CHAPTER 5

Commercial metal extraction
requires chemical reaction,
reagents, and practical
application of engineering
principles.
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METAL EXTRACTION

Key Learning Objectives and Qutcomes

Understand basic metal extraction principles and terminology

Know specific reactions relevant to metal extraction applications
Understand different types of leaching

Understand the role of bacteria in relevant leaching scenarios
Understand the importance of percolation and flow in heap leaching
Identify general conditions needed for different ore leaching scenarios

5.1 GENERAL PRINCIPLES AND TERMINOLOGY

Aqueous metal extraction or leaching is the process of extracting metal or a
valuable entity found within an object. Consider the copper minerals shown in
Figure 5.1. Each of these mineral samples contains a high concentration of cop-
per. Most are nearly pure mineral specimens. The copper in these minerals can
be extracted using a variety of processes. Metal extraction is typically performed
using ore particles. Ore particles contain small pieces of the pure metal-bearing
mineral. These small pieces are often finely disseminated in the host rock as
shown in Figure 5.2. Figure 5.2 shows a 3-cm diameter rock piece that contains
approximately 1% chalcopyrite. The chalcopyrite is found as finely disseminated
dark pieces that are more easily observed when magnified (see Figure 5.3).
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Figure 5.1 Copper-bearing minerals (chrysocolla, azurite, malachite, bornite, chalcocite,
and chalcopyrite). (See plate section for color version.)

Figure 5.2 Photograph of a 3-cm diameter ore sample. The tiny dark blemishes are
small grains of desired mineral within the host rock. (See plate section for color version.)

In other cases, the distribution of valuable mineral involves larger valuable
mineral particles and a less random distribution. Figure 5.4 shows a copper ore
particle that has been partially leached. Note that the removal of copper around
the outer edge of the rock is uniform in some sections and nonuniform in other
areas. It is important to note, however, that the leaching solution penetrated
the ore particle, which is often presumed to be “solid rock.” However, rock
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Figure 5.3 Magnified (x7) view of an ore sample. The small dark sections are pieces
of desired mineral disseminated within the host rock matrix. (See plate section for color
version.)

Figure 5.4 View of cross-sectioned copper oxide mineral rock particle that was leached,
then vacuum impregnated with a blue dye to identify pore areas, and leached sections of
the particle. The horizontal length of the image is approximately 1 cm. (See plate section
for color version.)
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particles have pores and cracks that can allow solutions to penetrate and extract
the valuable entity. An example of the pore network after leaching is shown in
Figure 5.4. Figure 5.4 shows a leached ore particle or rock that was exposed to
a blue dye under vacuum. The blue dye shows where leaching occurred. The
blue dye reveals a combination of channels and pores as well as zones where the
valuable mineral was removed. It is

Ore particles contain natural important to note that leaching occurred
pores through which reagents in isolated areas within the rock particle.
can very slowly penetrate. Thus, it is clear that there are micro-

scopic pores that allow solution to pene-
trate into the interior of the rock particle.
In other words, the desired mineral can often be leached even though it may be
surrounded by the host rock.

Figure 5.5 shows the cross section of a copper oxide ore particle that has been
leached for approximately 48 h in a sulfuric acid leaching solution at pH 1.5.
The copper oxide minerals near the outer rim as well as acid-consuming gangue
minerals near the rim have been dissolved. It is also worth noting that the pene-
tration depth is relatively constant except for one region in which the penetration
is significantly greater because of the local porosity or more reactive minerals.

Leaching of minerals and metallic compounds has become increasingly impor-
tant in nonferrous metal production. The conditions that are needed for leaching to
occur are determined using thermodynamics. Consequently, phase diagrams are
often used to ascertain the solution environment that will be necessary for leach-
ing. Figure 5.6 shows a simplified copper phase diagram that includes several

Figure 5.5 Cross section of a copper oxide ore particle after 48 h of leaching. The
horizontal length of the image is approximately 1 cm. (See plate section for color version.)



Hydrometallurgical extraction is
only possible under appropriate
solution conditions.
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copper compounds. Other species have
been neglected to maintain simplicity.
The combination of thermodynamics and
practical application are discussed in this
chapter as well as many other sources.
[1-37]

According to Figure 5.6, the copper oxides are stable at high pH and potential
values. The low pH and high potential regions of the diagram favor dissolved

Most metals are soluble, and
therefore extractable, at very low
pH and high potentials or at very

high pH and moderate
potentials.

-

J

copper species. High pH and inter-
mediate potentials also favor dissolved
species. Because leaching implies solu-
bilization, this diagram shows the con-
ditions needed for extraction. Extraction
through leaching is possible in regions
with stable, soluble species. It is also
important to note that if the potential is

above the water stability line, water will break down to form oxygen gas. If the
potential is below the lower water stability line, water will decompose into hydro-
gen gas and hydroxide ions. Thus, only narrow potential regions are practical for

most aqueous extraction.

Phase diagrams and thermodynamics are important tools in assessing the via-
bility of leaching under a prescribed set of conditions. However, distinguishing
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Figure 5.6 Simplified copper phase diagram showing phase stability regions. Leaching
occurs in shaded regions where soluble species are stable. Note that not all copper species

are shown.
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between what is possible in the context of leaching and what is practical from an
engineering standpoint requires an evaluation of the applicable rates. Chemical,
electrochemical, and mass transport kinetics were discussed in Chapter 4. Other
related issues and principles also need to be discussed as they relate to leaching.

The main types of leaching are in
situ, dump, heap, atmospheric pressure,
tank, concentrate, and pressure leaching.
Leaching under ambient conditions in
heaps and dumps is often accelerated by
bacteria. In situ and pressure leaching are
generally accelerated by the enhanced
activity of oxygen at higher pressures.

Metal extraction is often referred
to as leaching. Leaching types
include in situ, dump, heap,
atmospheric tank, pressure, and
concentrate leaching.

Often, leaching involves oxygen as an oxidant. Many leaching processes are
limited by the supply of oxygen. Heap and dump leaching is performed using par-
ticles with varying sizes that are placed in piles. Heap and dump leaching rates are
often influenced significantly by the permeability of the leaching material. Rates
of extraction in heaps and dumps are often controlled by reagent availability.

5.1.1

Commercial metal extraction
often requires leaching from
beds of particles that must have
adequate permeability to
accommodate reasonable flows

of solution.
\ J

with fluid. Other regions have voids as

Permeability and Fluid Flow Through Particle Beds

Permeability is the ability of a medium
to conduct a fluid. As the fluid trav-
els through a bed of particles, there is
tremendous drag due to the surfaces over
which the fluid flows. A schematic dia-
gram of flow through a bed of par-
ticles is shown in Figure 5.7. When
solution is applied to a bed of par-
ticles, some regions become saturated
illustrated in Figure 5.7. Solution flows

more rapidly through regions that have good permeability.

!

Local flooding
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flow/low

flow rate

Figure 5.7 Schematic diagram illustrating
of particles.

Solution
application

Solution
application

==

Voids

solution application and flow through a bed
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Figure 5.8 Schematic diagram illustrating solution application and flow through an array
of tubes that simulates flow through a bed of particles.

From a theoretical perspective, the flow through the pores that form between
particles in a bed can be described in a similar manner to flow through tubes as
illustrated in Figure 5.8.

Poiseuille described laminar flow through a single tube as [1]

v APmr?
dt  8uL

; (5.1

where V 1is the volume of fluid, ¢ i1s
the time, P is the pressure drop, r Pore or tube diameter is a critical

is the radius of the tube or pore, u parameter in determining flow.
1s the viscosity, and L is the thick-

ness or height of the bed of particles.

This equation, known as the Poiseuille equation, states that the flow rate is
directly proportional to the radius to the fourth power, thus the flow rate
is extremely sensitive to the variations in pore size, which is a function of
particle size and particle size distribution. Thus, as particle size decreases,
there is a tremendous decrease in the flow rate through a bed of particles. Using
the Poiseuille equation, Kozeny transformed the relationship in terms of bed
porosity (not to be confused with particle porosity), particle surface area, and
flow area using a characteristic constant [2], resulting in

v gp. AP
Abeddt KKM(1 - Sbed)ZSI%L,

(5.2)

where A;.4 is the area of the bed through which fluid is flowing, &4 is the bed
porosity or fraction of the particle bed that contains voids, Kx is the Kozeny
constant, and S, is the specific surface area of the particles. Equation 5.2 is
often referred to as the Kozeny or the Kozeny—Carmen equation because of the
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contributions made by Carmen. This equation reveals the importance of porosity
in the bed. If the bed becomes compacted significantly by heavy equipment, its
ability to transport leaching solutions and oxygen will be greatly diminished.

Example 5.1. Determine the new maximum fluid flow rate into a heap leaching
operation relative to the old flow rate if the old porosity is 0.40, the new porosity
is 0.38 and all other factors are constant.

