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LIXIVIANT SELECTION FOR MANGANESE IN SITU LEACH MINING:
A GEOCHEMICAL APPROACH
By Lloyd Petrie!

**x  ABSTRACT
The Bureau of Mines is conducting research to identify highly
§e1ective chemical 1ik%ﬁiants for in situ leach mining of critical and
strategic minerals from domestic Tow-grade ores. This report presents
part of that effort by (1) reviewing chemical lixiviants for manganese,
(2) describing mineral disso]utidn models, and (3) presenting a
geochemical approach to lixiviant selection and optimization called

 geochemical characterization. Geochemical characterization logically

follows geologic characterization (i.e. ore petrology) by focusing on
leaching chemistry at mineral surfaces. It consists of interrelated (1)
theoretical modeling and (2) lab experimentation which lead to lixiviant
systems specifically suited for a given ore body.

This report focuses on thé theoretical modeling necessary fo develop
selective lixiviants. This modeling consists of (1) thermodynamic and |
(2) kinetic evaluations of prospective 1ixiviant-ore combinations that
favor commodity metal Teaching over gangue leaching. Kinetic evaluation
uses a number predictive methods for ieaching reactivity, including

inorganic solution chemistry and molecular orbital theory.

! Research Chemist
Twin Cities Research Center, Bureau of Mines, Minneapolis, MN.
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.This thermodynamic and kinetic evaluation process is illustrated in
a study of selective S0, leaching of domestic manganese minerals.
Geochemical reacfion mechanistic reasons exist for observed leaching
rate differences among manganese oxide minerals. Rapid SO, lTeaching of
manéanese oxides is thermodynamically and kinetically favored.
Molecular orbital theory reveals that SO, has an ideal structure to
directly bond and reduce Mn*™ to water-soluble Mn®* more rapidly than
Mn®*. | |

*%%  INTRODUCTION

The challenges facing the U.S. minerals industry are many in the
rapidly changing global economy (1-3); including finding adequate
domestj;ﬁsuppljes ofﬂ;riti;a] and strategic minerals, facing intense
foreign competition, addressing heaith and safety concerns, preserving
natural resources, and reducing pollution. One serious consequencé of
current market conditions‘is U.S. dependence on imported supplies of
critical and strategic and platinum group minerals that are soc vital to
ouf steel, aeroSpate, electronic, and defense-oriented industries. For
example, in 1989 the U.S. imported the following range of percentages of

critical commodities (1, p. 25):

+ manganese 100 %
e cobalt 86 %
e chromium 79 %
e nickel 65 %

« platinum group 94 %
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The United States does have deposits of critical and strategic
mihera]s that could be tapped to reduce the reliance on foreign sources
of mineral supply. However, many of these deposits are low grade and
cannot be mined conventionally for several reasons. First, many of
these deposits lie in wilderness areas where conventional mining would
not be allowed. Second, the cost of haulage from the mining area to the
mj]T, including the costs of maintenance, fue], tires, and drivers, are
prohibitive because of the low grade of these deposits. Third,
comminution of these ores in the mill, which is needed as a first sfep

in beneficiation processes, is not economical. Fundamental research is
therefore needed to develop innovative mining techniques that can reduce
o# eliminate haulage and comminution costs and is compatible with the
envfronment.

In situ leach mining offers the promise of extracting specific
metals from low grade ore at lower capital and operational costs as well
as necessary environmental restoration costs. In situ uranium
operations have been profitable in Texas while in situ mining of copper
with sulfuric acid is being field tested in Arizona (4).

The key to successful imp]emenfation of in situ Teach mining to
critical/strategic and precious metal ore deposits is the development of
highly selective in situ leaching systems based on lixiviants that
rapidly and efficieht]y extract target minerals while leaving the host
rock minerals in place.

The overall objective of this work is to develop lixiviant systems

that can be used to selectively remove manganese and other critical/
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strategic or platinum group minerals from low-grade U.S. ores and leave
associated gangue undisturbed.

The purpose of this report is to (1) review the state of knowledge
regarding chemical lixiviant systems for manganese in situ leach mining
and (2) present a lixiviant selection and optimization scheme based on
geochemical characterization, i.e. interrelated theoretical modeling and
lab experimentat{on of mineral leaching reactions.
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***  STATE-OF-KNOWLEDGE OF LIXIVIANT SYSTEMS
CHEMICAL SYSTEMS

The first lixiviants for in situ, dump, heap, and stope leaching
have been based on strong mineral acids (i.e. sulfuric, nitric, or
hydrochloric acids); ammonia/ammonium carbonate; or cyanide (5).
Selectivity of these systems was largely based on controlling the
concentration of active leaching species (e.g., H® for. acids) and strong
complexation with a class of metals {e.g., CN” with transition metals)
(6).

A number of selective chemical systems have been proposed: dissolved

§0,, ozone, humic acids, lignochemicals, chlorine gas, and synthetic
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complexation compounds such as EDTA. An example of a selective chemical
leaching system is treatment of mixed metal ores with dissolved S0,.
Khalafalla and Pahlman (7) leached Pacific sea nodules with dissolved
50, solutions and found that manganese, nickel, and cobalt were
preferentially leached with respect to copper, iron, and aluminum.
Greater than 90 % of the manganese, nickel, and cobalt was extracted

while only 20, 5; and 5 % of the iron, aluminum, and copper was
coextracted when leaching 20 gramsrof nodules with 200 m1rof 5wt % S0,.
PahTman and Kha1afé]1a (8) followed that work with batch and column
leaching of 25 domestic Mn ores with 5-6.4 wt % SO, and generally
‘extracted greater thﬁn 90 % of the total Mn versus less than 20 % of the
total Fe (8). They found that there were differences in extraction
effiéiencies among the Mn minerals found in the ores. For batch
leaching, the following order of leaching efficiency was found:
| pyrolusite, fomanechite > hausmannite, braunite > rhodochrosite >
manganite
The manganese silicate mineral, rhodonite, was not leached with
dissolved SO, solution in batch leaching tests.
MICROBIOLOGICAL SYSTEMS
The desire for more selective mining and metal processing,
particularly for Tow grade or chemically resistant U.S. ore reserves
(e.g., sulfides), has led to considerable new effort in microbiological
leaching research (9).
Decker (10) has drawn an analogy between human and microorganism
accumulation, processing, assembling, using, recycling, and disposing of

metals. Since microbes have been dealing with materials for 3.5 billion
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years, they have developed a wide range of highly efficient, selective
biochemical schemes. He cited 1ower energy, pollution, acid
consumption, and operating costs; greater flexibility; and lower ore
concentrations as key advantages for bioleaching operations. This is
balanced against slow leaching rates, capital costs for new plants, and
relatively low metal concentrations in leach solutions going into
processing plants.‘

Brinckman and Olson {11, 12) recently described the chemical
brinciples involved in bioleaching. Microorganisms interact with metals
to éhange their chemical state for a number of reasons: (1) to derive
energy, {2) to detoxify a metal, and (3) to use the metal as a metabolic
building block. These biotransformation reactions occur at three types
of sites: (1) inside the microbe cell (endocellular), {2) at or near the
cell surface {pericellular), and (3) outside the cell (exocellular).

Ehrlich reviewed advances in microbioloegical Tleaching of ores {13,
14). The United States minerals industry has successfully used microbes
for heap and dump leaching of low grade copper, uranium from some
uraniferous ores, and beneficiation of auriferous pyrite/arsenopyrite
ores. Ehrlich anticipates more commercial applications using mineral-
microbe systems and proposes the use of mixed cultures to enhance
recovery of all commodities of commercial value for a given ore.

Related to in situ leach mining, Johnson and coworkers reported 60-
90 % copper recoveries for column leaching of three chalcocite ores

using H,S0, and T. ferrooxidans versus 2-25 % with only sulfuric acid

(15).
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**%  BACKGROUND
OVERVIEW OF MINERAL DISSOLUTION PROCESSES

Drever (16) presents an overview of mineral dissolution processes
important to lixiviant optimization. Figure 1, adapted from Drever
(16), depicts the processes governing the rate of mineral dissclution:

1. Bulk solution transport of the lixiviant toward and

reaction produﬁts away from the mineral

2. Surface product 1ayer transport of the lixiviant toward

| and reaction products away from the mineral

3. Chemical reactions at the mineral surface

Underground flow of both native groundwater and lixiviants pumped
into an ore body is_laminar. Therefore, near solution-mineral
interfaces, transport of solution molecules to and from the mineral
surface is controlied by a Fick’s diffusion mechanism. As some parts of
a heterogeneous ore surface are dissolved, the remaining ore matrix will
become a porous nonreactive {or slowly reactive) layer called a surface
ﬁroduct layer. For example, in the dissolution of the copper silicate
mineral, chrysocolla, with H,S0,, an unreacted silicate lattice remains
as copper is leached from the mineral (17). It follows that diffusion
through a surface product layer like the silicate lattice in partially
Teached chrysocolla would be different than diffusion through the bulk
solution.

Actual contact between solution species and the unreacted mineral
surface can result in a number of types of chemical reactions (table 1)
including physical adsorption, chemisorption or surface complexation,

dissolution, precipitation, oxidation-reduction, and biochemical
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processes. It should be noted that at any given time there could be a
number of different and competing surface chemical reactions occurring.
For example, the overall reaction sequence for manganese mineral
dissolution involves adsorption, chemisorption, and oxidation-reduction
reactions.

Geochemical heterogeneous reactions, including mineral dissolution,
can generally be classified as either (1) transport (diffusion) rate-

" limited or (2) surface chemical reaction rate-limited. In some cases,
however, the transport rates are nearly equal to the surface reaction
rates. In these cases, both transport and surface reactions control the
rate of dissolution.

The solution transport processes and chemical reactions at the
mineral surface demonstrafe the interrelation between
geocharacterization and geochemical characterization during selection
and optimization of prospective lixiviant-ore systems. Geologic
chafacterization involves geologic compositional and structural
assessment of the 6re body to estimate rates of lixiviant contact with
target minerals (i.e. transport processes). Geochemical
characterization invo]vés assessment of the mechanisms and rates of
surface chemical reactions of both target and gangué minerals (i.e.
chemical reaction processes). Both geologic characterization and
geochemical characterization therefore are needed to fully optimize the
prospective lixiviant-ore system for in situ leach mining.

In this report, the mechanisms and rates of key manganese and gangue

mineral dissolution reactions will be investigated.
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COMPOSITION AND STRUCTURE OF KEY MANGANESE MINERALS

In order to determine the chemical reaction kinetics of manganese
ore dissolution reactions, it is necessary to know the composition and
structure of key manganese minerals. As with previous applications of
in situ leach mining technology, the composition and the structure of
the target mineral (i.e. manganese) and the associated gangue will have
to be determined for the specific ore body being evaluated for mining.

A compfehensive discussion of worldwide manganese deposits,'inc1uding
.U.S. deposits, is presented by Roy (19).

Potter and coworkers (18) reported six U.S. locations with
significant low grade manganese ore deposits. These are listed in table
2. Pahiman and Khalafalla (8) reported on SO, leaching of manganese
ores, including a number of samples from the above six deposits. Table
3 is a reproduction of table 1 from PahIman and Khalafalla’s report. In
addition to manganese mineralogy, table 3 lists the principal gangue
mineralogy. Gangue minerals competition with commodity minerals is an
important consideration during in situ leach mining optimization.
Oxides are the most commen and abundant mineralegy for the U.S.
manganése ore deposits, followed by carbonates and silicates. Table 4
summarize; the composition and structure for the key manganese minerals
found in U.S. manganese ore deposits, including the valence and
coordination number of hanganese metal centers.

It has been estimated that approximately 46% of the total U.S.
manganese ore reserves are located in the Cuyuna North Range of east-
central Minnesota. Four manganese minerals have been found to be

predominant in this large low grade manganese ore deposit, and the
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compositioné] formulae; the crystal structure, oxidation state of
manganese centers, and the coordination number of the manganese centers
of these manganese minerals have been listed in table 5. Pyrolusite and
manganite are the most abundant manganese oxides on the Cuyuna Range,
'wh11e rhodochrosite is also quite common. Chief gangue minerals include
.an Fe®* silicate called acmite or aegirine, which has the compositional
Formuia NaFeSiZOG;'chert, and hematite.

From a geochemical kinetics perspective, there are several
observations to be made from the data in table 4. First, these minerals
'haﬁe manganése centers with a range of oxidation states (4+, 3+, 2+).
The charge on a manganese center significantly affects the chemical
stabi]ity and disso]ution reactivity of the mineral. Second, manganese
centers usually have a bonding coordination number of six, indicating
the octahedral bonding symmetry common to manganese ions in solution.
Third, oxygen is the most common element bonded to manganese. Fourth,
the structural differences of manganese minerals do vary enough to
possibly affect dissolution reactivity. For example, the basic unit for
pyrolusite, [Mn*'0,], and for manganite, [Ma®*(0,0H),], form relatively
tight chain structures, whereas romanechite consists of triple chains of
[Mn“OS] units that form open tunnels (20). This means that more
romanechite Mn sites may be available for dissolution by lixiviant than
pyrolusite or manganite manganese sites.

