrs) ( gIl) (mg/1) ( II g/1) (~g/1) (mg/1) (mg/1)

0.75 8.03 6.7, 9 2 17 16.9 9.8
5 8. 11 7.1 7 3 27 16.5 9.9

27 8.13 7.7 14 3 33 17 .1 9. 1
52 8.04 7.9 20 5 42 17 .1 9.9

218 8.01 7.9 27 4 26 17.0 9.8
431 8. 11 8.9 27 3 26 17.8 10.2
531 8. 14 9.5 29 ,4 21 18. 1 10.3
698' 8.16 12.0 37 7 32 17.4 10.0

1034 8.03 11 .6 36 5 38 18. 1 10.8
2-AD-7 30 I 110 680 1.9 0.29

1=0 6.4 4 4 37 18.9 10.2

REACTOR 3: 5.71 g2-1 -200 mesh mineralized gabbro, =5*10- 3

50-2 .
TINE pH Ni Cu Fe Ca Mg
(Hrs) (119/1) (mg/l) (llg/l) ( g/l) (mg/1) (mg/1)

0.75 2.9 2 0.9 92 .. 1.4 0.36
5 2.7 19 2 18 1.9 0.46

27 2.9 51 0.8 12 1.8 0.56
52 3.3 71 '3 27 2.0 0.60

218 5.0 220 2 19 2.0 0.75
431 . 7. 1 330 3 6 2.1 0.90

. 531 7.5 460 4 6 2.1 0.87
698 9.6 590 5 15 2.2 1.01

1t}34 13.3 640 7 12 2.3 1. 13
3-AD-7 120 96 450 1.2 0.()~13





, ,

Table A.7

Experin:2nt 8

REACTOR 1: 50 g~-l tailings, pH 4

TIf·1E ~"=4 Ni -2 Cu Fe Ca MgSo
(Hrs) (~g/ 1) (mg/l) (~g/ 1) (~g/1r (mg/l) (mg/l)

1 22 2.7 0 78 13.9 0.9
27 ,77 2.7 5.6 2,450 23.4 2.8

218 440 4. 1 170 16,300 23.5 7. 1
432* 550 6.4 320 33,200 25.6 12.4
532 650 8. 1 260 38,100 26.8 14.2'

0.5 23 3.0 24 1,870 0.8 0.4
22 550 3. 1 40 3,770 1.6 1.4

190 840 3.8 44 9,130 2.9 2.9

-1
REACTOR 2: 50 g~ tailings, p~ 6

TIME PH=4 Ni So-2 Cu Fe Ca Mg
. (Hrs ) (1l9/1) (mg/l) (l-lg/l) (l1g/1) (mg/l) (mg/l)

1 5 2.9 0 97 11 .2 0.7
27 11 2.7 0 28 17.8 1.0

218 92 3.2. 0.6 93 18. 1 '·2.3
432 140 3.5 o . 75 18.8 3. 1
532* 160 3.7 0.4 66 19.3 3.4

95 5 2.8 O. 1 34 0.8 O. 1
22 41 3.0 4. 1 60 2.6 0.4

190 100 2.8 3.. 7 48 3. 1 0.7.
REACTOR 3: -1 ' pH50 g£ tailings, natural

TIME PH Ni -2 Cu Fe Ca Mg$0
(Hrs) (llg/l) (mg/l) (l1g/1) (l1g/1) (mg/1) (mg/l)

1 . . 9.10 3 3.2 1 " 76 7.7 0.3
27 8.02 1 2.9 2 25 13.9 0.6

218 8.08 1 3.1 1 25 14.0 Q.. 9
432 8.01 7 3.7 2 63 14.2 1•1

. ·532* 8.12 2 4.0 2 22 14.7 1.2
0.5 6.88 9 3. 1 4 76 1.3 O. 1

22 7.50 11 3. 1 5 260 5.1 1.2
190 7.94 7 3.7 2 49 .. 4.4 2.3

*:501 ids removed for 5' day .drying period



Table A.7

Experiment 8

REACTOR 4: 50 91-1 tailings, bog \'Jater

TINE .'H Ni -2 C"u Fe Ca ~~gSo
(Hrs) (~g/ 1) (mg/l) (~g/l) (~g/1r (mg/l) (mg/l)