. av . Abedgged AP keged

Q —_— . — == 9
dt KK/,L(l — gbed)ZSI%L (1 — gbed)z

Qe _ (1~ Eettoi) Ereauew) _ (1 = 04%038° -
Qoud Sged(old)(l — Epedmewy)’  0.47(1 — 0.38)2

Finally, on a more empirical and much less informative approach, there is
Darcy’s law for fluid flow (Note the similarity to Equation 5.2.) [3]:

dv kAP
= : (5.3)
Abeddt /,LL
where k; is the intrinsic permeability in
units of Darcys [note that for water at 20 °C, The Darcy equation is a
the hydraulic conductivity ky,ygrayiic (M/s) or simple equation that relates
the coefficient of permeability or seepage flow rate to pressure gradient,

coefficient is equal to 9.68 x 107° times k;
(Darcy), where 1 Darcy =9.87 x 10~13 m?
[1]. The Darcy equation is commonly
applied in filtration and leaching. However, the equation gives no indication
of the effect of the bed porosity or particle size on fluid flow.

Hydraulic conductivity can be mathematically expressed for saturated flow
through beds as

distance, and viscosity.

L kipg
khydraulic = " 12 = IM . (5.4)
ki(pgL)

If the intrinsic permeability is 1 Darcy, the hydraulic conductivity for water
at 20°C is 9.68 x 107® m/s. The effective flow of water through such a par-
ticle bed would occur at that superficial solution velocity or 9.68 x 107 m/s.
Note that the superficial velocity is equivalent to the volumetric flow rate per
unit of area (9.68 x 10~ m/s =0.00968 1/(m? s)). Consequently, a heap cannot
transmit a typical 0.003 1/(m? s) leaching solution application flow rate if the
permeability of the heap is less than 3 x 107® m/s. Moreover, if the heap is
operated near the permeability limit, instabilities are likely to arise and oxygen
penetration will likely be very limited. Thus, most operations tend to ensure that
the permeability is higher than 1 Darcy with a hydraulic conductivity of more
than 9.68 x 1076 my/s.
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Effective clay liners for a leaching pad must have low hydraulic conductivity.
The hydraulic conductivity of the clay portion of the liner is often restricted
between 1 x 10~ %and 1 x 10~8 m/s [3].

Another useful tool for evaluating the flow through beds is the residence
time. The residence time is the average time the fluid is in residence in the
bed of particles. The residence time for saturated flow through a particle bed is
defined as

t _ Volume AL AL AL puL (5.5)
residence — Flow rate - d_V - Aki(AP) o Aki(ng) - ki,og .
dt wL pL

Flow through most heaps is not saturated with respect to water flow. Conse-
quently, the pressure gradient is not the hydrostatic head pressure from the top
to the bottom of the heap. Instead, a very small pressure gradient that represents
an effective hydrostatic head can be used.

Many heaps in the copper industry have air injection. Thus, flow may be
saturated with respect to air. Therefore, these equations can find use in industry
as written for air injection/infiltration. They can also be modified with respect
to head pressure for solution flow applications. In practice, the hydrostatic head
pressure depends on flow patterns. Head pressure is also related to the drainage
system.

These equations have specific application to evaluating a leaching operation.
If too much fluid is applied, the bed of particles will fill with leaching fluid. This
condition is known as flooding. It is also referred to as saturated flow. Under
saturated conditions, gas penetration is minimized. Gas penetration through the
liquid phase is not sufficient for most scenarios. Thus, it is imperative that solution
flow rates are low enough to prevent flooding. Low flow rates lead to solution
percolation and some gas void space. The open space in particle beds allows
needed convective gas transport. In many systems, forced gas convection through
perforated pipes is also needed.

Another factor that can influence leaching performance is capillarity. Capillary
forces are particularly important when aqueous solutions are confined in narrow
spaces or tubes. The capillary force draws fluid up in glass tubes and creates the
meniscus on the walls of glass vessels. The height to which the fluid is drawn

up is expressed as
2y cosf

Renoiflary = ———— .
capillary 018" ’ (5 6)
/ \ where y is the surface tension (72 mN/m
Capillary rise contributes to for a typical aqueous fluid without sur-
solution retention and can factant), 0 is the contact angle of solu-
contribute to flow problems tion on the particle or vessel surface (¢
when fine particles accumulate is often close to 0° for typical mineral

near the bottom of heaps. particles), oy is the liquid density, g is
\ / the gravitational acceleration, and r is
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the radius of the tube or pore through which the liquid is drawn upward
(r A Tparicte (vOid fraction /solid fraction)'/?). Typically, the capillary rise or height
is less than 1 m. It is often only of concern near the bottom because of fine parti-
cle accumulation. Thus, for very deep beds, capillary rise is not very significant.
However, it can be significant for heap leaching if agglomeration is not utilized.
In extreme cases, capillary rise can create flooding near the bottom of leaching
operations. It may also make air injection difficult and complicate the process.

Many leaching operations allow the materials to “rest.” The rest period facil-
itates solution management. It allows for control of concentrations of dissolved
metal in the effluent stream. It allows for utilization of less expensive pumping
infrastructure. Most operations actively leach or irrigate for a period of time.
During the leaching time, the solution is applied at a rate accommodated by the
pumping infrastructure. Many irrigation systems operate at one pumping speed.
An appropriate period of resting follows to regulate the average application rate.
During the rest period, no solution is applied. The term irrigation rate is often
used to give an average rate of leachate flow through a particle bed. The irrigation
rate is defined as [3]

o o Leach time
Irrigation rate = Application rate - - . (5.7)
Leach time + Rest time

5.1.2 In Situ Leaching

In situ leaching involves mineral oxidation without material removal. Figure 5.9
illustrates this technique. In situ extraction utilizes material with appropriate
porosity. The porosity is either natural or induced by means such as explo-
sives. In situ leaching can be performed safely if the water tables and geological
formations are appropriate. It is commonly applied to soluble salt extraction.
Solutions must be properly contained and recovered as indicated in Figure 5.9.
In some cases, the effective water table can be drawn down through additional
pumping as shown in Figure 5.9. Appropriate pumping can prevent seepage from
the in situ leaching zone and the underlying aquifer.

In situ leaching reduces costly excavation and reclamation costs. For deep
deposits, in situ leaching may be the only viable method of extraction. Many
small-scale in situ leaching projects have been accomplished. However, because
of the uncertainties with regard to solution control, in situ leaching has not been
practiced on a large scale for metals such as copper and gold.

5.1.3 Dump Leaching

Dump leaching is characterized by very low grade ore leaching. It involves run-
of-mine material that has not undergone significant crushing or processing. Dump
leaching practice generally consists of dumping the low grade run-of-mine mate-
rial. The material is dumped over the edges of mining terrain under which a liner



GENERAL PRINCIPLES AND TERMINOLOGY 147

Flows in and out of ground Ground
[] 4 | | 4 [ A] 4 level Al 4
‘ ‘ Water removal
to draw down
—} water table
Water table )
(dashed line N
section)
1 I N
Leaching solution collection Ore bodies
and containment system >

Figure 5.9 Schematic diagram of in situ leaching scenarios. Source: Adapted from course
notes from Milton E. Wadsworth.
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Figure 5.10 Schematic diagram of a typical dump leaching scenario.

has been placed. It is sometimes placed

on lined leaching pads. Leaching solu- Dump leaching is a very
tions are applied at the top of the dump significant commercial metal
and allowed to percolate through the extraction method that is likely

dump. A schematic diagram of a typical
dump is presented in Figure 5.10.

The action of the leaching solution
may be amplified many times by bac-
terial activity in ores containing sulfides
such as pyrite. The bacteria that are naturally found on the ore particles can
make a process economically feasible. In copper dump leaching, the solutions
generally contain acid. In gold dump leaching, the solutions generally contain
cyanide and hydroxide. The leaching solutions are then passed through a strip-
ping process to concentrate the metal. The leaching solutions are combined with

to continue to increase in
importance because of low cost
and improving technologies.
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makeup leaching solution before being reapplied at the top of the dump. Some
dumps are hundreds of feet deep. Dumps may take decades to leach.

One of the most common ores that is leached in dumps is copper ore. Copper
ore generally contains various copper oxides. In some locations, copper sul-
fide ores are leached. In most dump leaching operations, oxygen penetration is
critical to the leaching process. The oxygen is utilized by bacteria to drive their
metabolism. The action of bacteria is covered in more detail in Chapter 4. Oxygen
is also used for chemical reactions.

5.1.4 Heap Leaching

Heap leaching is leaching performed on low to medium grade ores. The ores
must have enough valuable material to justify additional size reduction. Most
heap leaching operations are carried out on a much shorter timescale than dump
leaching. Often the leaching time for ore such as simple oxides can be 45 days
or less because of the high permeabilities, small particles, and shallow depths.
However, for sulfide ores or larger run-of-mine material placed on leaching pads,
leaching times may approach 600 days.