PREVIOUS RESEARCH ON MANGANESE ORE DISSOLUTION

Much research has been reported on the dissolution of manganese ores

and single manganese minerals. The work reviewed is only that which

pertains directly to mining or minerals processing.
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Selective Oxide Dissolution with Dissolved S0,

One lixiviant, sulfur dioxide (SQ,}, has been extensively
investigated since it is capable of rapidly dissolving acid resistant
manganese oxides such as pyrolusite. S0, bubbled into water forms an
acidic solution originally called “sulfurous acid”. In fact, earlier
work centered on the preparation of sulfur oxide acids using Mn0,
suspensions. The first published report was the preparation of
dithionic acid (H,5,0;) by Gay-Lussac and Welter (21). The first
detailed investigation of SO, and manganese oxide chemistry was reported
by Meyer and Schramm (22), who found that manganous sulfate (MnSO,) and
manganous dithionate (Mn$,0;) were formed.

The Bureau has a long involvement in the processing of low-grade
manganese ores with SO, solutions. The early Bureau work was reviewed
in a Bureau Information Circular by Dean, Leaver, and Joseph (23), which _
detailed hydrometallurgical processes using SOé‘

Wyman and Ravitz (24) discussed the selective nature of SO, leaching
for manganese over iren and other gangue in domestic ores, They
determined the composition of the final leachates and did not construct
detailed composition vs. time (or S0, amount) leaching curves.

Importaht progress in understanding the chemistry of S0, and
manganese oxides was reparted by Bassett and Parker (25), who conducted
anaerobic batch leaching experiments with S0, and a variety of manganese
salts. By measuring reaction products at the end of the experiment,
they theorized that two separate mechanisms were responsible for
formation of S0,” and S,0,". MnSQ, was formed by oxide surface reactions

involving a single 2-electron transfer to form S0,” at the mineral
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surface. The §,0,” was formed by two separate l-electron transfer
reactions, which could include an intermediate Mn3* complex. Since the
percentages of 5,0, and SO,” varied with the structure of the manganese
oxide mineral, thgy deduced that the oxidation of sulfurous acid must be
occurring at the mineral surface and not in solution. They did not have
tHe experimental means to confirm their conclusions.

Later work by Higginson and Marshall (26) supported Bassett and
Parker. Using a number of different oxidants in solution, they found 1-
electron transfer oxidants {(e.g. Fe, Co®) produced S,05 while 2-
electron transfer oxidants (e.g. 10,7, H,0,) produced S0,”. Their
explanation for these results was that l-e]éctron transfer produces an
intermediate free radical, *S0,” , which dimerizes to form S,06 -

Back, Ravitz, and Tame (27) reported SO, processing of MnO, ores
under aerobic conditions. They observed decreased Szos= formation with
lowered pH and increased agitation (i.e. increased solution |
oxygeﬁation). For example, only 3 % S,0,” was formed at pH 0.75 vs. 8 %
at pH 1.90 for well agitated systems. This work was part of the
research for the “dithionate process” that was deveioped by the Bureau
for processing low-grade manganese dioxide ores.

Herring and Ravitz (28) reported the first actual reaction rate data
for anaerobic SO, - manganese dioxide reactions. By then the chemical
behavior of SO, gas bubbled into water was better characterized.
Specifically, SO, gas molecules are not strongly hydrolyzed and remain
as separate molecular species at low pH. As the pH is raised, bisulfite
(HSO,") is first formed and then sulfite (S0,”) begins to form:

S0, + H,0 = H" + HSO;” = SO0;° + 2H"
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For example, at pH 1.0 approximately 85 % of SO, bubbled into water
remains as S0, with the rest becoming HSO,”. However, at pH 4.0 only
- 0.5 % remains as S0, while 99.5 % becomes HSQ, .

Herring and Ravitz found that the rate of manganese dioxide
reductive dissolution was faster at lower pH values, for example, 7.6
micromole min™ (em®)™ at pH 1.82 vs. 80.4 micromole min’} (cmz)'1 at
pH 1.09. These resu1ts indicated that manganese dissolution was
approximately 10 times faster for S0, than for HSG,” . The reaction
rates were also faster with increasing stirring rate, indicating a
transport-controlled reaction. This was confirmed by a low apparent
activation energy of 4.5 + 0.2 kcal mole™l.

A number of researchers have since reported work to further optimize
the mineral processing of manganese oxides, particularly pyrolusite,
with dissolved SO, solutions {29-35). Some of these reports
investigated the mechanism and rate of manganese oxide disso]utiong
i.e., the geochemistry of the process.

Henn, Kirby, and Norman (29) reviewed the 10 major processes for
manganese ore wﬁich employed SO,. Nine of the processes used $0,, HZSOA;
or a combination of S0, and H,S0,. The tenth process used a SO, roast at
600° to 850° C before a water leach.

Miller and Wan (31) reported work devoted to the kinetics of
reductive dissolution of electrolytic MnO, and pyrolusite. They
concluded that the leaching process was rate-limited by a mineral
surface reduction reaction obeying the following rate law:

Rate = d(Mn0,)/dt = Kk K% A, [S0,]ipeat’® ([HI/[HT + K, )05

where Kk = heterogeneous rate constant
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K

]

equilibrium constant for S0, + H,0 = H" + HS0,"

a

A

c active surface area of MnO2 mineral

In contrast to Herring and Ravitz (28), Miller and Wan calculated an
apparent activation energy of 8.6 kcal mole™! and found no change in
rate constants with changes in stirring rate. They cited the latter as
evidence that dissolution is controlled by the mineral surface chemical
reaction. One explanation for these different conclusions may be found
in the difference in experimenté] conditions used by the two research
teams. One significant difference was the geometry of manganese samples.
Herring and Ravitz (28) mounted electrolftic MnO, in Tucite creating a
flat plane of reactive mineral sites, whereas Miller and Wan used
suspended -25, +48 mesh particles.

In an effort to clarify the mechanism; Asai, Hegi, and Konishi (33)
reported an chemical engineering study of an aerobic packed bed of MnO,
leached with S0, and H,S0,. Their experimental mass transfer
coefficients for SO, correctly solved the mass transfer equation for
diffusion-controlled transport‘in a packed bed. Therefore, the surface
1éach1ng reaction was not rate-limiting. They reported increased S,04 |
formation with increased S0, concentration and increased lixiviant flow
rate through the column. They also found predominant formation of MnSO,
with large concentrations of SO, in the reactor.

Dixit and Raisoni have reported their work in two recent reports.

In the first report {34), they demonstrated that sufficiently high
concentrations of dissolved 0, will suppress the reductive dissolution
of Mn0, with S0,. Viewed from a geochemical perspective, this is a

reminder that reductive dissolution of MnO2 does require an overall
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reducing solution environment, i.e. a low Eh value. In their second
report (35), dissolution rates of MnQ, fit the metallurgical equation
for diffusion-controlled release of Mn?* through an unreacted product
layer:

Dissolution Rate = kt=1-2/3a- (1 - a)??
where k = rate constant |

t time

a fraction.manganese leached

In addition to the research on the use of SO, for manganese oxide
processing, important work has also been reported on the dissolution of
ferromanganese nodules with S0,. In 1978 Lee and coworkers (36)
investigated the effects of water, 50,, and température on the
dissolution of Pacific Ocean nodules. The amount of $,0," vs. S0,°
formed during reductive dissolution decreased with increased 0,
conéentration and temperature (table 6).

In 1981 Khallafalla and Pahlman (7) reported an important Bureau
study that demonstrated the use of S0, for sé]ective extraction of
critical and stfategic metals (i.e. Mn, Co, Ni) from Pacific
ferromangaﬁese modules. For a series of batch leaching experiments,
they observed that increasing molar ratios of SO, in the lixiviant to
grams of nodules leached résu]ted in a reproducible sequence of
different metals being preferentially leached:

Mn > Ni > Co > Fe, Al, Cu

first Tast

Figure 2, reproduced with permission of the authors, shows their

results and demonstrates the dramatic selective preference of S0, for
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Mn, then Ni and Co. Fe, Al, and Cu were leached only after most of the
Mn, Ni, and Co had been leached. Khalafalla and Pahlman used a SO,
complexation reaction mechanistic theory to explain the selectivity of
S0, for manganese oxide nodule sites. First, the Mn'* metal centers in
the Mn0, lattices are reduced by SO, to Mn®" or Mn®". Then, other SO,
molecules act as Lewis acids and exchange with the protons of exposed
oxygens that have been protonated:

| Mn(OH), + 2S0, - Mn(O-SOz)zz' + 2H

They proposed that additional work be conducted to clarify and
confirm the proposed mechanisms. If SO, complexation of reduced metal
centers enhances dissolution of the mineral lattice, then perhaps the
speed and selectivity of SO, demonstrated above can be related to the
relative complexation kinetics of S0, with Mn, Ni, Co, and gangue metal
centers. In other words, a detailed study of the basic inorganic
chemical kinetics of SO, complexation with transition metals may provide
a logical explanation of the selective leaching properties of dissolved
S0,.

Of the many excellent research reports dealing with the rapid 50,
dissolution of manganese ores, the 1988 report by Pahlman and
Khallafalla (8) may be the most relevant to in situ leach mining. In
that report, they presented very encouraging new results from batch and
column leaching experiments of 25 U.S. manganese ores exposed to 5 wt %
S0, solutions. First, they were able to achieve typically greater than
90% Mn recoveries while solubilizing less than 3% of Fe from hematite
(Fe,0;), a key gangue mineral. Less abundant Fe carbonate (siderite)

and hydroxide (goethite) readily dissolved in SO, solution. Second, at
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Tow SO, application rates (1 mL/min) to the column, calcite (CaCO,)
solubilization was minimized by formation of an insoluble CaS0, outer
layer, stopping further leaching of CaC0O;. Lastly and very importantly,
the slow application of S0, lixiviant was still able to leach Mn in ore
with lTow permeabilities (10'2 to 1074 darcy). This result strongly
sdpports the argument that rapid leaching of Mn minerals in the ores
open more ﬁhanne]s for lixiviant penetration further into the ore body,
hence geochemically-induced permeability.
In summary, several significant conclusions can be drawn from past
reseérch:
1. Aquéous SO, is a rapid and efficient lixiviant for
manganese minerals, particularly manganese oxides.
2. S0, will preferentially select manganese oxides for
dissolution before oxides of cobalt, nickel, iron, and
other abundant transition metals in ocean noduies and
domestic low-grade manganese ore.
3. S0, leaching is less rapid for Mn carbonates and
silicates.
4. Solution leaching of manganese cores has long been
studied, primarily from a mineral processing point of
view.
5. The Mn-S0, Teaching reaction mechanism and rates have
been 1ittle studied in a geochemical setting. For
example, why are Mn** oxides more easily leached than

Mn** oxides, carbonates, and silicates?
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In order to optimize an SO, lixiviant system for in situ leach
mining applications, it will be necessary to know the intrinsic
dissolution kinetics of key manganese and gangue minerals. This can be
accomplished by (1) building on the previous research knowledge, (2)
applying recent mineral dissolution models, and (3) conducting detailed
kinetics experiments under simulated in situ leach mining conditions.

Other Lixiviants for Manganese Ore Dissolution

In addition to the extensive research performed on S0, leaching of -
manganese oxides, a number of other chemical lixiviants, generally
strong reductants, have been used to leach manganese minerals. Some of
these valuable metaTIurgica] reductants may be adaptable to an in situ
leach mining process.

Warren and Devuysst (37) reported hydrazine hydrate (N,H,.H,0)
extracted 90% of Mn from minus 65, plus 150 mesh pyrolusite in one hour.
Hydrazine hydrate is a strong reductant but its high cost at the time
prevented its consideraticn for commercial use.

Malati, Rophael, and Bhayat (38) used N,H,.H,0, followed by
pyrophosphate (H,P,0,), to reduce electrolytic y-Mn0, and B-Mn0,. They
also reported that the reduction product of the Mn oxides with N,H,"H.0
was Mn*'O0H,

Following substantial research on manganese nodule dissolution with
mineral acids, Han and Fuerstenau (39) performed leaching experiments on
-48 mesh nodule particles using S0, and hydroxylamine hydrochloride (
(NH;0H)CT ) solutions. For their experimental conditions, (NH,0H)C1 was

more effective ( 100% vs. 80% Mn®' recovery) and more rapid in reaching



27
steady state leaching ( < 60 min. vs. 90 min.) than SO,. Once again,
the high cost of (NH,0H)C1 has discouraged its commercial use.

After investigating a number of strong reducing agents, Usatenko and
Ryl’kova (40) reported that potassium iodide (KI) was the most effective
reductant for pyrolusite and romanechite in manganese ores. Using 20
wt. % KI in 0.3-0.4 M acetic acid, they dissolved 96 to 99 % of the
pyrolusite and romanechite present. They also suppressed reduction of
manganite by adding EDTA to prevent the further reduction of Mn®' metal
centers in manganite to water-soluble MnZ*,

Dresler (41) reported very rapid leaching of y-MnGQ, with nitrous
acid (HNO,) solutions. Since his stirred reaction cell was similar to
Herring and Ravitz’s S0, leaching cell for y-Mn0, (28), Dresler compared

overall leaching rates between his HNO, work and their SO, research.