1 8.16 5 3.8 9 180 9.3 6.5
27 8. 17 5 3.8 9 180 9.4 5.7

218 8.26 16 4.2 10 130 11 .0 6.4
432 8.16 15 5.3 14 ,92 11 .5 7.3
532* 8.34 15 7.7 17 78 14.9 10. 1
95 8.15 7 3.6 11 350 7.8 7.5
22 8.24 7 3.9 10 240 8.8 7.8

190 8.37 13 4.4 9 82 " 9. 1 8.9

T=O 0 3.9 3 160 7.8 8.9

REACTOR 5: 50 92-1 tailings, g~ound water

TIME PH Ni -2 Cu Fe Ca MgSo
(Hrs) (llg/l) (mg/1) (llg/l) (119/ 1) (mg/l) (mg/l)

• 1 8.15 5 . 7.8 6 91 17.5 8.1
27 8.20 3 7.. 2 5 30 17.0 7.7

218 8.24 4' 7.4 29 80 17.3 8.5
432 8.18 4 9.7 32 29 18.2 9.0

.' 532* 8.26 4 9.4 19 14 18. 1 9.9
0.. 5 8.17 4 6.0 14 88 16.3 10.2

22 8.25 6 7.0 14. 37 17.6 10.2
190 8.52 13 21.5 12 520 . 23.8 25.9

1=0 4 6.4 4 37 18.9 10.2
I

*Solids removed for 5 day drying period'
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Table A.8

Calciu:;l and r~ognesiul1l Kinetics: Summary of Data

[C] = ktn

k = moles, -1 -1sec (g gabbro)

t :: t i r.le

n :: dimensionless

Ca !i9-
Reactor k x 105 r2 n k x 106 r2 n

2-1 2.39 .555 .021 2.94 .959 .140
2-2 .51 .987 .073 .009 .701 .531
2-3 .058 .931 . 191 .061 .995 .286
2-4 .0095 .968 .300 ,,031 .957 .322

- - 2-5 5.5 .727 .083
2-6 .38 .766 .038 .44 .971 · 154
3-1 .36 .966 .114 .44 .995 .210
3-2 1.54 .619 .028 4.16 .957 .091
3-3 2.43 .834 .045 3.78 .983 · 131
3-4 2.90 .966 .065 2.26 .986 .204
3-5 1.09 .916 .084 1.35 .9-80 · 139
~-6 1.79 .903 .043 .94 .932 · 198
4-1 1•11 .931 .119 .16 .965 .247
4-2 .77 .9)4 . 180 .033 .936 .299
4-3 .63 .885- . . . .129 .• 0019 .945 .481
4-4' .0089 .901 .091 .0075 .865 · 178
4-5 .43 .586 .042 1.40 .947 .132
4-6 1.32 .533 -.037 3.88 .583 .082
5-1 .39 .618 .076 .71 .936 .163

·5-2 .88 .248 .026 .77' .986 · 159
5-3 .47 .931 .085 .59 .927 · 162
5-'4 .76 .559 K .077 .35 .832 .216
5-5 .77 .536 .088 1.32 .953 · 163
5-6 2.05 .019 -.002 .58 .992 .300
6-1 .16 .965 .139 .33 .996 .230
6-2 .099 .980 .167 .26 .997 .239
6-3 •18 .970 .106 .33 ~986 _203
6-4 .20 .917 .095 .49 .991 .166
7-1 2.37 .700 .036 44.7 .575 .031
7-2 6.66 .614 .010 63.3 .292 .010
7-3 .43 .842 .054 .72 .964 ·154
7-4 .,52 .870 .059 1.13 .855 · 131
7-5 .34 .432 .022 .64 .792 ·111
7-6 .73 .008 -.00] 1.56 .589 .051
8-1a .34 .900 .096 .019 .981 .434
8-1b .008 .987 .213 .027 1.000 .333
8-2a .31 .882 .081 .060 .920 2'-0· :)\.)

8-2b .007 .940 .238 .007 .993 .332
8-3a .. 19 .841 .096 .042 .996 .215
8-3b .014 .800 .223 .002 .972 .513
8-40 .27 .599 .056 3.35 .286 .04S
8-4b .32 .975 .027 4.97 .803 .027
8-5a .82 .255 .056 5. 14 .489 .028
8-5b .72 .205 .019 2.57 .604 · 139

. ~JI"\ t £\ • rl"\nc.II't T7Ih 1 Q ~ In f{)r Rp;\rtnr nl1rt FxoP-)~iment conditions :" ..