Often, each lift or vertical section is less than 10 m high. These condi-
tions allow much greater oxygen penetration than is commonly found in dump
leaching. Shorter lifts often reduce com-

Heap leaching is generally paction, reduce precipitation, and speed
practiced using lifts or sections extraction. A general view of a heap
that are 4—10 m high and cover leaching system is shown in Figure 5.11.

large areas Actual heap leaching operations are pre-

sented in Figure 5.12 and Figure 5.13.
In operations requiring large volumes of
oxygen, air is injected at the bottom of the heap.

The heap leaching lifts are constructed on top of pads. The pads often consist of
foundation, underliner, liner, and overliner. Some pads contain additional layers
as shown in Figure 5.14. The additional layers are a liner and a drainage layer.

Solution distribution lines

Ssecond
lift

1

Drainage berm
or dike

First lift

/

Solution drainage and/or
air injection lines

Figure 5.11 Schematic diagram of a typical heap with two lifts.
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Figure 5.12 Examples of heap leaching operations. (See plate section for color version.)

Figure 5.13 Examples of heap leaching operations.
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Ore layer: dggaround 15 mm, 10m in depth per lift,
permeability > 1 x 10°m/s

Overliner layer: intermediate size, dggaround 10mm, around
30 cm in depth, permeability > 1 x 10~* m/s, includes
perforated pipes in many cases

Liner — LLDPE (linear low density polyethylene) or HDPE

Drainage layer: intermediate size, dgg around 5mm, includes
leak detection sensors, around 30cm in depth, permeability
>1x10%m/s

Liner: LLDPE (linear low density polyethylene) or HDPE

Underliner: fine, dgy < 2mm, low permeability < 1078 m/s,
often >30cm in depth

Foundation — contoured for drainage, smooth

Figure 5.14 Illustration of liner layers for heap and dump leaching.

Leak detection sensors are often placed in the drainage layer. Leak detection
monitoring is often required for project permitting.

Pad construction begins with a properly formed foundation. The foundation
must be smooth, compacted, and contoured for proper drainage. Contouring is
often performed to direct fluid to a sump. The foundation is made of a variety
of materials.

The underliner is made with crushed particles less than 30 mm in diameter. A
typical dg size for underliner material is 2 mm. The underliner material generally
contains fine material. The underliner has a saturated hydraulic conductivity of
less than 1 x 10~8 m/s. The underliner layer is often 30 cm or greater in depth.

The liner is usually a ggomembrane material. Geomembranes are often made of
linear low density polyethylene (LLDPE) or high density polyethylene (HDPE).
However, some are made of poly(vinyl chloride) (PVC). The average thickness
of the liners is around 2 mm.

The overliner is typically made of

crushed material with a dg, of around Heap and dump leaching take
10 mm. The top size of the overliner place on carefully prepared pads
material is around 30 mm. Pipes are that are lined to prevent leakage.

often inserted into the overliner for solu-
tion drainage and/or gas injection. The
overliner protects the liner from haulage equipment and facilitates solution col-
lection. The overliner layer is often 30 cm or greater in depth.

The drainage layer may consist of material sized between that of the overliner
and underliner. The drainage layer facilitates the removal of leaked solution. It
also minimizes hydrostatic head pressure above the secondary liner. Reduced
head pressure decreases leakage into the underliner.

Ore 1s stacked directly onto the overliner. The ore is typically crushed to a dg,
size between 25 and 8 mm with the most common size near 12.5 mm. Appropriate
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Figure 5.15 Schematic diagram of point source (arrows) application of leaching solution
using an ore with low permeability.

size distribution is critical to leaching performance. Particles that are too large do
not allow appropriate distribution. Ore that is too fine can result in fines migration.
In addition, particle transport can lead to local structural instability. Consequently,
crushed ore is often agglomerated before leaching. Particle transport can lead to
void formation and channeling. Fine particles can also plug channels. Generally,
ores with more than 20% clay are difficult to utilize in heaps and are often
blended with ores with fewer fines.

The permeability of the stacked ore is targeted to be at least 10 times
greater than the application rate. Figure 5.15, Figure 5.16 and Figure 5.17
show the effects of low, moderate, and excessive permeability on leaching
using point source application. Note that excessive permeability results in
channeling and nonuniform solution distribution when point source application
1s made.

Agglomeration is a technique used to increase the permeability and to dis-
tribute the leaching reagent. It is accomplished by mixing ore with water and a
binder. The ore is mixed with water

Agglomeration is often performed and binder in a mill or by conveyance
to enhance permeability and and stacking. In alkaline leaching,
distribute leaching reagents. the binder is often cement. In acidic

leaching, acid is commonly used to

facilitate binding and to maintain low

pH levels throughout the heap when acid-consuming minerals are present. The
use of acid during agglomeration or ore mixing is commonly used with oxide
and secondary sulfide ore deposits. The agglomerated ore is stacked on the pads
by stackers or haul trucks. The preferred placement is made by retreat stacking.
Retreat stacking is accomplished by conveyors that lift the ore to the edge of

a stack. The material then cascades down the stack. The stacker retreats as the
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Figure 5.16 Schematic diagram of point source (arrows) application of leaching solution
using ore with moderate permeability.

Figure 5.17 Schematic diagram of point source (arrows) application of leaching solution
using ore with excessive permeability.

material accumulates to the desired height. The stack height is the height of one
layer known as a lift.

After stacking is complete, solution

Optimum permeability allows for distribution lines are commonly placed
desired fluid and gas flow as on the top of the heap with minimal com-
well as solution distribution. paction by associated lightweight equip-

ment. In some cases, cable systems are
used to pull solution lines across newly
stacked material without the need to drive vehicles on most of the area that is to
be leached. In some cases, often with run-of-mine ore, where haul trucks place
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the ore on the pads, a bulldozer with a few large prongs behind is driven to
“rip” the surface to facilitate greater solution penetration through the pad area
compacted by haul trucks.

In cases where acid has been added during agglomeration, the acid-soaked ore
is allowed to “cure” or leach for a few days before solution application. This acid
curing process allows for the relatively concentrated acid to leach the valuable
entity before solution application to the heap.

Solution application is performed after solution distribution lines are placed
on the heap. Leaching solution is applied to the top of the heap. The application
rate is on the order of 0.002 dm3/(s m2) (equivalent to 2 x 10=% m/s) or in the
range of 0.005-0.01 m?/(h m?).

A variety of solution distribution methods are used. A common distribution
system utilizes drip emitters. After recovery reaches an acceptable level, another
lift is constructed on top of the first lift. A new solution application system is
then installed and utilized.

When sulfide minerals are present in significant quantities, bacterial activity
makes acid-based heap leaching more feasible. When sulfides are present, oxygen
is generally provided using perforated pipes installed at the bottom of the heap.
Air application rates are often in the range of 0.005—0.01 m?/(min m?) or about
60 times higher than the solution application rates. However, the amount of air
needed is often based on the quantity of sulfides present.

The overall connection of heap leaching and metal recovery is shown in
Figure 5.18. The solution that is applied to the heap extracts the desired metal
into the pregnant leaching (or product laden) solution (PLS).

The PLS is concentrated, usually by solvent extraction. The depleted leaching
solution leaving the solvent extraction process is called the raffinate or barren
solution. The raffinate is generally returned to the leaching process. The concen-
trated solution is often called the rich electrolyte. Metal is generally recovered
from the concentrated solution by electrowinning.

The metal content in the electrowin-

ning cells is replenished by returning Metal-bearing solution leaving a
the depleted lean electrolyte back to leaching operation is often
the solvent extraction stripping unit. The called the pregnant leaching

process of solvent extraction will be dis-
cussed in Chapter 7.

solution or PLS.

5.1.5 Modeling Heap and Dump Leaching Performance

Heap and dump leaching can be modeled using the fluid flow and kinetic
equations discussed earlier. Equations such as the shrinking-core model are
commonly applied. Such models are initially applied to individual particle
sizes. Equations are combined for all relevant ore sizes for an overall model.
In addition, localized mass balances must be utilized. As leaching solution
percolates into the heap or dump, compositions change. The effects of such
changes must be incorporated into the model. These changes are generally
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Concentration step fupp
(solution extraction)

Barren

Pregnant leaching v 1
solution or product Recovery step R Metal
laden solution (PLS) (electrowinning) product

Figure 5.18 Simplified flow sheet diagram of heap leaching and its integration with
overall metal production.

Feed solution

Figure 5.19 View of heap and dump leaching modeling approach with sequential voxels
or unit boxes of particles treated separately from 1 to N.

vertical. Consequently, heaps and dumps are often evaluated as tall plug-flow
reactors. Calculations are often facilitated by considering an array of voxels or
cubes. An illustration of this approach is shown in Figure 5.19.