The overall Teaching rates for HNO, were reported to be “slightly higher

than those in sulfurous acid”. It should be noted that the NO,” has the
same electron configuration as $0,. Therefore, HNO, could be a
promising potential lixiviant for in situ leach mining if the costs to
produce nitrous acid were reasonable and no environmental problems werev
introduced.

Recently, Dobos (42) reported the effective use of a strong-acid
cation exchange resin to accelerate and recover metal carbonates
including rhodochrosite (MnCO;) during acid leaching. The resin was
added to a sulfuric acid suspension containing 19 wi. % manganese ores.
Optimization of the process was performed for such variables as
temperature, pH, and supporting electrolyte (i.e. NaCl). Kinetic data

were presented.
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**%  USE OF GEQOCHEMICAL CHARACTERIZATION FOR LIXIVIANT SELECTION

Having reviewed (1) the state of knowledge for in situ leach mining
lixiviant for manganese, and (2) the mineralogy of key manganese
minerals, a question‘f011ows: How does one develop a lixiviant for
underground use that will selectively dissolve manganese minerals while
leaving gangue in place.

An approach io development of selective lixiviants will now be

presented that centers on the geology and geochemistry of target ore

bodies., It will be called geochemical characterization to emphasize its
close.re1atidnship to geologic characterizatiaon. Geochemicq]
characterization (figure 3) is an interactive Jab experimentation and
geochemical modeling process that begins with ore petrology, proceeds
through basic mineral geochemistry, and concludes with generation of in
situ leach mining design parameters.

This report will focus on two theoretical evaluation approaches to
lixiviant selection and optimization, one based on thermodynamic
considerations and one based on kinetic considerations. Both the
thermodynamic and kinetics approaches are molecular views of the
geochemical reactions occurring at the Jlixiviant-mineral interfaces.

To more efficiently conduct the thermodynamic and kinetic
evaluations, it is helpful to simpiify the mineral dissolution process
by initially separating solution transport effects from the mineral
surface reactions. Then experiments can be done to verify the
theoretical predictions and to measure intrinsic (i.e. without transport

effects) geochemical leaching rates.
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Furthermore, separation of geochemical reactions from transport
effects is reasonable since the selectivity of a lixiviant is more
related to its geochemical reactivity with mineral surfaces than its
transport properties in an ore body. This assertion is based on the
fact that when the lixiviant contacts an ore surface, dissolution

selectivity will be based on both (1) the thermodynamic tendency of

commddity and.gangue Teaching reactions to occur and (2) the relative

rates of these competing geochemical leaching reactions. It follows

that selection and optimization of 1ixiviaﬁts,for a given manganese gre
body fequires-an in-depth knowledge of the geochemistry of the key

| manganese minerals and‘gangue present.

To illustrate the potential value of geochemical characterization, a
fhermodynamic and chemical Kkinetic approach will now be used to evaluate
the results for batch leaching of U.S. manganese ores with 6.4 wt % SO,
at pH 1.1 (Pahiman and Khalafalla (g)). At pH 1.1, approximately 82
mole % of the S is present as SO, with the remainder as HSO, . Batch
tests were selected for this geochemical characterization because the
small size of the ore particles (< 0.841 mm) largely eliminate transport
effects. Also, the high SO, concentration (6.4 wt %) simplified
interpretation since the lixiviant was in large excess compared to the
amount of ore particles. Therefore, batch tests represent experimental
cases where leaching rates at the mineral-lixiviant interface dictate
the extraction efficiency for different manganese ores.

Table 7 summarizes the extracticn efficiencies for Mn, Ca, and Fe in

batch leaching of manganese ores containing one or two of the seven key
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manganese minerals found in U.S. manganese ore reserves (table 4). The
fo]]owing data represent a broad treatment of the data reported by
PahTman and Khalafalla since the averaged values represent efficiency
avérages from different ore bodies.

The first key observaticn from the batch leaching data is the wide

~variation in leaching efficiency among the manganese minerals:

pyrolusite (8-Mn*'0,), romanechite (Ba(OH)Mn"*Mn**,0,;) 95 %
hausmannite (MnZ*Mn®',0,), braunite (Mn®,0,),MnZ'Si0,) 79 %
rhodochrosite (Mn®*C0,) 67 %
manganite {y-Mn>*00H) 59 %

Rhodonite (ManiO3) was not measurably leached during the 30-minute
experiments. This observation leads to the first question to be
éﬁswered for Tixiviant selectivity and optimization: Nhét is a
geochemical explanation for leaching efficiency differences among the
manganese minerals?

The second observation is that Ca was significantly leached in many
of the samples, regardiless of the manganese mineralogy. This
observation leads to the second question to be answered for lixiviant
se}ectivity and optimization: What can be done to minimize leaching of
Ca during Mn mineral leaching?

The third observation is that Mn was preferentially leached with
respect to Fe for all manganese mineral sample types but rhodonite.
This observation Teads tb the third question to be answered for
lixiviant selectivity and optimization: What can be done to minimize

leaching of Fe during Mn mineral leaching?
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THERMODYNAMIC EVALUATION: SO, LEACHING OF MANGANESE ORES
Manganese Minerals
Thermodynamic evaluation with respect to manganese minerais is based
on the following hypothesis:
Optimization and selectivity during leaching of manganese ores
is based on rapid establishment of thermodynamic equilibria or
steady state (fof irreversible reactions) for the major 1eacﬁing
reactions. |
The thermodynamic approach begins with seiection of the most
probable chemical reaction that describes dissolution of both mangaﬁese
. and gangue minerals. Then Gibbs standard free energy ( AG®° )} is
calcu]qted for each reaction (45). The experimental conditions for the
work of Pahlman and Khalafalla were close to standard conditions (i.e.
25°t and 1 atm). If the abqve hypothesis is correct, then those
reactions with the most negative free energy will release the most Mn,
Ca, or Fe dissolution products into solution.
fable 8 shows such a thermodynamic evaluatipn for leaching of the
seven key Mn minerals in 6.4 wt % SO, lixiviant at pH 1.1. The Mn
mineral reaétions are listed in descending order of experimental
1éaching effitiency. The probable overall dissolution reactions were
selected from the literature and from the knowledge that Mn®* is the
only oxidation state of manganese that is both soluble and
thermodynamically stabie in water. Although Mn** is soluble, it will
slowly disproportionates in acidic water to form Mn?" and insoluble Mn0,
(45) : |

2Mn®* + 2H,0 = 2Mn®* + MnO,(s) + 4H"
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The probable reaction equations also include the oxidation state of Mn
metal centers in the minerals. Note that most of the manganese in these
minerals exist as +4 and +3 centers bonded to six oxygen atoms.

This Teads to the first observation that most manganese mineral
leaching reactions must involve reduction of Mn centers to
thermodynamically stable Mn?*. This means that of the three S species
that comprise the 502 eqﬁi1ibrium in water (SO, + H,0 = H" + HSO;” = 2H",
+ 50;7), SO, is the most important since it is a reductant. Both HSO,
and $0,” are oxidants.

The second observation regarding table 8 is that most of the
manganese minerals leaching reactions have negative AG® values and are
favored to occur in SO, solutions at experimental conditions.
Interestingly, even though the leaching reaction for rhodochrosite with
‘H" ions was the Teast favored thermodynamically (AG® = 0), Mn®* was
readily releaséd into the pH 1 S0, Tixiviant.

The third observation relates to the previous optimization question
concerning the difference in Mn extraction efficiencies among the seven
manganese minerals. The thermodynamic data in table 8 are listed by
mineral in their descending extraction efficiency as found by Pahlman
and Khalafalla (8). If the batch Teaching'reaétions were all at
equilibria, then the AG® values should be less negative in reading down
the table. Such a correlation is only partially demonstrated. The ;209
kd/mole AG® for pyrolusite and romanechite reductive dissolution to form
50,” and Mn®* is the most negative value. However, differences in Mn
extraction efficiencies among the other five manganese minerals cannot

be clearly explained by this thermodynamic evaluation. The AG® values
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for hausmannite (-110 kJ/mole), braunite Mn,0, sites (-131 kd/mole), and
manganite (-132 kJ/mole} are all approximately the same.
Thermodynamically, rhodochrosite is the least favored manganese mineral
for leaching but Mn was readily extracted from it (67% average).
Likewise, the rhodonite leaching reaction had a negative AG® (-67
kdJ/mole) but was not leached in measurable amounts during the 30 minute
experiments.

Two possible explanations are offered for these observations.
First, the important hypothesis that thermodynamic equilibria or steady

“state is attained may not be valid for these experiments as some or all
of the manganese leaching reactions were too slow to reach equilibrium
and attain maximum leaching rates. This would explain why manganite,
with a more negative AG®° than hausmannite, would not leach as rapidly
during the batch Teaching experiments. The intrinsic rate of manganite
leaching was simply much slower than the rate for hausmannite.

Second, some of the probable overall leaching reactions proposed in
table 8 may not be those which are actualily occurring, despite their
reasonaﬁieness for these experimental conditions. This is certainly
possible and highlights the Timitations of the knowledge about Teaching
kinetics for many of the major manganese minerals. Asldiscussed in the
BACKGROUND section, most previous S0, leaching research has been

2, 24, 25, 28, 31,

restricted to pyroiusite and other forms of Mn0O, (
33, 35). The basic kinetics information, including overall Teaching

reactions, is simply not yet available for all the key manganese

minerals in U.S. ores.
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Based on the comparisons between leaching efficiencies (table 7) and
the thermodynamic evaluation of probable leaching reactions (table 8},
several conclusions can be reached:
1. Most manganese minerals are thermodynamically favored for leaching
in high S0,, Tow pH lixiviants.

; 2. Since only Mn® is stable and soluble in water, manganese oxides
must undergo a reduction reaction as part of leaching. S0, has
been shown to be a very effective reductant for this purpose.

3. In this 30 minute bafch leaching experiment, some of the manganese

leaching reactions were toc slow to reach equilibrium.
4. More basic research isrneeded to determine overall reaction
formulae for most of the seven key manganese minerals.
Therefore, it is concluded, that both thermodynamic and kinetic
(leaching speed) factors goverh the relative differences in leaching
efficiencies among the seven manganese minerals.
Gangue Minerals

Thermodynamic evaluation can also be used to assess the relative
tendency of key gangue minerals to be Teached by 6.4 wt % SO, at pH I.
This evaluation is found in table 9. Not surprisingly, quartz is not
favored to leach. According to free energies for overall reaction
equations, calcite is only slightly favored for leaching in acidic
lixiviants as are hematite and geothite. Siderite was not
thermodynamically favored for leaching.

One surprising observation from table 9 is that none of the gangue.
leaching reactions are strongly favored according to thermodynamics.
The AG® values for two of the three favored reactions { -36, -5, and -2

kJ/mole) are an order of magnitude less negative than AG® values for the
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manganese minerals. This certainly supports the experimental
observation that Mn leaching was more efficient than Fe leaching.
Despite the higher thermodynamic tendency for leaching manganese oxides
compared to calcite, a majority of total Ca was released during the
experiments. This indicates that calcite leaching is fast.

Since release of both Fe®* and Ca® results from H* - driven leaching
-reactions, one obvious way to minimize these unwanted gangue reactions
is tb operate at the highest possible pH that will permit satisfactory
SO2 leaching of the manganese minerals. When only manganese oxides are
present, it may be possible to operate at pH 2-3 to suppress calcite and
Fe mineral leaching but still have SO, reductive dissolution for Mn®*,

In summary, this simple thermodynamic evaluation of S0, leaching of
U.S. manganese ores has been a useful beginning to lixiviant
optimization. Since most manganese nminerals require reduction of metal
centers to Mn%", S0, is the S species of interest. Most key manganese'
minerals found in the éignificant U.S. deposits of manganese are
thermodynamicaily favored for leaching. However, the incomplete
correlation between Gibbs standard free energies and the leaching
efficiencies of the seven key mariganese minerals (table 7 and 8)
strongly suggests that leaching was not a complete thermodynamic
equilibrium. This suggests that a study of SO, - manganese mineral
geochemical kinetics would further assist lixiviant optimization.

KINETIC EVALUATION: SO, LEACHING OF MANGANESE ORES

Overview of Chemical Kinetics

Chemical kinetics is the study of the rate and stepwise sequence of

reaction steps for a given chemical reaction represented by its
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stoichiometric overall equation. This stepwise sequence of elementary
reactions is‘ca]1ed the mechanism of the‘reaction.

Kinetic evaluation of SO, Teaching of manganese ores uses a
different hypothesis than thermodynamic evaluation:
Optimization and selectivity during leaching of manganese ores

is based on the relative rates of competing leaching reactions

of the individual manganese and gangue minerals.

It was reasonable to begih lixiviant optimization by hypothesizing
that a given lixiviant-ore leaching process rapidly reaches equilibrium
or steady state. This is the simplest geochemical leaching process to
evaluate and some natural geochemical systems do reach equilibria or
steady state if the residence times are long enough {46). In fact, ohe
can view equi]ibrium.or steady state as a limiting case of geochemical
leaching kinetics where the important reaﬁtions are rapid enough to
result in constant solution concentrations of reaction products.