Weighted Mean Percent
Unmineralized Mineralizedr·li nera 1-----

Plagioclase

Set~icite

Olivine

Clinopyroxene

~'onoc}'ys ta 11 i ne
Amphibole

Fibro:.:s Amphibole

Chlorite

Serpentine

Iodingsite

Talc

Biotite

Smectite

Celadollite

thnDvroxene

..

Table A.8

Mineral Analysis of 'Gaboro
•

Formula

NaA1Si30g-CaA12Si20a .

K2A1 4Si 6A'2022(OH,F)4

(Fe,Mg)2Si04

Ca(Fe,tt1g)Si
2
0
6

(Na,K)O_1(ca,Mg,Fe+2,Fe+3,Al)7·(Si6_aA12_0)022(OH,F,Cl)2
non-acicular morphology

Same as Above; fibrous or acicular morphology

(mg,Fe,Al)12(Si,Al)8020(OH)16

Mg 3Si 20S(OH)4

Serpentine + iron oxide phase

Mg6Si8020 (OH)4

K2(Mg,Fe2+)6_4(Fe3+,Al,Ti)O_2·(Si6_sA12_3)020(OH,F)4

(1/2 Ca~Na)O.7(Al ,Mg,Fe)4(Si,Al)8·020(OH)4·NH20

~~gFe3+Si4010(~H)2

(Fe,~1g) lSi 206

64

1 .6

14

7.6

0.054

0.005

1 .7

0.016

0.017

3.3

0.014

2.8

47

0.069

11

26

0.40

0.014

0.053

5.0

2.3



Mineral---
Opaque t·'; nera1s

( F011 m·Ji ng Six)

Chalcopyrite-Cubanite

Pentlandite

Pyrrhot i te

Ilmenite

r~o.gneti te

Graphite

Spinel

~'yrll1ekit; c Intergrowths

Table A.8 (co )
Mineral Analysis of Gabbro

•
Formula

CUFeSZ-CuFeZS3

(Fe,Ni)gS8

Fe7Sa-FeS

FeTi03

Fe
3

0
4 ..

C

MgAl z04

Generally between plagio~'ase 7 olivine

Weighted Mean Percer.t

Unmineralized Mineralized

0.13 7.9

0.032 1 .3

0.0'1-03 0.34

4.0 3. 1

3. 1

0.025

Apatite

Epidote

Allanite

Calcite

QUartz

Cordierite

CaS(P04)3(OH,F,Cl)

caFe3+A12Si301Z(OH)
. "

(ca,ce)2(Fe2+,Fe3+)"AlzSi30lZ0H

CaC03

5;°2

A13(Mg,Fe+z)2SisA1018

r=

0.18

0.17

0.026

104.6

0.074

0.006

107.7
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Table A.9

Elemental Analyses: All Valu~s in Weight Percent

f1ineralized Unmineralized

Acid Acid' Acid Acid
Eiement NAA pigestion Digestion nAA Di ges't ion pigestion

Ag 0.00046 <0.00014
A" 4.55 8.04
As 0.00073 0.00008
Au 0.000003 0.000004
Sa 0.036 0.034
Ca 4.69 2.27 7.08 2.55
Cd <0.00065 :<0.00029 0
Co 0.039 0.082 0.01
Cr 0.011 0.014
Cu 1•18 1.41 0.85 9,156 0.245 0.28
Fe' 20.18 17.2 15.17 13. 14 10.4 11 •13
Hg 0.0009 <0.00001
Mg 3. 12 1.92 2.000 2.05
Mn 0.134 0.138 0.265
Na 1.76 2.050
Ni 0.624 0.355 0.23 O. 138' 0.0954. 0.10
s. 3.92 1.1
Sb <0.00007 <0.00005
Sc <0.00017
Se 0.00062
Sn <0.048 <0.050
Sr <0.057 0.062
Ti 1.32 .
V 0.012 0:018
W 0.00014 <0.00016
Zn 0.012 <0.00088

lMinera1 Resource Research Center, University of Ninnesota