The effects of heat generation or consumption are included using thermody-
namics and mass balancing. Fluid flow effects such as channeling are accommo-
dated using fluid dynamics. Leaching of ore is generally modeled based on the
shrinking-core kinetic model.
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Agglomerated ores have two additional issues to be addressed in modeling.
Often the agglomeration is performed using a concentrated form of the leach-
ing solution. Thus, leaching often begins when the material is agglomerated.
Agglomerated ore is often exposed to this more concentrated solution for a day
or more before solution lines are set up and leaching solution is applied. This
period of delay and concentrated solution exposure is sometimes called the cure
time.

Consequently, when the leaching solution is applied to the top of a heap, the
solution collects the previously dissolved entities in the agglomerates and rock
particles. Therefore, the initial PLS is high.

The initial solution concentration in the PLS is dependent on the rate of
diffusion out of agglomerates and pores inside of rock particles such as those
depicted in Figure 5.20 and Figure 5.21, respectively. It is also dependent on the
application flow rate, heap height, particles size, and other factors.

Leaching, in general, is further complicated by the heterogeneous nature of
the rock particles. Rock particles often contain a variety of minerals. The rock

Figure 5.20 Diagram illustrating agglomerated ore that has been exposed to concentrated
leaching solution during agglomeration, resulting in concentrated product.

Figure 5.21 Diagram illustrating a network of pores in a solid particle.
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Figure 5.22 Schematic diagram of ore particle with different minerals contained in the
interior and at the outer surface. These mineral constituents interact with leaching solution
by dissolution, alteration, precipitation, or inertness.

particle in Figure 5.22 shows several

minerals in an ore particle. Some miner- Modeling leaching performance
als dissolve readily. Some minerals form is challenging because of the
passive films. Other minerals can form complex nature of ores.

as precipitates during leaching. Other
minerals are inert. Often, bacteria are
involved. Thus, leaching modeling is generally quite complex and results can vary
widely. However, despite the complexity, leaching modeling can be reasonably
successful.

5.1.6 Solution Application Techniques

In heap and dump leaching operations, solutions are generally applied by
trickling/dripping and sprinkling, although in rare cases, ponding or injecting
is utilized. Trickling or dripping is per-

Most heap and dump leaching formed using perforated pipes or tubes
solutions are applied by that allow for continual dripping across
sprinklers or drip emitters. heaps or dumps and is restricted to rel-

atively low flow rates. Often, drip emit-
ters, which are placed at the ends of
small diameter tubes that are connected to a central pipe, are used. Drip emitters
are becoming increasingly popular—especially in arid climates because of water
conservation. Sprinkling is a common method of solution application involving
common types of sprinklers that provide a relatively high rate of fluid delivery in
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a relatively narrow range of flow rates. Ponding is carried out by simply retaining
the solution in a pond at the top of dumps. Ponding is usually the least effective
method of application because of the channeling/short circuiting problems and
reduced oxygen penetration. Ponding is rare. Injecting is another method of solu-
tion application involving direct pumping of the solution into the heap or dump
through injection pipes, although it is rarely practiced.

5.1.7 Commercial Heap Leaching Applications

5.1.7.1 Copper. Phase diagrams for typical copper oxide and sulfide scenarios
are presented in Figure 5.23 and Figure 5.24 as well as Figure 5.6, shown earlier.
These diagrams show that an oxidizing acidic environment is generally needed
for metal extraction.

Copper extraction is often performed using dump or heap leaching. These
processes were described earlier. A variety of metals can be extracted by these
processes. Copper is the metal most commonly extracted by these processes.
Consequently, copper will be used as the general example. Copper is dump and
heap leached primarily from oxide ores, although sulfides are also leached.

2 y
1.84| cu? i Dissolved Cu2* activity = 1, S act. =0.1,
16 - I/ PCO, =350 ppm
1.4 4 CUSO4I:5H20(aq)
1.2 o |

] -
0.8 - o Eso , .

HSO, -

0.6 1 4 104
061 s CU,(OH)CO, Q2

_1.6 IIIIII:IIIIIII
o 1. 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 5.23 Copper Eh/pH diagram. Source: Based on data in Reference 25 along with
the addition of copper sulfate heptahydrate.



158 METAL EXTRACTION

o Activity of sulfur=0.1,
other dissolved species
activities =1 x 10°

3
0.8 1tFe”" | Cu?* +Fe,04

C,

-04 1 ¢ Fe,

u,s IS

20 4 Fe2+ CUSP CUFe * Fo2y H'2'--.. S eaoq

€S 2 ¥ Fgara.C UFeS
—0.6 4Cu + Fe2+ I NN e 2 2 + FaS
Cu,8, Fog~—CUz
-0.8 A
Cu +Fe C

UsF
S eS4 + Fes

_1 T T T T T T T T T T T

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH

Figure 5.24 Eh-pH diagram for copper, iron, sulfur, and water. Source: Developed
based on data in Reference 25, and a corresponding figure for iron in water is presented
in Figure 5.25.

Copper oxide ores often include malachite (CuCO;-Cu(OH),), azurite
(2CuCO5-Cu(OH),), and chrysocolla (CuO-Si0,-2H,0). Malachite is a
deep-green monoclinic crystal, and azurite is a dark purple-blue monoclinic
crystal. Chrysocoola is hydrated silicate with CuO associated in the lattice.
Leaching often occurs according to the reactions

4H' 4 CuCO; - Cu(OH), < 2Cu*™ + CO, + 3H,0 (5.8)
6H" + 2CuCO; - Cu(OH), <> 3Cu** + 2CO, + 4H,0 (5.9)
H' + CuO - SiO, - 2H,0 < Cu*" + Si0,-nH,0 4+ 3 —n)H,0  (5.10)

In each reaction, 2 mol of hydrogen are consumed for each mole of copper
released. One mole of sulfuric acid would be required for each mole of copper
leached. However, acid consumption is usually much higher because of acid-
consuming minerals in the ore. An example of an acid-consuming gangue mineral
is calcite. Calcite consumes acid according to the reaction

2H + CaCO; < Ca’* + CO, + H,0 (5.11)
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Acid-consuming minerals such as calcite increase acid costs. In addition, acid-
consuming minerals contribute to precipitate formation, which can be detrimental.

Reactions that are commonly encountered in copper dump or heap leaching
of sulfide ores include [11]

Cu,S + 2Fe*" <> Cu*™ + 2Fe?" + CuS (5.12)
CuS + 2Fe’" « Cu*" 4 2Fe*t 4 S° (5.13)
CusFeS, + 12Fe*™ « 5Cut 4 13Fe’" 4 48° (5.14)
CuFeS, + 4Fe’T < Cu®" 4 5Fe?™ + 28° (5.15)

The last reaction (5.15) is generally too slow for typical commercial heap or
dump leaching.

In addition to Equation 5.15, Equation 5.16, Equation 5.17, and Equation 5.18,
it is important to realize that other sulfides such as pyrite are often present
in significant quantities. Pyrite can have an important influence on the overall
consumption of oxygen. Also, it should be noted that the ferric ions are generated
from ferrous ions by bacteria. Elemental sulfur is usually oxidized by the bacteria
as indicated in Equation 5.13, and a corresponding diagram of bacterial activity
is presented in Figure 5.26.

Some general parameters for copper heap leaching are presented in Table 5.1.

5.1.7.2 Gold. Gold is more commonly leached in tanks than in heaps. Con-
sequently, most gold extraction will be discussed in the subsequent section with
precious metals. However, it is useful to indicate that heap leaching of low grade
gold ore is commonly practiced using 50—-500 ppm sodium cyanide solution at
pH 10.5-11.5. Heap design and flow rates are similar to those used for copper
heap leaching.

5.1.7.3 Iron. Although iron is not leached as a desired mineral, it is often
extracted during the extraction of other metals. A pH—Eh diagram for iron and
water is presented in Figure 5.25. This diagram shows that although iron must
be oxidized to extract it from oxide minerals, the potential for extraction is
relatively low. Correspondingly, it is relatively easy to corrode iron or steel in
water. At low and high pH levels iron species are soluble. At moderate pH
levels iron forms oxides, which are not structurally very stable from a corrosion
passivation perspective. The relative effect of sulfur and iron in water is presented
in Section 5.1.7.1.

5.2 BIOLEACHING/BIOOXIDATION

Bioleaching is commonly applied to heap leaching as well as concentrate leach-
ing, so it is introduced in this section.
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TABLE 5.1 Typical Copper Heap Leaching Parameters for Oxide and Secondary
Sulfide Ores

Parameter Range or Method
Ore grade 0.3-1.5% copper

Size (area) 500,000—5,500,000 m?
Overall heap height 7-60 m

Lift (individual layer) height 3-10 m

Stacking method Conveyors/truck dumping
Liner 1.5-2 mm HDPE
Solution application 0.005-0.01 m3/(h m?)
Air injection 0-0.01 m*/(min m?)
Application line spacing 0.3-1.0 m

Emitter spacing on line 0.3-1.0 m

Ore size (crushed) 80% minus 10—-15 mm
Ore size (run-of-mine) 80% minus 80—120 mm
Agglomeration Common (60-90 s if used)
Agglomeration acid addition 5-20 kg/ton of ore
Rest time before leaching 2-20d

Application solution acid 5-15 kg/m?
Application solution temperature 15-25°C

Total leaching time (oxides) 50-180d

Total leaching time (sulfides) 150-600 d

PLS Cu 1-6 kg/m?