- During the last three decades substantial progress has been made in
understanding gecchemical and natural wéters thermodynamics. For water
systems, reasonably accurate equilibrium models have been created for
predicting the chemical forms (i.e. speciation) of elements given pH,
Eh, ionic strength, and total concentrations of cations and anions (47).

In this decade, evidence has appeared suggesting that many
geochemical processes, including mineral dissolution, may not always be
at equilibria or steady-state (46, 48, 49, 50, 51). Correspondingly,
research efforts are accelerating in the field of geochemical kinetics.
The interest in geochemical kinetics was underscored at a recent

workshop on metal speciation and transport in groundwater by the

following appeal made by James J. Morgan (48):
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”In brief, the ground of speciation research and applications is

necessarily shifting from dC./dt = 0 as paradigm, to dC,/dt =

Rij for all processes affecting the concentrations of metals

(and neighboring non-metals of the periodic table} in aquatic

systems. The notion of speciation itself must be seen as

extending to solids and surfaces, as well as aqueous solutions.”

Kinetic evaluation of a geochemical reaction, such as mineral
leaching, requires a more intimate knowledge of the reaction and much
more experimental data than that required for a thermodynamic evaluation

(61, 52). Kinetic information is summarized in the rate equation. For

example, given the irreversible overall reaction aA + bB = cC, the rate
equation would be of the following form:

-1 d[A] = -1d[B] =1d[C] = k[AI"[B]"[C]"
a dt b dt c dt

~ where "k” is the rate constant at some experimental temperature. The
concentrations (i.e. [A], [B], [C] ) are for reaction time, t. Each
exponent (m, n, o) may be positive or negative, integer or fraction, or
zero. When a reactant or product is not part of the experimentally
determined rate equation, its exponent is 0 and its concentration term

drops out. The sum of the exponents is the reaction order for the

reaction.

Intuitively, the reaction rate would depend on the concentrations of
the reactants {(i.e. A and/or B) but not the product C. While frequently
true, there are documented cases where the rate equation does depend on

products. For example, the rate equation for ozone (Q0,) conversion to
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oxygen is the following (p. 8 of 51):

20, = 30,  1d[0,] = -1d[0,] = k[0;]° [0,]"
3 dt 2 dt

Oxygen is part of the rate equation because it is part of the mechanism:
0, = 0,+0 Fast, reversible
0+0, =20, Slow, rate-limiting

How can the rate equation and the mechanism be determined? These
afe determined thfougﬁ (1) mechanism modeling, 2) theoretical prediction
of relative reaction rates, {3) detailed rate experimentation, and (4)
measurement of reaction intermediate compounds. Kinetic experimentation
will not be discussed in this report.

The important point to remember is that the rate equation cannot bé
predicted from the overall chemical equations used for thermodynamic
evaluations. For example, the following acid dissolution of Co(NH3)6:3+
is strongly favored but requires heat and many hours to see the cobalt
chloro complex:

Co(NH,) > + H" + C17 = Co(NH,)C1%* + NH,*
The primary reason for this is that the overall rate of a chemical
reaction is determined by the rate-limiting elementary reaction step in
a sequence that is only summarized by tﬁe overall reaction equation. By
comparison, a thermodynamic evaluaticn only concerns the overall
reaction, which only concerns the energy states of the reactants and
products. Perhaps the most challenging task of a geochemical kinetic
study is the determination of these mechanisms. A kineticist must be
concerned with (1) all the elementary steps between reactants and

products, (2) their relative rates, and (3) certainly the rate of the
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- rate-limiting step (i.e. slowest for sequential step mechanisms and
fastest for parallel step mechanisms).

Fortunately, one can refer to prior research in which individual
reactions, representative of a class of similar reactions, can be
generalized into a mechanism model for untested reactions in that class.
In the next section, current mechanistic models for mineral leaching
will be reviewed. One important premise in kinetics is that the rate
~for each elementary reaction is only pfoportiona] to the concentrations
of all reactants for that specific elementary reaction.

Activated Complex Theory

Additional insight and information regarding a geochemical-reactibn
can be obtained through application of the familiar activated complex
theory or trénsition state theory of chemical Kinetics (53, 54). The
theory is basea on thfee postulates:

1. A metastable ”activated complex” is formed from reactants that
possesses a higher potential energy than either reactants or
reaction products.

2. The number of activated complexes is in statistical equilibrium
with the reactants.

3. The reaction rate equals the concentratiogn of the activated
complexes times the decomposition rate of the activated complex.

Figure 4 gives a representation of some of these activated complex
theory postulates in the form of a potential energy vs. reaction
coordinate diagram for a transition metal Iigand.substitution proceeding
by a dissociative mechanism ([MX]"" + Y~ = MY). The activated complex

theory can be expressed in terms of stable chemical reactants as follows:
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rate = v[M'] = k' [MX][Y]
where ¥ = decomposition rate of activated complex
[M*] = concentration of the metal activated complex, [M(HZO)S}”'1
K" = reaction rate constant
[Y] = concentration of entering ligand Y~
_[MX] = concentration of original metal complex, [M(HZO)SX]n+
The ratelconstant, k*,‘can be related to thermodynamic parameters of the

activated complex:

k* = B(T) e‘AS’*/R e-AH+/RT

where B(T) = term dependent on absolute temperature

A5+ — entropy of activation
4% = enthalpy of activation
R = gas constant
T = absolute temperature

It is useful to compare kK" with the Arrhenius equation, which was
derived in 1889 to explain the experimentally observed temperature
dependence of chemical reaction rate constants, k:

k = A g Ea/RT
where A = Arrhenius constant
| E, = activation energy
First, enthalpy of activation is related to experimental activation
energy for Tiquid phase reactions: AH" = E_ - RT. Second, the

Arrhenius constant is related to both temperature and entropy according

to A = B(T) /",
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A knowledge of the E, of a geochemical reaction can provide useful
clues regarding the mechanism of the reaction as well as its temperature
sensitivity (49). For example, geochemical reactions controlled by
so]utioﬁ diffusion have E, values less than 5 kcal/mote while surface-
controlied feactions have higher values.
In summary, in geochemical kinetic evaluation the following points
are important: | |
1. Kinetics evaluation operates with a different
hypothesis than thermodynamic evaluation -
Optimization and selectivity during leaching are based on

the relative rates of competing leaching reactions in

individual manganese and gangue minerals. By comparison,
thermodynamic evaluation only considers the energy
states of the reactants and products that appear in the
overall reaction equation.

2. Recent work has suggested that many important geochemical
reactions are not at equilibrium or steady-state in normal
geologfc conditions.

3. vKinetic evaluation (rates and mechanisms) of
géochemical reactions is much more complex than
thermodynamic evaluation.

4. A wealth of information can be cbtained about a
geochemical reaction from a kinetic evaluation.

Current Mineral Leaching Models

An essential part of the kinetics evaluation of a geochemical

reaction js determination of the mechanism of the reaction. The
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starting point in this endeavor is the study of previous work on
mechanistic models for related reactions. From the viewpoint of
geochemical characterization it is useful to review current models of
mineral dissolution that emphasize the chemistry at the lixiviant-
mineral interface; that is, a molecular view of chemical bond breaking
énd inorganic solution chemistry. Therefore, the mineral and metal
disso]ution models from the metallurgy discipline will not be discussed
- in detail, but can be studied further by reading the text by Habashi
(55) or other met$11urgy books. |

There are two geochemical Teaching models, drawn from the
theoretical and experimental efforts of two different but related
technical disciplines, that summarize the state-of-knowledge regarding
Minera1rTeaching kinetics: (1) the surface energy model and (2) the
surface coordination model.

Surface Energy Model

The surface energy model for mineral leaching is the general model
fof crystal growth and disselution under natural conditions such as
weathering (17, 58). It was developed toc explain field observations in
mineralogy and to predict future trends. In the surface energy modei,
dissolution preferentially cccurs at those points on the mineral surface
that possess the highest surface energy. Three principle factors
determine surface energy for a point at the mineral surface: (1) the
number of chemical bonds the atoms has with the mineral lattice, (2) the
presence of point defects (i.e. absence of lattice atoms or presence of
impurity atoms), and (3) the presence or absence of crystal dislocation

strain energy at that atom.
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At a given time, a real crystal surface will contain a number of
surface defects such as steps and kinks. For example, lattice atoms
which form steps have two faces exposed to the liquid and one less
chemical bond to the crystal lattice than planar surface atoms. This
means they will possess a higher surface energy than those planar
surface atoms. Atoms at the edge of steps form a kink. They have three
exposéd faces,‘two fewer bonds than surface atoms, and proportionaily
higher surface energy than either surface or step atoms. Figure 5,
adapted from Blum and lLasaga (57) dgpicts these structural features for
an idea]'crysta]. Thermodynamically, dissolution for an ideal crystal
is favored as follows: Kkink > step > surface atoms. In general,
surface defect sites will have higher surface energies than surface atom
sites.r

In addition, crystals are rarely ideally structured. They possess
lattice offsets called dislocations. Dislocations strain the bonds of
the affected atoms, creating highest dislocation strain energy at the
atoms that have bonds.which are strained the most. This dislocation
strain energy adds to the surface energy of any affected surface atoms
and would enhance their thermodynamic tendency toward release (i.e.
dissolution) from the crystal.

Bium and Lasaga have reported an elegant Monte Carlo simulation of
the rates of surface reactions by combining the basic surface energy
model with the activated complex theory (57). They determined crystal
growth or dissolution for various model crystals by randomly selecting
sites and determining the probability of the elementary processes of

precipitation, dissolution, and surface diffusion. In related work,
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Schott and coworkers (58) recently reported that calcite crystals, under
strain to create more dislocations, did dissolve more rapidly than
unstrained crystals.
Surface Coordination Model

The surface coordination model for mineral leaching has its origin
in inorganic coordination chemistry rather than mineralogy. This model
has been 1arge1y devg]uped by Stumm (59) and Morgan (60) and their
respective aquatic chemistry research groups. It is based on the
principle that mineral disso]ution is regulated by formation of specific
coordination complexes at the mineral surface.

Using a surface coordination model, Stumm and coworkers (59) have
treated dissolution of metal oxides and Al silicates like any
heterogeneous chemical reaction mechanism which consists of the four
steps listed in table 10. The most important chemical reactions in this
mechanism are (1) the adsorption of reactant molecules or atoms at the
-highest energy mineral surfacé sites and (2} the detachment of the metal
atoms from the mineral surface. Generally, the rate-limiting step in
this mechanism is considered to be the metal-detachment reaction step.
Adsorption of Reactant Molecules

Initially, adsorption of solution-phase molecules onto mineral
surfaces was treated as a physical adsorption phenomenon characterized
by the electrostatic Gouy-Chapman-Stern model (6l}. Recent mineral
dissolution experimental data, however, shows adsorption to be more
site-selective and thus cannat be explained solely through
electrostatics (62). Instead, the adsorption behavior is explained on

the basis of a variety of reversible chemisorption (i.e. chemical



45" -

bonding) reactions of solution species to specific mineral surface

sites. These specific chemisorption reactions have been treated as a

series of inorganic chemistry reactions. A link with the surface energy

model is that these chemisorption reactions occur more rapidly at

surface defects.

| Experimentation by Stumm and others (63, 64, 59) have revealed two

~ key chemisorption reaction types that affect metal oxide and Al silicate

~ dissolution:

1. Reversible H® bonding at 02" sites to form OH™ and H,0, thereby
weakenjng metal-oxygen bonds.

2. Coordinate covalent bonding of OH™ and other Lewis base ligands at
metal bonding sites, to the extent of replacing weakened metal-
oxygen bonds.

Detachment of Metal Species

Detachment occurs when adsorption-altered surface metal atoms have
enough weakened metal-oxygen bonds to permit metal release into the
solution. Such a phenomenon is termed proton-promoted or ligand-

promoted dissolution.

As an example of ligand-promoted dissolution, Furrer and Stumm (83)

~showed the variations in dissolution rates of 6-A1,0; (Kyy5,n) for two
structurally homologous ligand series:

1. k

oxalate > kmalonate > ksuccinate

2. > k > k

ksa}icy1ate phthalate benzoate

They proposed a three-step reaction mechanism for these reactions which
is summarized in figure 6, adapted from Furrer and Stumm (63). First,

there is rapid adsorption of solution ligands in the form of strong
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surface [A13+-1igand] coordination complexes which weakens Al-0 bonds.
Second, the [A1®*-1igand] complex breaks the A1-0 bonds and detaches to
form a soluble complex. This is considered to be the rate-determining
step. Third, fast protonation occurs to neutralize the excess negative

surface charge left by the detached A1%*

complex.

. The comp1ekes formed in the case of the two structurally homologous
‘Tigand series are chelate complexes of differing ring size as shown in
figure 7, adapted from Furrer and Stumm (63). It is well accepted that
five-atom chelate rings form the most stable complexes, followed by six-
atom rings, and then seven-atom rings (6). Four-atom rings and rings
composed of eight or more atoms are unusual. Stability of surface
complexes is important because it increases the number of potential
sites for metal detachment, given a certain ligand concentration and can
account for the changes in §-A1,0, dissolution rates. Furrer and Stumm
(63) demonstrated that §-A1,0, dissolution rate constants increase with
ring stability for both series of organic chelators and thus ascribe the
basis of the sequence of increasing rate constant values in each
structurally homologous ligand series to an increase in relative

thermodynamic stability of the [A1®*-1igand] complexes formed.

Reductive Disso]ution

Stone and Morgan have extended the surface coordination model to
include reductive dissolution (reduction of metal centers) as part of
mineral leaching (60, 65, 66). This adaptation of the surface
coordination model can be used to explain the mechanism of leaching of
many manganese, iron, cobalt, and nickel oxide minerals. For example,

Mn** or Mn** centers found in the manganese oxide minerals in key U.S.
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manganese deposits (table 4) must undergo reduction to Mn%*, the only
lower manganese oxidation state that is chemically stable and soluble in
water (3§).-

By incorporating an electron-transfer reaction such as reduction at
the mineral surface, the surface coordination model is made more
complex. Table 11 summarizes the six reaction steps of the surface
coordination model when the reduction dissolution mechanism is
incorporated.

In order to undefstand the possible pathways for the electron-
transfer reaction involved in reductive dissolution, Stone and Morgan
used the theory of electron-transfer for solution inorganic complexes
(6). Electron transfer in solution can occur by two general mechanisms:
(1) outer-sphere or (2) inner-sphere.

Odter-Sphere E]ettron Transfer

Outer-sphere electron transfer occurs when the oxidant and reductant
approach each other within some internuclear distance but do not form a
covalent bond between each other. When they are closely arranged to
permit rapid transfer of electrons from the reductant to the oxidant
this arrangement is called an outer-sphere precursor complex. Outer-
sphere electron transfer will most readily occur when both the reductant
and oxidant undergo ligand substitution very slowly (i.e. they are
substitution inert). For example, both [Fe®(CN)¢]* and [Ir*C1,]* are
substitution inert with reaction half-lives greater than 1 minute.
However, the following one-electron transfer reaction has a half-Tife of
approximately 1073 second:

[Fe?*(CN)g)* and [Ir*C1,]% = [Fe®(CN),I*" and [Ir¥C14]™
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Clearly, electron transfer occurs well before any chemical bonding (i.e.
ligand substitution of CN” to Ir™ or C1° to Fe®).

Inner-Sphere Electron Transfer

Inner-sphere e}ectron transfer requires bonding and actually occurs
through a ligand simultaneously bonded to both the oxidant and the
reductant prior to electren transfer. This common ligand arrangement is

‘called an inner-sphere precursor complex. The mechanism is also called
1igand-bridge eTectrdn transfer.

Inner-sphere electron transfer reactions were demonstrated by the
pioneering studies of Taube and coworkers (67). In this work, they
reacted inert Co”* complexes with labile Crb'complexes to form labile
Co?* products and inert Cr®* products. The formation of these products
could only be due to transfer of a bridging C1” ligand as part of the
following electron transfer reaction:

Cré*(H,0) + Co™ (NH;)sC1 --> [ (H,0)Cr**-C1-Co™ (NH,), 1
’ precursor
|
| electron transfer
v
Cri*(H,0),C1 + Co®™(NH,) (H,0)

From the above treatment, it follows that there are several
requirements necessary for an inner-sphere electron transfer to occur.
First, at least one of the reactants must be substitution-labile enocugh
to permit formation of an inner-sphere precursor complex before outer-
sphere electron transfer can occur. Second, there must be a suitable

(usually weak field) bridging ligand available from either the
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reductant or oxidant. Stone and Morgan note that either inner-sphere or
outer-sphere electron transfer is possible at mineral surfaces. Just as
in solution-phase electron transfer, the choice of mechanism will depend
on the ability of solution-phase reductant molecules to form one of the
precursor complexes at the mineral surface active sites.
Reductive Dissolution

Stone and Morgan (€0), developed a general rate equation for
dissolution of metal oxides in natural waters with organic acid

reductants present:

d[Me*"1/dt = k, S; __{ k [HA] ) {1 - exp(-(k,[HA] + k_, + k,)t))
(AL + K + k)

where: §; = total moles of mineral surface sites per L solution
[HA] = concentration of reductant, moles L™

-1

k = rate constant for reductant adsorption, L mole™! min

1

kK., = rate constant for reductant desorption, min~}

k, = rate constant for electron transfer, min:
This rate equation is based on their model for reductive dissolution,
which is sﬁmmarized in table 11 and based on the assumption that the
slowest (i.e. rate-limiting) step is either (1) reductant adsorption to
form a precursor complex for electron transfer or (2) electron transfer
itself, the most common cases found by their reséarch. Once electron
transfer has occurred at a given site, the new products rapidly leave
the mineral surface.

Stone’s earlier work (65, 66) studied reductive dissoclution of
feitknechtite (B8-MnOOH) with 27 aromatic and nonaromatic compounds that

model natural organics in waters. This work supported the general

reductive dissolution mechanism. For organic compounds capable of 2-.'
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electron transfer, the following rate equation was found at constant pH:

d[Mn?*1/dt = k_ [Reductant] ([MnO_] - [Mn®*])

initial
where: [Mn®] = solution concentration of Mn® with time, mole L
| k, = rate constant, L mole™ min™*

There were two additional results from this work. First, relative
changes in dissolution rates did not corfespond to the changes in free
enérgy of the overall reaction for given reductants. Second, the most
important factor in determining relative dissolution rates was the
tendency of the reductant to form complexes at the minerail surface,
1.e{, dissolution rates were fastest for those reductants which were
also the strongest potential ligands.

Recent work by Laha and Luthy (68) have confirmed Stone’s mechanism
and rate equation.for the reaction of anf]ines and other aromatic
reductants with 6-MnQ,.

Combined Surface Energy and Surface Coordination Model

Last]y, Wieland, Wehrli, and Stumm (69) combined the surface
coordination model with the surface energy model through the activated
complex theory (ACT) to develop a single general rate equation for
proton- and ligand-promoted mineral dissolution:

Dissolution Rate = R = k x, P, §

dissolution rate, moles m? sec’

where: R

-1

>
]

rate constant, sec

X, = mole fraction of surface sites active to
dissolution (defects, steps, kinks etc.)

Pj = probability a specific site will form a precursor

complex
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S = surface density of total crystallegraphic sites,

moles m'24
They were able to apply the rate equation to interpret literature
kinetic data for proton-promoted dissolution of mineral oxides and
~silicates. They used an experimental Freundlich adsorption isotherm to
estimate x_,, a Bragg-Williams lattice statistic to approximate P,, as
well as 1fterature—reported data for the rate constants (k) and the
surface densities of active sites (S). Note that this rate equation
incorporates both the surface energy model parameter (S) and the surface
coordination model parameters (x_, P;}.

In summary, two mineral ]eachihg models, (1) the surface energy

model and (2} the surface coordination model were developed in the past

decade to explain much of the available experimental kinetic data. The

work by Stone and Morgan on reductive dissolution of manganese oxides is

particularly relevant to in situ leaching of key U.S. manganese ore
deposits. Recent work by Stumm and coworkers (69) has focused on
combining the models with the activated complex tﬁeory to develop a
generé1 rate equation for proton- and ligand-promoted mineral Teaching
kinetics. The recent review by Stumm and Wollast (70) provides an

excellent review of mineral dissociation models.

Chemical Bonding and Methods to Predict Leaching Reactivity

Since detailed experimental research to determine the leaching
kinetics of a given manganese mineral by a lixiviant is time-consuming
and expensive, it would be highly desirable to utilize the potential of

theoretical chemistry methods for predicting the leaching ability of
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promising lixiviants. A preliminary evaluation could speed Tixiviant
development time by optimizing the experimental efforts.

If mineral leaching can be viewed as a heterogeneous chemical
reaction that obeys kinetics of inorganic solution chemistry, then
useful theoretical methods to predict mineral reactivity (e.g. leaching
rates) are évai]able. This view seems reasonable since the structure
and reactivity of minerals are based on the same fundamental] atomic
properties that govern structure and reactivity for inorganic comp]eﬁes
in solution (71, 72):

* size and charge of ions and atoms
* configuration of valence electrons
* chemical bond strengths
* chemical bond polarity
* spatial symmetry of chemical bonds

It should be noted that chemical reactivity in gases, liquids, and
solids involves the creating or breaking of chemical bonds between atoms
and jons. In the case of mineral leaching, bond breaking occurs at the
solid-1iquid interface.

Chemical Bonding‘

One way to compare structure and reactivity between manganese
minerals and solution complexes is to review how manganese minerals and .
complexes are bonded {71). The highly symmetric structure and
associated chemical properties of many metal minerals including

manganese minerals are primarily the result of two types of chemical

bonding: (1) ionic and (2} covalent.
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Ionic Bonding

Ionic bonding is the electrostatic attraction of oppositely charged
jons at a distance where attractive forces are balanced by coulombic
repulsions of valence electron shells. Ionic bonding occurs between
cations and anions with filled outermost electron shells. For metals
(cations) and most anions, ionic bonding leads to highly symmetric close
packing of alternating cations and anions in three-dimensional arrays.
For nearly pure ionic minerals (i.e. NaCl), the structure depends on the
ratio of the jonic radii of the cation (r,) and anion (r_). The ratio
of ionic radii, r,/r_, determines the coordination number, i.e., the
number of neighboring ions of opposite charge that can surround each
ion. Table 12 summarizes the required r,/r. ratio for common mineral
structures.

The strength of the ionic bonds is represented by the lattice energy
(U), which can be calculated from the Born-Lande’ equation:

Metal X (s) = mMetal®™ (g) + xX* (g)

U = N Mz" 2 e* [1- 1/n]

4d7me,r,
where: U = lattice energy, Joule mole’
N, = Avogadro’s number, 6.022 x 10%° mole™
M = Madelung constant for lattice structure symmetry
z* = charge of cation
Zz" = charge of anion
e = electron charge, 1.602 x 10™*% coulomb
€. = vac. dielectric constant, 8.854 x 107! coulomb

meter™ Joule™
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r, = distance between cation and anion, meter
n = Born exponent, filled electron shell repulsions
With constants substituted, the equation can be reduced to the

following:

U =1.389 x 10* Mz" 2" [1-1/n] Joule mole’’

s

Values for the M, r_, and n are experimentally determined and can be
obtained from standard mineralogy texts (71). The value for n is the

average of n, ... and n_,,,,- For NaCl, U is calculated to be -765 kd

mole™! .
Given: M = 1.747
z' = +1
z = -1
r, = 2.82 x 107'% meter
n = 9.1

Ionic bonding in solution is similar to that in a mineral in that
cations and anions Qil] again approach one another, displacing some or
all of the solvent molecules between them, until they achieve
electrostatic equilibria. Such complexes are called ion pairs or outer-
sphere complexes. Unlike mineral lattices, ion pairs continue to
dissociate and reform in solution because there is considerable motion
within a Tiquid and Targely absent inside a mineral.

Although ionic bonding is the most important type of chemical
bonding in many minerals, few contain purely ionic bonds (71, 72).
Frequently, some degree of covalent bonding (i.e. sharing of valence

electrons) is part of the mineral lattice bonds.
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Lovalent Bonding

Covalent bonding is so central to traditional chemistry theory and
practice, that only the comparison between mineral chemical bonding and
solution inorganic chemical bonding will be discussed here. Inorganic
chemistry texts by Cotton and Wilkinson (6, 45), Jolly (72), or others
contain excellent reviews of covalent bonding and its significance to
gaseous, liquid, and solid phase inorganic chemistry.

As with icnic bonding, the nature of covalent bonding determines the
structure and reactivity of minerals and solution complexes. One
important characteristic of covalent bondfng that contrasts with ionic
bonding is that covalent bonding is highly directional, with the
strongest electron density occurring in direct lines or planes between

the cation and anion,

An atom (ion) will tend to form covalent bonds to fill its ocutermost _'
electron energy shell. Thﬁs, the tendency to form covalent bonds, the
spatial symmetry of the covalent bonds formed, and the energy of _
covalent bonds formed are all related to the electron configuration of
the atom (ion). This aspect of covalent bonding was first embodied in
the familiar Lewis octet theory. Furthermore, the bonding orbitals (s,
p or d) for a given atom will mix to form hybridized orbitals that will
bé separated {n 3-dimensional space to maximize the distance between
them. This concept is the famf]iar valence-shell electron pair
repulsion (VSEPR) theory. The result is a correlation between the
number of covalent bonds an atom tends to form and the resulting spatial

symmetry of the resulting complex (table 13). The Lewis and VSEPR
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theories characterize the nature of most non-transition metal bonding
cases.

Ligand Field Theory

A covalent bonding model specifically for transition metals was
developed called the ligand field theory. This simple model begins
with the crystal field model - a transition metal with six negative
point chargés around.it at octahedral positions. Initially, the energy
of the five d orbitals are equal, i.e. degenerate. As charges are
brought closer to the metal, the 3d orbital energies change to produce
three orbitals with lower energies (t,;) and two with higher energies
(eg). A similar treatment for four charges placed at tetrahedral
positions results in splitting the d orbitals into a reverse set of
three higher (t,) and two lower (e) orbitals. Figure 8, adapted from
Cotton et.al. {8), is an energy diagram for crystal field splitting of
the d orbitals. The magnitude of the splitting for actual complexes
varies with 1igand.and metal. In many cases, the electronic energy of
the metal is lowered when fhe five d orbitals are split. This energy

reduction is called the ligand field stabilization enerqgy.