PLS acid 5-10 kg/m?

PLS temp 15-30°C

Abbreviation: PLS, pregnant leaching solution.

Pyrite is important to bacterial oxidation, oxygen consumption, acid
production, and iron control in sulfide ore leaching.

Bioleaching has been practiced for

many centuries, yet bacteria that per- Bacteria can enhance metal
formed most dump leaching were extraction by regenerating needed
not identified until the 1940s [4]. mineral oxidants such as ferric ions.

Three classes of bacteria are capa-

ble of mineral oxidation or leach-

ing. These classes are autotrophs, mixotrophs, and heterotrophs. Auto-
trophic bacteria, the most common mineral-oxidizing bacteria, derive their energy
from the oxidation of inorganic compounds. Their energy comes from ions such
as ferrous ions. They obtain their cell carbon from dissolved carbon dioxide [5].
Autotrophs leach minerals indirectly by providing oxidized inorganic species.
Alternatively, they secrete enzymes that oxidize minerals. Mixotrophic bacteria
obtain their energy from inorganic compound oxidation. Mixotrophs obtain at
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Figure 5.25 Eh-pH diagram for copper, iron, sulfur, and water. Source: After Refer-
ence 35.
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Figure 5.26 Schematic diagram of potential bioleaching of pyrite by Acidithiobacillus
ferrooxidans. (See plate section for color version.)
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least some of their cell carbon from organic carbon sources [5]. Mixotrophs can
leach essentially the same way as autotrophic bacteria. Heterotrophic bacteria
obtain their energy and cell carbon from organic carbon sources such as sucrose.
Heterotrophs leach minerals by providing acids such as citric, formic, acetic,
oxalic, lactic, pyruvic, and succinic acids that are produced as by-products of
organic carbon metabolism [5].

Most sulfide mineral bioleaching
Microorganisms need appropriate i1s performed by autotrophic bacte-
nutrients and conditions to thrive. ria. A common example of bacteria
is Acidithiobacillus ferrooxidans, for-
merly known as Thiobacillus ferroox-
idans. These bacteria are relatively slow growing but do not require organic
carbon. These bacteria can be extremely tolerant of high concentrations of dis-
solved metal (20 g/1 As, 120 g/l Zn, 72 g/1 Ni, 30 g/l Co, 55 g/l Cu, and
12 g/1 U50q4 [4,6]). Bacteria such as A. ferrooxidans are also mesophilic. They
prefer temperatures between 20 and 50 °C (ideally 33—37 °C), and they are aci-
dophilic. Correspondingly, they prefer acidic media with pH values between
I and 2.5. If the pH or temperature is out of these ranges, or if the oxygen
level falls below 1 ppm [7], the bacteria become dormant. In addition to these
requirements, bacteria require other nutrients such as nitrogen and phosphate.
A traditional formulation for maximum growth of A. ferrooxidans nutrients is
the 9K medium, which includes 3 g (NH,)SO,/1, 0.1 g KCV/1, 0.5 g K,HPO,/I,
0.5 g MgSO,-7H,0/1, 0.01 g Ca(NOs),/1, pH adjustment to 2.3 using H,SO,, and
approximately 45 g FeSO,-7H,0O/1 [4]. However, in many commercial settings
where growth rates are not optimal, it is often sufficient to supply air along with
0.5-1.0 kg ammonium sulfate per ton and 0.1-0.2 kg potassium phosphate per
ton of ore [7].

Recently, it has been determined that in some leaching scenarios, other bacte-
ria such as Leptospirillum ferrooxidans can dominate the microbial flora [8]. High
leaching temperatures (>50 °C) are detrimental to mesophilic bacteria. In some
heaps, temperatures greater than 70 °C have been measured. Consequently, bac-
teria other than mesophilic bacteria are needed. Thus, there has been increased
interest in thermophilic bacteria. Thermophilic means heat loving. Some suc-
cesses for higher temperature applications have been reported using archae and
bacteria, some of which have been found in natural hot springs [9,36].
Microorganisms need an environ-

Microorganisms can slowly adapt ment without excessive toxins. Most

to their environment. In some bacteria can tolerate or adapt to some
cases, microorganisms can slowly levels of toxins. Often, bacteria can
adapt to very toxic environments. adapt to relatively high levels of some

toxins if allowed to slowly acclimate

to increasing levels of toxins. Some
observed tolerance limits of 7. ferrooxidans for specific ions are presented in
Table 5.2.
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TABLE 5.2 Thiobacillus ferrooxidans Tolerance
Limits for Selected Metal Ions?

Metal Tolerance Limit, mg/l
As >20,000

Sb 80-300

Fe >50,000

Zn 3000-80,000

Cu >100

Pb 20

Se 80

Ca >200

Mg >200

4Reference 6.

The metabolic pathways through which the bacteria oxidize ferrous ions to
ferric ions are complex. Likewise, the bacterial oxidation of sulfur to sulfate
is not simple. A. ferrooxidans are capable of oxidizing sulfur and ferrous ions.
Other bacteria such as Acidithiobacillus thiooxidans are also capable of sulfur
oxidation. Both bacteria are commonly found together in ores. The final step in
the ferrous ion oxidation involves the formation of water:

0, + 4H" + 4e~ < 2H,0 (5.16)

which has a standard potential of 0.82 V inside the cell where the pH is approx-
imately 7. In contrast, the potential of the ferrous/ferric half-cell reaction

Fe’T + e~ < Fe?t (5.17)

is 0.770 V under standard conditions. The potential is slightly higher or lower
under actual leaching conditions. Thus, the formation of water within the bacteria
drives the oxidation of ferrous ions to ferric ions. The overall reaction is

0, + 4H" + 4Fe’t < 4Fe’t 4+ 2H,0 (5.18)

The process of biooxidation in an actual leaching situation is shown schemat-
ically in Figure 5.8. As shown in Figure 5.8, the bacteria, which are typically
I um in size, can be attached to mineral particles or suspended in the solution.
Most bacteria tend to attach to mineral particles. The bacteria that are attached
to the particles perform most of the oxidation of ferrous ions. Some types of
attached bacteria are also believed to oxidize the sulfur to sulfate without the use
of ferric ions from the bulk solution [10].

For leaching of a typical sulfide mineral such as pyrite (FeS,), the following
reactions are likely to occur when bacteria are present:

2Fe’* +0.50, + 2H' < 2Fe** + H,0(biotic) (5.19)



164 METAL EXTRACTION

FeS, + 2Fe’" <« 3Fe’T + 2S°(abiotic) (5.20)
2S° + 30, 4 2H,0 <> 2S0,>~ + 4H™ (biotic) (5.21)

with the overall reaction given as
FeS, + 3.50, + H,0 < Fe’™ +250,>~ + 2H™ (overall). (5.22)

As with many reactions, looking at the overall reaction does not give a very
informative view of the process of getting there. With most sulfide oxidation,
the bacteria play a very important role in oxidation or leaching. In fact, the rate
of natural leaching of sulfide minerals with bacteria is nearly always orders of
magnitude greater than without the presence of bacteria.

One important factor that complicates the evaluation of bacterial leaching
kinetics is the dynamic nature of bacterial populations and the diversity of types
of bacteria within the population. When bioleaching operations are initiated, bac-
terial populations are low.

Correspondingly, the rate of leach-

Commercial biooxidation facilities ing is initially very slow. After
to utilize a consortium or group of a core population becomes estab-
different microorganisms. lished, the population and leaching

rate increase exponentially. Once the
population achieves a maximum sus-
tainable number, the rate of leaching usually remains constant unless the food
supply is diminished. Bacterial populations also tend to shift with changes in
conditions such as temperature, dissolved iron level, pH, and oxygen availabil-
ity. In addition, if bioleaching is performed in a continuous flow reactor setting,
bacteria can be removed with the solids to which they are often attached more
quickly than they are capable of growing. This condition of excessive removal
is known as washout, as eventually such a condition will wash out the bacteria.

Bacterial leaching can become a problem where ground is disturbed. Ground
is often disturbed for roads, infrastructure, and mining. Often these activities
require blasting or heavy equipment use. Blasting reduces the particle size and
increases mineral exposure area. Mineral exposure is particularly problematic
for ground tailing material. Ground tailing material has a high surface area per
unit of volume. Minerals that are at or near the surface are exposed to oxygen
and water. Newly exposed minerals release needed nutrients for bacteria. As a
result of the exposure, bacterial activity can be accelerated. In areas were sulfide
minerals are present, the bacterial activity may lead to acid production. Equation
5.21 shows one possible acid producing sulfide reaction. Acid produced by such
reactions can leach other minerals and release a variety of dissolved metals. This
scenario is called acid rock drainage (ARD). This natural process is sometimes
referred to as acid mine drainage because it i1s commonly associated with mining
activities. ARD is most common for sulfide tailings due to enhanced sulfide
mineral exposure.