The ligand field theory has explained much of the experimental
structural, magnetic'and spectroscopic properties for first-row
transition metals. It has also been helpful is predicting the
reactivity of transition metals. Despite the enormous success of Jligand
field theory, it is not a complete treatment of metai-ligand bonding

since it only deals with the d orbitals of the metal.
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Molecular Orbital Theory

To explain more complex bonding and other chemical properties, a
more general theory for covalent bonding known as the molecular orbital
theory (MOT) has been developed. The basic premise of MOT is that
bonding between atoms occurs when their atomic orbitals overlap to
concentrate electron density between their nuclei. This concentration
of electron density is called a molecular orbital. For a set of atoms
(ions), one uses avknow1edge of the spatial symmetry and energy of
atomic bonding orbitals to predict formation of new molecular bonds in a
chemical reaction. Orbital interactions can be classified into three
categories: (1) bonding, leading to lower energy and stabilization, (2)
antibonding, leading to higher energy and destabilization, and (3)
nonbonding with no significant change in energy. Bonding and
antibonding melecular orbitals possess specific spatial symmetries that
reflect the fypes of atomic orbitals involved: (1) sigma (o), s and p,
(2) pi (w), similar p, or p,, and (3) delta (), d. Figure 9, adapted
from Cotton et.al. (&), shows the spatial symmetry characteristics of
simple ¢ and m molecular orbitals.

In solution, the structure and reactivity of manganese and other
first-row transition metals are dominated by covalent bonding and the
arrangements of valence electrons in their unfilled 3d shells. When 4
to 7 electrons are in the 3d shell, the electrons wil] either be highly
paired (i.e. low spin) or unpaired (i.e. high spin). Due to low
ionization potentials, these metals frequently exist as 2+ or higher
aoxidation state cations. The metals will tend to fill the 3d inner

coordination shell by bonding with 1igands that can donate one or two
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electrons to a given covalent bond. The case where an anion donates
both electrons is éa]]ed a coordinate covalent bond.

For relatively simple metal complexes, MOT can be applied to predict
reactivity. For example, the simple but common case of g-only
coordinate bonding of six ligands (L) to some transition metal (M) to
form ML, has been derived. Figure 10, adapted from Cotton et.al. (§),
summarizes the six sets of metal and 1igana bonding configurations that
Iead to six ¢ bonds. Figure 11 is an energy diagram for this case and
iné]udes a]] bonding, nonbonding, and antibonding energy states.
Comparisbn of the results in figures 8 and 11 shows that ligand field
theory and MOT are compatible for this case as both predict the same
sp]ittiné of d orbitals. However, only MOT accounted for all possible

‘molecﬁ]ar orbitals.

Since all the bonding theories discussed above are based on
fundamental atomic properties, the structural and reactivity
consequences for ionic and covalent bonding should apply for solid (e.qg.
minerals), liquid, or gas phases. This means that the predictive
methods for chemical reactivity for aqueous met;] complexes should be

useful for mineral leaching reactions.

Manganese Bonding Structures

To determine if the pfedictive methods for chemical reactivity for
aqueous manganese complexes are useful for predicting manganese mineral
leaching reactions, it is necessary to compare the structure and bonding
features of manganese both in solution and in mineral Tattices.
Experimental evidence has shown that in oxygenated water, manganese s

most stable as the Mn®* ijon, which has five unpaired 3d electrons (high



59
spin) and forms coordinate covalent bonds with six ligand sites in
octahedra] bonding symmetry (45). This was also predicted by the MOT
treatment of the simple ML, bonding case shown in figure 11. When the
resulting Mn®" complex is charged, i.e. [Mn(H,0);]1%", it could form jon
pairs with appropriate counter ions, {[Mn(HZO)B]E*, S0,7).

The spatia]rsymmetrj for manganese in key manganese minerals has
aiready been characterized in prior crystallography work. The data in
table 4 shows that manganese has octahedral symmetry with a metal
coordination number of 6 for all three oxidation states (4+, 3+, 2+),
except that Mn?" in hausmannite has 4-coordinate tetrahedral symmetry.
Metal-centers at-edgeor kink positions on the mineral surface will have
H,0, OH', or other common anions at their non-Tattice bonding positions.

What type of chemical bonding would be expected for manganese
minerals? For the most important group (i.e. manganese oxides), ijonic
bonding predominates. This is expected since the anion, 07, has a
complete outer electron shell {(6). Calculation of the ionic radii
ratios (r,/r_) for 07 with Mn**, Mn®*, or Mn? (table 14) confirms the
tendency shown.in table 4 toward octahedral symmetry during ionic
bonding. The ionic radii ratio for Mn®* was only slightly below the
minimum ratio required for octahedral symmetry. For rhodochrosite
(MnCO,}, the carbonate anion also has a closed outer electron shell and
ionic bonding is dominant. The CO,” anions are centered at the
octahedral bonding positions of the Mn®* metal centers (Z1). For
rhodonite (MnSi0,}, the Mn?* cations have oxygens from $i0, groups at

their octahedral bonding positions (71). These oxygens are covalently
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bonded to Si and have a complete outer electron shell. Again, ionic
bonding is significant.

However, Zoltai and Stout (71) have emphasized that the bonding in
many mineral 1a£t1ces also has a covalent bonding component. They have
suggested that electronegativity can be used as a guide to determine the
predominant bonding type. Electronegativity (x) is a fundamental |
property of atoms and is defined as the power of the atom to attract
electrons to it (72). ‘When the electronegativity difference between the
Vcation and anion of a mineral bond is great, i.e., X, - Xz = 1.9, the
bond will tend to be mostly ionic. Likewise, a lesser electronegativity
difference, i.e., X; - X, = 0.8 means that some covalent bonding will
be present. For the important Mn-0 bond, the electronegativity
difference is 1.9, suggesting strong ionic bonding.

During dissolution at a mineral-solution interface, the chemical
environment becomes a mixture of mineral lattice bonding and solution-
phase bonding. For example, the Mn atoms on edge and Kink sites will
have either two or three of its six bonding positions exposed tb the
solution, respectively. It is reasonable to treat these positions as
solution rather than mineral lattice bonding positions. Since all three
Mn centers (Mn®*, Mn**, or Mn¥) have unfilled 3d orbitals with varying
numbers of 3% electrons (3, 4, 5 respectively), one would expect
octahedral covalent bonding at the exposed bonding sites of manganesé
minerals.

In summary, ionic bonding predominates in the lattice bonding for
key manganese minerals. However, at mineral-solution interfaces,

exposed octahedral bonding positions about Mn centers should behave like
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those of solution-phase Mn coordinate covalent complexes. Therefore,
theoretical methods to predict chemical reactivity of solution-phase Mn
complexes can‘be applied to mineral surface reactions, including
dissolution. Nofe that thelreductive dissolution model for transition
metaj oxide ]eachfng involves both (1) chemisorption, a heterogeneous
. Tigand substitution reaction, and (2) reduction of metal by the
'-chehisorbed 1igénd; o |

"Leachiné Reactivity Predictive Methods
There afé foﬁr theofetica] methods for predicting the relative ease
that transition metal chemical reactions will occur at the mineral-
liquid interface:
| 1. General ru]esrfor metal substitution reactivity
. Ligand field theory with activated complex theory

MoTecular orbital theory

PR O

. Linear free energy relationships (LFER)

In the next section the first three will be applied to the test case of
this report - characterization of SO, batch leaching of the key U.S.
manganese minerals (table 4) as reported by Pahlman and Khalafalla (8).

General Rules for Metal Substitution Reactivity

The three general rules for solution-phase ligand substitution
reactivity of metals are Tisted in table 15. The application of these
rules was developed to explain experimental results in a general way and
have been summarized by Jolly (72). For example, experimental evidence
has shown that Co? undergoes rapid substitution of NH, while Co®* reacts

stowly (i.e. fnert). Rule 3 from table 15 supports these results
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because Co% is a.d’ metal (1abile) and Co* with is low-spin d® (inert)
with NH,.

Ligand Field Theory with Activated Complex Theory

The application of ligand field theory combined with the activated
_comp]ex theory (ACf) was developed to estimate the activation energies
for prospective sqbstjtution reactions. This method was pioneered by
Basolo and Péarson (4) and is also summarized by Jotly (i2). This
method requires a knowIedge of the mechanism of a given type of
substitution reactioﬁ, in particular the structure and coordination of
the activated comp]ex;. o
With the knowledge that solution octahedral transition metal complexes
form either 5-coordinate or 7-coordinate activated complexes, Basolo and
Pearson calculated the energy changes for these possibie complexes based
| solely on changes fn the ligand field sfabi]ization energies between the
reactant complex and activated complex. This method was a more rigorous
utilization of the knowledge of the time (mid-1960’s) with regard to (1)
chemical kinetics, (2) mechanisms for transition metal substitution
reactions; and (3) inorganic covalent bonding. Interestingly, this
ap?(oach rggchgd tﬁe same predictions as the qualitative rules above,
except d® metals were predicted to form inert complexes, especially
square planar oneé. |

Molecular Orbit Theory

Application of molecular orbital theory (MOT) was developed to
identify favorable bonding conditions for mineral surface reactions,

including electron transfer. This exciting new predictive method has
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been pioneered by George Luther, who has used the MOT approach in
studying several important geochemical redox réactions (75, Zﬁ)l
- When two molecules meet, covalent bonding or electron transfer
occurs when electron density can flow from the highest occupied
molecular orbital (HOMO) pf a donor (base) molecule to the lowest
“unoccupied molecular orbital (LUMO) of an acceptor {(acid) molecule.
Based on this central principle, the following condition§ must be met
for electron densfty to flow {75):

1. Mb]ecu]ér or atoﬁic orbitals must have similar spatial symmetry\for
positive ofbita] overlap. For example, alignment of an s orbital
from one molecule wﬁth a p, orbital from another orbital to form a
potential ¢ molecular orbital. |
2. The energy of the HOMO for the donor molecule must be greater than
| but similar to the LUMO for the acceptor molecule. Best
results occur when the energy of the LUMO is within 6 eV/molecule
(i.e. 579 kJ mole™ ) of the energy of the HOMO.
3. Thé bonds made or broken must be consistent with expected product
compounds for the proposed reaction.
When the above conditions are met, a given reaction is called symmetry
allowed and shouid rapidly take place (i.e. 1ébi1e reactivity).

An excellent example of this MOT method is Luther’s explanation for
rapid reduction of MnO, by HS™ (76), a reduction reaction which was
reported to be rapid by Burdige and Nealson (77). Since the Mn‘** metal
center of Mn0, has a 3d?® electron configuration, it is inert to most
ligand substitution reactions. In this case, however, the 3p, orbital

of HS™ can form a ¢ bond with the 3d,, orbital of the Mn** (Figure 12,
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adapted from Luther (76)). Overlap symmetry is gocd and the energies of
the 3p, and 3d,, orbitals are comparable. Therefore, a rapid 2-electron
transfer can be made from HS™ to the unoccupied 3d,, and or 3d,, ,, of
Mn**, creating a Mn®" mineral center and rapid breakdown of the

surrounding Mn-0 lattice bonding.

Linear Free Energy Relationships
| . The application of the concept of linear free energy relationships
(LFERs) was deveibped to predict reéctfvity of prospective mineral- |
Iixivianf systems based on experimental data for similar reactions. The
LFER concept is based on the principle that changes in free energy of
acfivation for a series of related chemical reactions is proportional to
,‘changes in the free energy properties of grbund—state products. From
this relationship the following basic form for LFERs can be derived:
In{ k/k;) = B In(46,°/4G,°) = B8 In(K,/K,)
where: k, = rate constants for n-th reaction
B = proportionality constant
AG ® = free energy of n-th reaction
K = Stabi]ity constant for n-th
reaction |
The uée of LFERs has found wide application in organic chemistry
kinetic studies where there are a number of reactions involving
homologous reaﬁtant series (53, 78). The Swain-Scott and Edwards LFER
equations for organic chemistry nucleophilic (anionic) substitution

reactions are mechanistically similar to anionic complexation of

transition metals. The Edwards equation has the following form:
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log (k/k,) = aE, + BH

where: k = rate of unknown reaction
k, = rate of known reaction
a = sensitivity of reaction to reagent nucleophilicity
E, = nucleophility of reagent
B = sensitivity of reaction to reagent basicity
H = basicity of reagent |

Aﬁ attractive feature for the Edwards equation is that two of the
parameters, E and H are based on fundamental properties of the
reagents. E_ = E°+ 2.60, where E° is the formal potential for the
reagent. H = pK, + 1.74, where K, is the dissociation constant for the
Iconjugate acid of the anionic reagent.