Prevention of ARD is dependent on reducing mineral exposure and bacterial
activity. Reductions in water and air exposure are important to ARD prevention.
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Consequently, prevention schemes often include capping exposed material with
low permeability materials. Materials such as clay can be used for capping.
ARD can also be controlled by mixing mined material with limestone to prevent
acidification. The addition of biocides that kill bacteria has also been tested.

5.2.1 Commercial Bioleaching Applications

The BIOX® process, originally devel-
oped by Gencor (now BHP Billiton Pro- The BIOX® process is used
cess Research) and marketed through commercially at several plants.
Gold Fields, is used in several com-
mercial operations throughout the world.
Locations of operations include Ashanti, Ghana, Fairview, South Africa, Sao
Bento, Brazil, Jinfeng, China, and Wiluna, Australia. BIOX has been commer-
cially available for more than 15 years. One operation processes nearly 1000 tons
of sulfide concentrate each day. Additional plans to build a BIOX plant for the
Dachang project in Qinghai, China [11]. The BIOX process uses a mixture or
consortium of three bacteria: T. ferrooxidans, T. thiooxidans, and Leptospirillum
ferroxidans. The process utilizes temperatures between 40 and 45 °C at pH levels
between 1.2 and 1.6 with 20% solids. Dissolved oxygen levels are maintained
above 2 ppm. The total residence time is 4—6 days. Air is injected to provide
both oxygen and carbon dioxide that are necessary for bacterial growth and min-
eral oxidation to take place. Excess process heat generated by sulfide oxidation
is removed. Additional nutrients and carbonate can be added in some cases to
optimize performance. The capital cost for a 720 tons/day plant was estimated
to be $25 million in 1994. Operating costs have been estimated at $17 per ton
[12]. Adaptation of BIOX mesophilic cultures to nickel sulfide concentrates has
been referred to as BioNIC [13].

The GEOCOAT process consists of coating concentrate onto gangue particles
that are stacked on heaps and leached [14]. The associated heap is inoculated
with sulfide-oxidizing bacteria that may include moderate thermophiles [14].

The BioCOP process consists of thermophilic-culture-based tank leaching.
Extracted metal is concentrated by subsequent solvent extraction and recovered
by electrowinning [15]. It was developed by Billiton and demonstrated by Billiton
and Codelco in 2000. The demonstration facility was eventually expanded to
include a 20,000 tons/annum plant at a Chuquicamata site by 2003 [15].

The BACOX process utilizes naturally occurring bacteria. This process uses
higher temperatures (50 °C) than traditional bioleaching. The BACOX process
also includes environment optimization for improved performance [11].

5.3 PRECIOUS METAL LEACHING APPLICATIONS

Leaching of ores containing precious metals can be more complex than non-
precious metal ore leaching. Complexity arises from the difficulty of extracting
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precious metals from “refractory”
Refractory gold ores require ores. The term refractory refers to
additional processing steps. ores for which extraction by direct
leaching yields poor recoveries or
excessive leaching times. The com-
mon reason for refractory ores is locked gold inside a host mineral matrix. Most
often the matrix is sulfidic. However, the recoveries from refractory ores can
be enhanced greatly by pretreating the ore. Pretreatment often consists of roast-
ing, pressure leaching, or bioleaching to decompose the host matrix. Thus, with
refractory ores, there are often two entirely different leaching operations. The first
operation is pretreatment. The second operation is metal extraction by leach-
ing. General flow sheets for typical aqueous precious metal extraction will be
presented in Chapter 10.

5.3.1 Cyanide Leaching

The most common precious metal extractant is cyanide. Cyanide is one of the
few compounds that can dissolve gold in oxidizing media. It is believed that the
cyanide first adsorbs and forms an intermediate [16]

AuCN_ 4 + e~ <> Au+ CN™ (occurs in opposite direction) (5.23)

forming a passive AuCN,,, film, which occurs as an anodic reaction. This anodic
reaction is followed by additional reaction of cyanide to form the aurous cyanide
complex [16]:

AuCN, 4, + CN™ <> Au(CN),~ (5.24)

ads

The Pourbaix diagram for gold and cyanide is presented in Figure 5.27.
The related overall half-cell reaction
The addition of cyanide to water for silver and cyanide is
reduces the gold oxidation
potential by approximately 1 V

Ag(CN),” +e <« Ag+2CN~

_ 5.25)
because of the strong Au(CN (

complex 9 Au(GRY The associated Pourbaix diagram
K S / for silver and cyanide is shown in

Figure 5.27. The reaction of silver and
cyanide results in an insoluble silver cyanide compound at pH levels below
about 3.5 (Fig. 5.28).

Equation 5.23 requires a counterreaction that consumes electrons. The
electron-consuming reaction is water or hydrogen peroxide formation. Hydrogen
peroxide decomposes into oxygen and hydrogen ions or oxygen and water. It is
believed that the most important electron-consuming reaction in gold leaching
with cyanide is [18]

0, +2H" +2e~ < H,0, (or O, + 4H' +4e~ « 2H,0) (5.26)
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Pourbaix diagram for gold and cyanide. Source: Based on data in Refer-

Figure 5.28 Pourbaix diagram for silver and cyanide. Source: Based on data in Refer-

ences 19, 20.
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Figure 5.29 Eh-pH diagram for cyanide in water. The dissolved cyanide species have
activities of 0.001 Source: Based on thermodynamic data in Appendix D.

Thus, oxygen plays a critical role

Oxygen availability is generally in gold extraction. After the hydrogen
crucial to go|d |eaching because perOXide forms, it breaks down into
it is the key oxidant. water. Thus, the overall reaction for
gold/cyanide leaching in alkaline solu-

tions 1is
4Au+ 8CN™ 4+ O, + 2H,0 < 4Au(CN),” +40H™ (5.27)

The reaction is always carried out in alkaline media (pH > 10, usually
10.5—11). Cyanide reacts to form hydrogen cyanide gas (HT + CN~ <> HCN(g))
at lower pH levels. The Pourbaix diagram for cyanide is shown in Figure 5.29.

Hydrogen cyanide gas is toxic.

Consequently, it is critical to Very alkaline conditions (above pH
perforrp cyanide leaching above 10.5) are needed to prevent hydrogen
approximately pH 10.5. Most cyanide gas formation from cyanide

cyanide leaching takes place with
0.1-1 kg NaCN/ton of ore. Con-
centrations often range between 50
and 1000 ppm cyanide. Heap and pad leaching operate at the lower end of this
range. Concentrate leaching is performed at higher cyanide levels than heap and

solutions.
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dump leaching. If cyanicides are present cyanide requirements may be greater.
Cyanicides are compounds such as iron and copper that complex with cyanide
and increase cyanide consumption. A small amount of dissolved lead is generally
beneficial to leaching.

Natural carbonaceous material in gold ore can reduce recovery. Carbonaceous
material can adsorb solubilized gold. Gold adsorbed on carbonaceous material
in the ore remains with the ore. Gold is difficult to recover from natural car-
bonaceous material. Consequently, carbonaceous material effectively “robs” the
precious-metal-bearing (pregnant) solution of its gold. The resulting undesirable
stripping of the pregnant solution by materials in the ore is called preg-robbing.
Carbonaceous material can often be consumed by combustion in roasting pre-
treatment operations.

The most common method of gold leaching is agitated tank or vat leaching.
Approximately 50% of the gold produced in 2004 was extracted by agitated tank
or vat leaching [21]. However, heap leaching is growing in popularity. In 2004,
10% of worldwide gold production came from heap leaching [21].

5.3.2 Other Precious Metal Extractants

Generally, halides such as chlorine, bromine, and iodine as well as sulfur com-
pounds such as thiocyanate (SCN™), thiourea (NH,CSNH,), and thiosulfate
(S,0;27) are good lixiviants (extractants) for gold in aqueous media. Typically,
the reaction with chloride and other halides (X) is

AuX),” +e” < Aut200" + (X), (5.28)
Gold extraction with halides is

Cyanide toxicity has driven research to usually much faster than cyanide.
evaluate alternative less toxic gold However, th? cost Qf halide-
lixiviants such as thiosulfate, based extraction is higher than

cyanide-based extraction. There-
fore, halides are rarely used for
gold extraction.

Typical reactions involving thiocyanate, thiourea, and thiosulfate are [22]

thiocyanate, and chloride.

Au(SCN),” + e~ <> Au+2SCN~ (5.29)
Au(NH,CSNH,), ™ + e~ < Au + 2(NH,CSNH,) (5.30)
4Au + 85,0, + 0, + 2H,0 < 4Au(S,0;),°~ +40H™ (5.31)

The associated Pourbaix diagrams for thiocyanate and thiosulfate are pre-
sented in Figure 5.30 and Figure 5.31, respectively. Both thiocyanate and thiourea
leaching are performed in acidic media. In contrast, leaching with thiosulfate is
generally performed in alkaline media. Leaching with thiocyanate requires the
use of an added oxidant. Ferric ions are often preferred for oxidation because of
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Figure 5.30 Pourbaix diagram for gold and thiocyanate. Source: Based on data in
Reference 19.
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Figure 5.31 Pourbaix diagram for gold and thiosulfate in ammonia/ammonium solution.
Source: Based on data in Reference 23.
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the slow oxidation using oxygen. Leaching with thiosulfate utilizes oxygen for
oxidation. Each of these sulfur compounds has potential for application as a pre-
cious metal lixiviant. However, at present, they are not widely used in industry.
High reagent costs and process control problems have inhibited their use.

5.4 EXTRACTION FROM CONCENTRATES

5.4.1 Concentrate Leaching

High grade concentrated ores can often be economically leached in leaching
vessels such as the one depicted in Figure 5.32. Concentrate leaching is not
the most common method of leaching. It requires milling and concentration
as preceding steps. However, large ton-

nages of calcined zinc concentrates are Metal sulfide minerals,
leached each year. In recent years, the concentrated by flotation, are
application of concentrate bioleaching has commonly leached in vessels

increased. Several bioleaching plants leach
concentrates as discussed in Section 5.2.
Many commercial operations utilize high
pressure autoclaves to oxidize sulfide min-
erals as pretreatments to gold extraction from refractory ores. A typical high
pressure acid (or autoclave) leaching (HPAL) vessel is depicted in Figure 5.33.
Chalcopyrite concentrate leaching has been performed by pressure oxidation
(POX) at Freeport’s Morenci operation. This concentrate leaching operation has
utilized ultrafine grinding to a dg, size less than 10 um. More details regarding
pressure leaching is discussed in the subsequent section.

at elevated temperature,
pressure, and oxygen.

5.4.2 Ambient Pressure Concentrate Leaching

In the zinc industry, zinc sulfides are often roasted and then leached as a con-
centrate to remove iron:

ZnO . F6203 + 4H2$O4 <> ZHSO4 + Fez(SO4)3 + 4H20 (532)

Inlet Outlet

Figure 5.32 Schematic diagram of a leaching vessel with impellars for mixing.
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Figure 5.33 Schematic diagram of a high pressure autoclave leaching (HPAL) vessel.

The resulting ferric sulfate is then separated by precipitation processes that
will be discussed later.

5.4.3 Agitated Leaching of Gold Ores and Concentrates

Gold ores and, in some cases, concentrates are commonly leached in tanks.
The process and the reactions for leaching are described in previous sections.
Agitated leaching is performed with 40—50% by weight solids in the slurry. Air
or oxygen is often added because of its

Nonrefractory gold ores are necessity for gold leaching. Leaching is
commonly leached in large tanks often combined with concentration using
under near ambient conditions. activated carbon. Because this is a con-

centration process, it will be discussed

in more detail later. However, because
it is used in leaching tanks, some discussion is included here. The use of acti-
vated carbon particles (1-5 mm in diameter) in leaching (carbon in leaching,
CIL) facilitates low concentrations of dissolved gold in leaching solutions. In
CIL circuits, the gold that dissolves during leaching is rapidly adsorbed onto car-
bon in the same solution. The CIL process allows for higher recoveries of gold
when carbonaceous “preg-robbing” material is present. However, CIL processing
results in significant attrition of carbon and associated losses of fine particles of
gold-loaded carbon that report to the tailings. Leaching is generally performed
for 24-48 h.

Carbon in pulp (CIP) processing is similar to the CIL method. In CIP, leach-
ing occurs before exposure to the carbon. After leaching, the carbon is fed to
adsorption tanks in countercur-
rent flow to the leaching slurry. Activated carbon is used extensively to
Thus, the CIP process involves adsorb and concentrate gold.

a set of adsorption tanks. Con-
sequently, the capital cost for
CIP is greater than that for CIL. The residence time in CIP adsorption tanks
is relatively short (1 h), although six to eight stages may be needed [24]. The
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other method related to the use of activated carbon carbon in columns (CIC) will
be discussed in the concentration section of this book.

5.4.4 Miscellaneous Atmospheric Pressure Leaching Methods

5.4.4.1 Nickel. Nickel sulfide compounds can be broken down sequentially
using chlorine gas:

Ni;S, 4 Cl, <> Ni** 4 2NiS + 2CI~ (5.33)

2NiS + Cl, <> Ni** 4 NiS, + 2CI~ (5.34)

NiS, + Cl, <> Ni** 4 28° 4 2CI~ (5.35)

2S° + 6Cl, + 8H,0 <> 250,2~ + 16H" + 12C1~ (5.36)

An Eh—pH diagram for nickel, sulfur, and water is presented in Figure 5.34.

Dissolved activites: Ni species =107, S = 0.1

NiO,

—1_6 T T T T T T T T T T T T T
o 1t 2 3 4 5 6 7 8 9 10 11 12 13 14

pH
Figure 5.34 Eh-pH diagram for nickel and sulfur in water. The dissolved nickel species

have an activity of 0.000001 and the sulfur activity is 0.1. Source: Based on data in
Reference 25.
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Other reactions using chlorides such as ferric or cupric chloride such as
2FeCl; + CuS <> Cu*t 4 2Fe’t 4 S° 4+ 3CI™ (5.37)

are also used. One distinct advantage to leaching with chlorine, ferric ions, and
cupric ions is that the oxidizing agent can be regenerated during electrowinning,
although this is seldom performed in practice.

5.4.4.2 Zinc. Zinc is commonly leached as a concentrated zinc sulfide that has
been calcined to form zinc oxide. The associated Pourbaix diagram (Fig. 5.35)
shows leaching is feasible in acidic or alkaline media at low oxidation potentials.

Many ambient pressure leaching processes have been developed for copper sul-
fides including Arbiter, BHAS, Bromide, CANMET, CENIM-LINETI, CLEAR,
Cuprex, Cymet, Dextec, Ecochem, Electroslurry, Elkem, GALVANOX, Intec,
Minemet, Nenatech, Nitric Acid, and USBM. A general overview of associated
chemistries of many of these processes is summarized in the literature [27]. How-
ever, none of these processes has been practiced commercially on a large scale for
sufficient time to provide needed data and confidence for widespread utilization.

I Dissolved and
0 - H,S species
Zn2+ activities = 1,
HSO,~

0.6 -

S0,2 2
0.4 ZnO H O™

S0,%

0.2 1 Zn2+
- H,0

_1 T T T T T T T T T T

o 1t 2 3 4 5 6 7 8 9 10 11 12 13 14

pH

Figure 5.35 Eh-pH diagram for zinc and sulfur in water. All dissolved species activities
are unity Source: Created based on data in Reference 26.
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Many other possible processes can be used at ambient pressure for metal
extraction from minerals. As discussed in Section 5.2, several processes have
been used successfully on a commercial scale for sulfide concentrate leaching.

5.4.4.3 Processing of Titanium Dioxide. Titanium is often recovered as
TiO, from illmenite ores, which contain FeTiO;. One common approach is to
leach the illmenite ore in sulfuric acid:

FeTiO; + 2H,S0, < TiOSO, + FeSO, + 2H,0 (5.38)

The resulting solution of titanium oxide and ferrous sulfate is chilled to pre-
cipitate ferrous iron as ferrous sulfate heptahydrate. The solution is then heated
and diluted with water to form TiO(OH),. Seed crystals of TiO, are added as
nuclei for precipitate formation. Some titanium sulfate is also added to reduce
remaining ferric iron and prevent it from coprecipitating as ferric hydroxide with
the titanium oxide hydroxide. The TiO(OH), is calcined to form TiO,.

Rare earth elements, which include the lanthanide (Ln) elements, are leached
in either sulfuric acid or sodium hydroxide from bastnasite or monazite minerals.

5.4.5 Pressure Leaching of High Grade Ores and Concentrates

Pressure leaching is the process of aqueous metal extraction under high pressure
conditions. Pressure leaching is performed in an autoclave. Pressure leaching
occurs naturally in situ (using hydrostatic head pressure). Pressure leaching is usu-
ally oxidative. Therefore, pressure oxidation is commonly abbreviated to POX.
Most often POX is performed using high pressures of oxygen gas (5—50 atm).
Elevated temperatures, usually close to 200 °C, are also used. As a result of the
elevated temperature and pressure, the rate of metal extraction is rapid. The aver-
age residence time in POX circuits is approximately 2 h. POX is used to extract
some metals such as zinc from zinc calcines. POX is also used as a pretreatment
for precious metal extraction operations. Pressure leaching has also been used to
control various precipitation reactions.