There are recent geochemical applications of LFERs. Wieland et.al.
(69) plotted log of experimental rates (R,;) for proton-promoted
dissolution of various minerals versus a number of thermodynamic energy
parameters and found the best linear correlation was Tog (R,) vs. Eg,
fhe Madelung or site energy for the minerals. Laha and Luthy (68) found
LFERs for reaction rates of aromatic amine oxidation by &§-MnQ, with |

ve]ectrochemica] half-wave potentials and a Hammett constant.

If a series of mineral reactions can be expected to have the same
kinetic mechanism, LFERs would appear to be an excellent predictive
method to evaluate untested lixiviant by comparing key thermodynamic
properties with lixiviants for which experimental kinetic data is

available.
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Kinetic Evé]uation: S0, Leaching of Manganese Ores

The general dissolution rate equation (69) and the kinetic studies
by Stone and Morgan (60, 65, 66) on reductive dissoclution of manganese
~ oxides provide excellent models for studying the kinetics of in situ
leaching of manganese ores.

In this section a kinetic eva]uation will be made for the manganese
iexamp]e of this report - S0, batch Jeaching of the kéy U.S. manganese
minerals (table 4) and related gangue (table 9) as reported by Pahlman
and Khalafalla (8).

The first three theoretical predictive methods can be used to assessv
the relative reactivity of S0, to leach manganese from the minerals
listed in table 4. Since manganese must be in the Mn®" form to be
stable and so1ub1e in aqueous'1ixiviants, the higher oxidation state
manganese oxides must be reduced to Mn®* during dissolution:

d[Mn®*1/dt = Kk, [S0,] (IMRO, 1, ipiar - [Mn%])
where: [an*] = solution concentration of Mn®" with time, mole L™
~ k, = rate constant, L mole™ min™

The Stone ana Morgan mechanism for reductive dissolution (table 11)
includes chemfsofptioh of potential reductants for Mn oxide dissolution.
Chemisorption is generally regarded as co?a]ent bonding of solution-
phase molecules to the mineral surface. To échieve manganese reduction,
the reductant must either (1) directly bond the Mn center for an inner-
sphere electron transfer or (2) bond a nearby atom, placing the

reductant within a few angstroms of the metal center for an outer-sphere

electron transfer.
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App]fcation‘of,Gehe[a1 Rules and Ligand Field Theory Methods
Since mineral dissolution can often be enhanced by complexation of
solution ligands (including H*) at the mineral surface, general rules
fbr metal substitution reactivity and the ligand field theory can be
applied to predict 1igand bonding to the manganese centers of minerals.

Manganese is a first-row transition metal. Rule 3 of table 15 predicfs

| thé following for the oxidation states of manganese found in the

‘minerals:

* Mn* 34 o inert
* Mn®™  3d* (high spin) labile
* Mn?*  3d° (high spin) labile

‘In contrast, all metal centers of important iron gangue minerals aré

1abi1e. The center for hematite and goethite is Fe™, which is 3d®,

high spin. The center for siderite is 3d%, high épin. IH addition,

Ca® in minerals is very labile to covalent bonding. It should be noted

that neither iron nor calcium gangue minerals require a redox reaction

as part of their mineral dissolution process.
‘Several interesting implications fof manganese mineral leaching
fo]low‘from the above results:

1. The minerals found to be most reactive with S0, (i.e. Mn** oxides
pyrolusite and romanechite) are generally substitution inert. This
suggests that electron transfer for Mn** minerals should proceed by
an outer-sphere mechanism since covdlent bonding with a reductant
would not be necessary. For the reductive dissolution mechanism,
chemisorption can only facilitate dissolution by bonding reductant

molecules near the nonreactive Mn** metal centers.
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2. Since Mn® is generally labile, electron transfer for hausmannite,
manganite, and braunite could occur via an inner-sphere mechanism
for reductants capable of forming covalent. bonds with Mn3* centers.
Since Mn** minerals need only a one-e]ectfon reduction to reach the
soluble Mn®* state, one would predict that an SO, free radical is
formed rather than the SO,” formed from a two-electron transfer
(hence‘oxidation) from SO,.

3.v The éubstitution 1ability of Mn®* and Mn% mineral sites support the
general proton- or ligand-promoted dissolution model of Stumm and
coworkers., One test for this model would be to compare dissolution
rates for a representative Mn**, Mn*, and Mn®* mineral in the
presence of a strong complexing agent.

4. Mn* complexes formed near the mineral-solution interface will be
highly feactive to further Tligand substitution and reduction to
Mn®*. This will make it difficult to detect Mn®* complexes formed
during mineral dissolution.

5. The Mn* sites of MnCO, and MnSi0, do not require reduction and would
be Tabile to chemisorption that would weaken mineral lattice bonding
and facilitate mineral leaching. Since the mechanism for leaching
Mn?* minéra]s is different from that for higher valence manganese
oxides, selection and-optimization of lixiviants for Mn?* manganese
mineral leaching will be different.

Application of Molecular Orbital Theory
The general rules for transition metal reactivity were useful to
predict the bonding potential of reductants and other solution 1igands

to exposed manganese mineral centers. Molecular orbital theory (MOT)
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can provide predictions about the mechanism and relative rates of 30,
reduction of Mn** and Mn®* metal centers. The S0, reaction mechanism can
be viewed in a manner analogous to that of Luther for HS™ reduction of
Mn0, (76).

First, let ﬁs review the general electronic structure and symmetry
of the SO, molecule. Figure 13 shows the Lewis diagrams for $0,. The
molecule has bent planar symmetry with a 119.5 degree angle between the
two 0-S bonding axes. Génera]ly, the 5-0 bonding for S0, has been
viewed as o bonding with m rescnance bonding as shown in Figure 13. The
molecule has been the subject of a recent evaluation by Purser (79), who
presented evidence that SO, has stable n bonding between S and each O
atom.

In addition, it is known from previous experimentation that 50,
exhibits a range of different bondinglsymmetries with iransition metals,
including direct bonding between S and the metal. Some of the most
common examples are present in figure 14, which was adapted from Cotton
and w{1kinson (45) and Schenk (80).

The MOT application can begin with a qualitative MOT energy diagfam(
of SO, (figure 15) based on the work of Gimarc (81). Since both S and 0
have six electrons in their highest unfilled energy shell, there are 18
valence electrons to place into the 12 molecular orbitals formed by one
S atom and two O atoms. As shown in figure 15, this means that the
highest occupied malecular orbital (HOMO) for S0, is the antibonding (*)
m orbital Tabeled 4a,.

How does SO, meet the two essential requirements for bonding and

electron transfer as described by Luther 76)7
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1. Is there favorable overlap symmetry between the HOMO of the electron
donor (SO,) and the LUMC of the acceptor (Mn** or Mn3*) 2
2. Is the energy of the 50, HOMO energy greater than the energy of the
LUMOs of Mn** and Mn®* ?
- Regarding orbital overlap, figure 16 shows that 50, has an ideal
symmetry for bonding and subsequent reduction of Mn*" centers by an
‘inner-sphere electron-transfer mechahism. In a fashion similar to
HS™ (figure 12), the z-axis component of the HOMO for SO, that
originates from the S atom can overlap the vacant 3d,, orbital of
Mn**, forming a o bond along a z-axis of approach. |
Regarding orbital energy levels for o bonding and electron transfer
from SO, t6 Mn**, the energy requirement is also met. According to
Luther (76) the estimated energy for HOMO of an atom or molecule is the
ionization potential (IP}, which is -12.34 eV for SO, (82, p. 10-215).
The estimated energy for the LUMO of an atom or molecule is the electron
affinify (EA) (76), which is -51.2 eV for Mn** (82, p. 10-210).
Therefore, both orbital overlap symmetry and relative energies of fhe
HOMO and LUMO are favorable for z-axis o bonding between SC, and Mn**.
Once the SO, is bonded to the metal center, electrons can be rapidly

% via an inner-sphere

transferred to the vacant 3d,, orbital of Mn
electron-transfer mechanism. This is an interesting prediction because
Mn** is a d® system and kinetically inert. Generally, one would predict
that an “inert” metal could not form bonds fast enough to promote inner-
sphere electron transfer. However, the correct symmetry and favorable

energy comparison between the HOMO of SO, and LUMO of Mn" permit labile

formation of a ¢ bond with Mn*" prior to electron transfer.
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Figure 17 reveals that a similar inner-sphere mechanism is favorable
for one-electron transfer from SO, to Mn®* metal centers. The orbital
symmetry is the same. The LUMO energy for Mn®* is -33.67 eV versus -
12.34 eV for the S0, HOMO. Recall that Mn®" is a d* high spin and should
be 1abi]e to o bonding with SO,. However, additional activation energy
must be expended to unpair the SO, 4a, electrons before transferring one
electron to Mn3+., This higher activation energy for S0, reductijon of
HnS+ versus Mn** should translate into a slower reductive dissolution
rate for Mn®* versus Mn** mineral centers!

The overall reductive dissolution mechanism for Mn** and Mn®" oxides
by SO, is summarized in figure 18. The favorable molecular orbital
symﬁetry and energy match between SO, and the metal centers of manganese
oxides result iﬁ rapid reductive dissolution of these acid-resistant
minerals.

- Based on this kinetic evaluation of SO, lTeaching of manganese
oxides, we can gddress the three optimizaticn questions explored earlier
during thermodynamic evaluation.

1. What is a geoéhemica] explanation for leaching efficiency
differeﬁces among the manganese minerals?

Unless, the residence time is long enough, the relative leaching
‘rates 6f S0, with the table 4 manganese minerals will depend on the
ability of S0, to rapidly bond and reductively dissolve Mn oxides. In
particular, S0, has the ability to complex and reduce the Mn** centers
of pyrolusite and romanechite by rapid two-electron transfer from SO,
via a sigma bond to the Mn** vacant 3e.. orbitals. However, Mn®*

minerals (i.e. hausmannite, braunite, or manganite) will accept one
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electron from SO, to reach the water-soluble Mn®" state. These one-
electron transfer reacfions require a higher activation energy to
. decouple the twa electrons in the HOMO of SO, before transferring one
electron to the Mn®*. This should result in a slower relative SO,
reductive dissolution rate for Mn®" minerals than Mn** minerals.

| Leachihg of rhodochrosite and rhodonite do not benefit from SO,
“ reducti?e dissolution and requife large quantities of H" to break
mineral lattice bonds via a proton-promoted dissolution mechanism.
2. What can be done to‘minimize leaching of Ca?
Since calcite proceeds by a proton-promoted dissolution mechanism,
S0, Teaching should be operated at the highest possible pH that still
permits S0, reduction of manganese oxides. For example, at pH 2
- approximately 39 mole % of the total S is present as SO,. At pH 3 only
5.5 mole % is present as S0,.
3. What can be done to minimize leaching of Fe ?
| Leachihg of the key Fe minerals (i.e. hematite, geothite, and
siderite) all also proceedrby a proton-promoted dissolution mechanism
and can be minimized by operating at the highest possible pH.
*%%  CONCLUSIONS AND RECOMMENDATIONS
Faced with the need to develop highly selective lixiviant systems‘
for in situ Teach mining of critical/strategic or precious commodities,

this report introduces a geochemical characterization approach to

selection and optimization of potential lixiviants. This report
represents a first effort to apply geochemical characterization by
detailing a theoretical (1) thermodynamic and (2) kinetic evaluation

modeling effort. It is important to remember that this theoretical work
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must.then be followed by appropriate laboratory experimentation to both
(1) verify lixiviant reactivity hypotheses and (2) determine intrinsic

reaction rates and leaching efficiencies for geochemical modeling and
| engineering scale-up of promising lixiviant-ore systems.

Geochemical characterization follows geologic characterization of a
target ore and consists of both (1) fheoretica] geochemical modeling and
(2) laboratory experimentation of probable mineral surface reactions
| necessary to leach commddity metals.

o Once geologic characterization for a target commodity has been
pefformed, a reasonable geochemical reaction model can be hypothesized
and subjected to a theoretical geochemicé] thermodynamic and kinetic
evaluation.

Since the chemical environment at the mineral-solution interface
becomes a mixture of mineral lattice bonding and solution-phase bonding,
leaching reactivity can be estimated by using predictive methods based |
on general inorganic chemistry:

1. General rules for metal substitution reactivity

2. Ligand field theory with activated»comp1ex theory

3. Molecular orbital theory

4. Linear free energy relationships (LFER)

In this report, the potential of geochemical characterization
modeling was demonstrated by evaluating the experimental results of
batch leaching of key domestic manganese minerals (table 4) using SO,
solutions {(8). Thermodynamic evaluation revealed that free energies for

most SO, Teaching reactions of the minerals were quite negative (table
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8) but not different enough to explain differences in 30-minute leaching
efficiencies (table 7).

This result suggested that differences in SO, efficiencies may be
due to the rate (i.e. kinetics) of individual mineral leaching
reactions. A detajled kinetic evaluation revealed the reason why
norma]]y‘inert {i.e. slow reacting) Mn** oxides such as pyrolusite and
romanechite rapidly dissoclved. The S0, molecule has an ideal molecular
strucfure to covalently bond a Mn** metal center and rapidly reduce it
to water solution Mn®* by a single two-efectron transfer reaction. A
similar but re1ati§e1y slower one-electron transfer mechanism permits
reductive dissolution of Mn®* oxides. Dissolution of rhodochrosite
(Mn?*C0,), rhodonite (Mn?*Si0,), and gangue minerals do not use S0,
reduction but requires H' (i.e. Tow pH). |

Therefore, the thermodynamic and kinetic modeling of geochemical
characterization appears to be an efficient approach to preliminary
selection and optimfzation of potential lixiviants for a newly
‘ geocharac{eri;ed ore body. It can provide a basis for subsequent lab
experimentation to develop a highly selective lixiviant system for
possible field studies. |

It is suggested that geochemical characterization could be further
refined and used for development of leach mining lixiviants. The
payback of geochemical characterization should be (1} increased
commodity leaching selectivity and (2) more focused and expeditious

experimental efforts to develop new in situ mining lixiviants.
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TABLE 1. - Types of mineral surface chemical reactions
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Physical Adsorption

Chemisorption (Surface Complexation)
Dissolution

Precipitation

Oxidation-Reduction

Biochemical
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~ TABLE 2. - Locations of significant U.S. manganese ore deposits.

Artillery Peak, Arizona (oxides)

Batesville, Arkansas (manganiferous limestone)

San Juan Mountains, Celorado (silicates)
Chamberlain, South Dakota (maﬁganese nodules)
Aroosfook County, Maine (si]icatés and carbonates)

—._. .. Cuyuna_Range, Minnesota (oxides and_carbonates) =




- Mn ore sample characteristics’
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TABLE 3.
!
1 !
Sample District County and State Mn Mn minerals ' Principal gangue minerals Origin
Form
AZ-1 Harshaw........... Santa Cruz, AZ.. Ox..... Psilomelane, pyrolu31te. Anglesite, quartzite, felsite, 4
braunite. rhyolite, galena.
AZ-2.. B ¢ [« Y < | O ..do... Psilomelane, pyrolusite. Quartzite, anglesite, felsite, 4
rhyolite, galena.
AZ-3.. Tombstone......... Cochise, AZ..... ..do... B [ f ........... Quartz, calcite, dolomite. 4
AZ-4.. I s T Ao, ..do... B S 4
AZ-5.. Artll]ery Peak. . Hohave AT...... _.do... Wad, pyrolusite, psi]ome]ane Quartz, albite, calcite, clay. 3
AR-1.. Batesville........ Independence, AR ..do... Hausmannite, braunite, wad, Calcite, clay, hematite, chert. 4
psilome]ane pyro]usite.
AR-2.. R+ [« AP dooooiia. ..do. B [+ F O+ L+ 4
CA-1.. Paymaster......... Imperla] CA.... ..do. Hanganite, pyroluSIte. c&]CltE. barite, chalcedony. 4
psilomelane. ,
co-1 Leadville......... Lake, CO........ ..do. Psilomelane. pyrolusite. Quartz, calcite, hematite, goethite. 4
manganosiderite.
co-2 Silvercliff....... Custer, CO...... Ox..... Cryptomelgne. : Quartz, henatite. 4
co-3 San Juan.......... San Juan, CO.... Sil Rhodonite”" ; Quartz, chalcedony, galena, 4
. ; sphalerite, pyrite. 4
ME-1 Aroostook......... Aroostook, ME... Carb- Braunite, bementite,f Hematite, quartz, pyrite, calcite. 5
sil rhodachrosite. -
ME-2Z.. B . T sdoiaeeee. ..do. Rhodonite, braunite,’ B 5 |« S
bementite, rhodochrosite.
MN-1.. Cuyuvna............ Crow Wing, KN Ox- Rhodochrosite, manganlte. Goethite, siderite, quartz, groutite. 3
carb pyrolusite. i
MN-2_. do. . ............ .doo oLl Ox..... Stilpnomelane, pyrolu5|te Hematite, quartz. 3
MN-3.. s L T Y & s JR ..do. Manganite, pyrolu51t¢ Hematite, quartz, talc. 3
MN-4.. do. ool cdo...l.oaal,, ..do. stilpnome lane. ’
MR-5.. do.ooaaat, dooiiaai.., ..da. B L B« [« 3
NV-1.. Pioche............ Llncoln NV..... ..do. Pyrolusite, stllpnomelane S S 3
NY-2_. Three Kids......_. Clark, NV.__.... ..do. Manganite, braunite. Goethite, quartz, calcite. 4
NV-3.. Yirgin River...... 5 |« JOP ..da. Wad, psilomelane, manganite. Quartz. clay, mica, hematite, calcite 3
KV-4., Boulder City...... s [« . .do. VWad, psilomelane. BN T+ T 3
NV-5_. Pioche.. _......... Lincoln, NV..... . .da. B L« Selenite, limonite, quartz, calcite. 3
NV-6.. L doiiaee, .do. Pyrolusite. § Calcite, quartz. 4
SD-1.. Chamberlain....... Lyman, SD....... Carb s 1 T S Siderite, galena, dolomite, quartz. 4
Manganocalcite, pyralusite, Siderite, calcite, dolomite, quartz, 6

manganite,

clay

! Ox oxide, Sil silicate, Carb carbonate.
May be the pyroxmanganite variety.
Sedimentary.

6

Hydrothermal vein
Submarine volcanic,
Fossil sea nodules,

7 Source: Reference 8.

sedimentary
sedimentary.



87

TABLE 4. - Composition and structure of key U.S. manganese minerals

Mineral Composition Structure Oxidation Coordination
: of Mn Number

pyrolusite B-Mn0, tetragonal +4 6
romanechite Ba(OH) Mn“Mn**;0,,  monoclinic +4 6
(psilomelane) : +2 6
hausmannite . MnZ*Mn*",0, tetragonal +3 6

+2 4
manganite v-MnQOH monoclinic +3 6
braunite (Mn**,0,) Mn?*s10, tetragonal +3 6

+2 6
rhodochrosite MnCO, trigonal +2 6

' {rhombohedral)

rhodonite MnSi0, triclinic +2 6




88

TABLE 5. - Predominant manganese minerals on the Cuyuna Range, Minnesota
Mineral Composition Structure Oxidation Coordination
of Mn Number
pyrolusite " " 8-Mn0,  tetragonal 4 6
manganite ¥-MnOOH ‘ monoclinic +3 6
‘romanechite Ba(DH)4Mn2*Mn""BO16 monoclinic +4 6
{(psilomelane) : : : +2 6
rhodochrosite  MnCO, ~ trigonal +2 6

{rhombohedral)




TABLE 6. - Formation of S,0, vs. 0, concentration and temperature!

. Oxygenated Solution Temperature (°C) . 8,05 Yield (%)
No 25 54
No 75 22
No 95 7
Yes L 25 21
Yes 75 ‘ 8
Yes ‘ 95 trace

! Source: Reference 35.

25,0, yield = IS,0°1  x 100%
[S,051 + [50,7]
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TABLE 7. - Batch leaching efficiencies for U.S. manganese ores¥

Manganese Ore No. of Mn leached (%) Ca leached (%) Fe leached (%)

Mineralogy Samples® Ave. Range Ave. Range Ave. Range
pyrolusite,romanechite 6 95+ 3 91-98 56+ 25 25-81 14 £ 7% 1-25
hausmannite,braunite 2 79 + 6 76-81 70 + 20 56-84 4 +2 2-5
rhodochrosite 3 67 + 11 55-76 64 + 15 48-78 9+1° 1-9
manganite . 59+ 7 54-64 34, 92° 34-92 512 3-6

rhodonite 2 0 0 23, 75* 23-75 1, 23* 1-23

! Batch leach of -0.841 mm particles with 6.4 wt % S0, at pH 1.1 for 30 minutes
at ambient temperature and pressure. Source: Pahlman and Khalafalla (8).

2 Each sample represents a different ore body, generally from a different state,
which contains the predominant manganese minerals listed.

3 One sample had a 1% Fe leaching efficiency which was not used in the average.

‘ Due to the large difference between the two numbers, no average was calculated.



91

TABLE 8. - Thermodynamic evaluation of Mn Teaching in U.S. manganese ores!

Mineral Probable Overall Leaching Reaction! AGC (kJ/mole Mn?")
pyrolusite Ma'0,(s) + S0, = Mn®" + S0, -209
Mn*0,(s) + 250, = Mn*" + S,0; -131
romanechite most Mn sites similar to pyrolusite -209 or -131
hausmannite 1/3Mn*Mn®",0,(s) + 1/350, + 4/3H" = Mn?" + 1/350," + 2/3K,0 -110
braunite Mn,0; sites: 1/2Mn3}03(s) + 17280, + H' = Mn?* + 1/250,” + 1/2H,0s -131
Mn?*Si0, site: Mn?*Si0,(s) + 2H' = Mn® + Si0,(amorp) + H,0 -76
rhodochrosite  Mn?'C0, + 2H' = Mn® + H,0 + CO,(gas) 44
manganite Mn**00H(s) + H" + 1/250, = Mn®" + 1/280,% + H,0 -132
rhodonite Mn#*Si0,(s) + 2H* = Mn? + Si0,(amorphous) + H,0 -76

! The oxidation state of the Mn centers for each mineral site is given to emphasize the oxidation

state changes that occur during dissolution at pH 1.1.



TABLE 9. - Thermodynamic evaluation of gangue! leaching in U.S. manganese ores

Mineral Probable Overall Leaching Reaction AG® (kJ/mole)
quartz Si0,(q) + 2H,0 = H,Si0,(amorphous) +23
calcite CaC0,(s) + 2H" = Ca’ + H,0 + CO,(gas) -56
hematite Fe,0,(s) + 6H" = 2Fe® + 3H,0 -5
geothite FeO(OH) (s) + 3H" = Fe®* + 2H,0 -2
siderite FeCO,(s) + H' = Fe®™ + HCO, +75

92

! The gangue minerals listed were those most frequently found in the manganese ores. The reactions are
for solution pH values < 1. Source: Reference 8.



TABLE 10. - Surface coordination model for mineral Jeaching!

1. Diffusion of soclution-phase reactant molecules {or atoms) to the mineral surface.

2. Rapid adsorption of reactant molecules at mineral surface sites with highest energy,
polarizing and weakening metal-oxygen bonds.

3. Slow detachment of metal species from the mineral surface.

4. Diffusion of detached metal species into the bulk solution.

I Source: Reference 56.

93



TABLE 11. - Reductive dissolution mechanism for the surface coordination model!

1. Diffusion of solution-phase reactant molecules {or atoms) to the mineral surface.

2. Rapid adsorption of reactant molecules at mineral surface sites with highest energy,
forming inner-sphere or outer-sphere precursor complexes capable of electron transfer.

3. Electron transfer to create a metal center of lower oxidation state, expanding the
metal center size and weakening metal-oxygen bonds.

4, Detachment of the oxidized reductant,

5. Detachment of reduced metal species from the mineral surface,

6. Diffusion of detached metal species into the bulk solution.

Source: Reference 57.
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TABLE 12. - Ionic radius ratios (r,/r_) for common mineral coordinations
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1

Minimum r /r_

Coordination No.

Spatial Symmetry

Example

—_—_0 000000000 0O

.155
.225
.414
.414
414
.529
.625
732
.00

.00

[ S r—

MRS WM

linear

triangular planar
tetrahedral
square planar
tetrahedral pyramid
octahedral
trigonal prism
square antiprism
cube
cuboctahedron
disheptahedron

cuprite (oxide)
carbonates, nitrates
silicates

cooperite (sulfide)
millerite (sulfide)
halite

molybdenite (sulfide)
scheelite (tungstate)
fluorite

metals, alloys
metals, alloys

Source:

Reference 71, p. 112.



TABLE 13. - Symmetry and coordination for common atomic orbital hybridizations

Orbital Hybridization Resulting Spatial Symmetry Coordination No.
sp : linear 2
sp planar triangular 3
sp?, sd? tetrahedral 4
d’sp? ~ octahedral 6
dsp? ' square planar 4
dsp? trigonal bipyramidal 6
dsp® square pyramidal )




TABLE 14. - Ionic radius ratio for Mn-0 ionic bonding
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Cation r./r.

Mn** 0.386

Mn3* 0.461

MnZ* 0.593

Minimum for Octahedral 0.414
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TABLE 15. - General rules for substitution reactivity of metal complexes
in solution!

1. For a given central metal charge, the smaller the metal, the more
inert (i.e. slower) its complexes are to substitution. This is
because a smaller central metal holds its anionic ligands more
tightly.

2. For a given central metal size, the higher the charge, the more

. .inert __its_complexes_.are to.substitution._.This is again _because .. . .
a central metal with more formal charge holds its anionic
ligands more tightly.

3. Reactivity of transition-metal complexes in octahedral symmetry is
correlated to the 3d electron configuration of the metal ion as '
follows:

Labile: d°, d}, d%, d* (high spin), d® (high spin), d® (high spin)},
d7 d8 dQ dIO

Inert: d3, d* (Tow spin), d° (low spin), d® (Jow spin)

Rule 3, first advanced by Taube (73), is based on the assertion that a
complex with (1) one or more e, antibonding electrons or (2) fewer than
three d electrons is labile. Other configurations are_relatively inert.
Experimental evidence has largely supported this rule.

! Source: Reference 712.

2 Source: Reference 72, Table 19.1, b. 449,
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