Many mineral decomposition reactions involve oxidation and reduction. Often
the cathodic portion is supplied by oxygen under low or high pH conditions:

4H' + 4e~ 4+ 0, <> 2H,0 (low pH) (5.39)
2H,0 + 4~ + O, < 40H" (high pH) (5.40)

Increasing oxygen pressure increases the rate of these reactions. Thus, mineral
decomposition is often increased by increased oxygen pressure. Under ambient
conditions, the partial pressure of oxygen is 0.21 atm. Increasing the partial
pressure to 10 atm in an autoclave leads to a 50-fold increase in the oxygen
availability. In addition, with a typical autoclave temperature of 150 °C, the corre-
sponding rate increase, assuming an activation energy of 25 kJ/mol, would be 20
times the rate at 25 °C. The kinetic advantage of autoclave leaching is obviously



176 METAL EXTRACTION

impressive with typical kinetic enhancements that can easily approach a factor
of 1000. In addition, high pressure acid (or autoclave) leaching HPAL offers
some potential advantages for iron removal, arsenic stabilization, and reduced
oxygen consumption that are generally not available under ambient conditions.

5.4.6 Elevated Pressure Commercial Aluminum Ore Leaching

Pressure leaching has been applied
to bauxite ore processing through Activated carbon is used extensively
the Bayer process since late in the to adsorb and concentrate gold.
nineteenth century [28]. In the typ-
ical Bayer process, both gibbsite
(AI(OH)3) and diaspore or boehmite (AIO(OH)) are dissolved from bauxite ore.
The related Eh—pH diagram for aluminum and water is shown in Figure 5.36.
The Eh—pH diagram indicates that aluminum oxide can be dissolved at either
very acidic or highly alkaline conditions. The diagram also shows that dissolution
is possible without reduction or oxidation.

The Bayer process occurs at elevated temperature and pressure to expedite the
dissolution process. This process takes place at about 150-200°C in 3—-12 M
NaOH at a pressure of 4—8 atm [29] as shown below:

Al(OH); + OH™ < AlO,” + 2H,0 (5.41)
Dissolved species
3 e,
0.8 4 AIF* e activities = 1x1072
05 HZO
0.2 - H.O
Mo
Al,033H,0
-0.1 - H2 2V3 2
-0.4 -
g -0.7 ~
M
-1
-1.3 A
~1.6 - P
o
N
1.9 - |
-2.2 A Al
\
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01 2 3 4 5 6 7 8 9 10 11 12 13 14

pH

Figure 5.36 Eh-—pH diagram for aluminum in water. The dissolved species activities
are 0.01. Source: Based on data in Reference 37.
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AIO(OH) + OH™ <> AlO,™ + H,0 (5.42)

Gibbsite is more easily dissolved at lower temperature and hydroxide concen-
tration than boehmite.
The next process step is addition of water to form gibbsite:

AlO,” + 2H,0 <> AI(OH); + OH~ (5.43)

The resulting gibbsite precipitate is then calcined to alumina. The alumina is
electrolytically reduced to aluminum metal in molten salt bath electrowinning
cells.

Sodium hydroxide is regenerated and oxalate is removed by the addition of
lime (Ca0O). Associated reactions are

Na,CO; + CaO + H,0 <« 2NaOH + CaCO; (5.44)
H,COO + CaO <« CaCOO + H,0 (5.45)

Some calcium aluminate is also formed.

5.4.7 Sulfide Mineral Concentrate Pressure Oxidation

Pretreatment of refractory precious metal ores as well as leaching of some copper
sulfide concentrates is performed by pressure leaching on an industrial scale [30].
Typical reactions for refractory gold ore POX pretreatment include

F652 + H20 + 3502 <> FCSO4 + HzSO4 (546)

FeAsS 4 1.5H,0 + 3.250, <> FeSO, + H;AsO, (5.47)

These reactions are usually carried

Pressure oxidation of sulfides is out in acidic media because of the acid
often performed to extract forming tendencies of the sulfide min-
copper or other metals. It is also erals. The resulting leaching slurry is

then converted to alkaline media before

performed to break down the ) )
cyanide leaching.

sulfide matrix for improved

subsequent extraction of gold b Metals - such as copper are also
9 , : 9 y extracted using POX. Chalcopyrite
cyanide leaching.

\ / reactions are sensitive to temperature.

Proper control of temperature allows
for control of products such as elemental sulfur and acid production. At low
temperatures of 100—160 °C, the common reactions are [31]

2CuFeS, + 2.50, + 5H,S0, — 2CuSO, + Fe,(SO,); + 4S° + 5H,0  (5.48)

CuFeS, 4 2Fe,(SO,); — CuSO, + 5FeSO, + 2S° (5.49)
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The iron generally precipitates as goethite [31]:
Fe,(SO,); + 4H,0 — 2FeOOH + 3H,S0O, (5.50)

At higher temperatures (180-230°C), the corresponding reactions include
[31]

2CuFeS, + 8.50, + H,S0, — 2CuSO, + Fe,(S0,); + H,0 (5.51)
2CuFeS, + 16Fe,(SO,); + 16H,0 — 2CuSO, + 34FeSO, + 16H,S0, (5.52)
2FeSO, + 0.50, + H,S0, — Fe,(S0,); + H,0 (5.53)

Fe,(SO,); 4+ 3H,0 — Fe,0; + 3H,S0, (5.54)

Thus, at low temperatures, the sulfur product is elemental sulfur. At higher
temperatures, sulfuric acid is the sulfur product.

Another useful chemistry for sulfide oxidation is the use of chloride and acid
at 220 °C with oxygen as practiced in the Platsol process [32]. The addition of the
chloride with acid and oxygen allows base metals to dissolve as sulfates along
with precious metals that are dissolved as chloride complexes.

Other chemistries such as those involving nitric acid have been successful in
niche markets [33]. The process includes regeneration of the nitric acid.

5.4.8 Commercial-Scale Nickel Concentrate Leaching

Another important use of pressure leaching is the Sherrit-Gordon process. In
this process nickel is extracted from the pentlandite, (Fe,N1)S, concentrate. This
process takes place at 70—90 °C at 7-10 atm using ammonia and oxygen [34].
The reactions can be expressed as

NiS 4 6NH; + 20, <> Ni(NH;)Z" 4 SO3~ (5.55)
4FeS + 90, + 8NH; 4 4H,0 < 2Fe,0; + 8NH, " + 4502~ (5.56)

This process dissolves the nickel as an ammonia complex; iron oxide forms
as a precipitate.

Much more detailed nickel leaching information is presented in Chapter 10 in
connection with nickel ore processing and associated flow sheets.

5.4.9 Uranium Ore Pressure Leaching

Uranium ores can be leached under pressure using sulfuric acid in autoclaves.
Sample pressure leaching reactions for uranium oxide minerals are [30]

UO,HCO; + e~ < UO, + HCO;™ (occurs anodically in practice) (5.57)
UO,CO5; + H,O + e~ < UO,HCO; + OH™ (occurs anodically) (5.58)
UO,CO5 + 2CO§_ < UO,(CO3);~ (5.59)
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PROBLEMS

S.1.

3.2

5.3.

S54.

S.5.

5.6.

Using the Poiseuille equation estimate the new flow rate of leaching solu-
tion as well as the new rate of oxygen flow into a dump leaching operation
that results from a reduction in the average particle diameter from 0.5 to
0.4 mm. The current maximum (before flooding) leach solution flow rate
is 0.01 1/(m? s) and the oxygen flow rate is 0.008 1/(m? s). (Note that the
pore radius is directly proportional to particle radius.) To keep the problem
simple, assume that the number of effective pores per unit area remains
constant for each particle size.

For the same change in particle diameter (0.5-0.4 mm) mentioned in
Problem 4.1, what would the corresponding new leaching time (for 50%
reaction) be according to the shrinking-core model if the current time is
3 years. Assume all other factors remain constant and that the reaction is
diffusion controlled.

(Answer: 1.92 years.)

If the porosity in a heap leaching operation decreases from 0.3500 to 0.3325
because of excessive compaction by haulage equipment, what will the
corresponding decrease in solution flow rates be according to the Kozeny
equation if the pressure gradient (AP/L) remains constant.

Calculate the height of solution hold-up at the bottom of a dump leaching
operation due to capillary forces if the diameter of the critical particles is
0.2 mm. Assume typical values for the surface tension, contact angle, and
solution density. Also assume that the void fraction is 0.35 and the solid
fraction is 0.65.

Using typical values for bacterial leaching kinetics, estimate the rate of
pyrite oxidation (in terms of iron dissolution) if all of the sulfur is con-
verted to elemental sulfur by ferric ions in a continuous flow operation.
If the ferrous concentration were cut in half, what would the rate of iron
dissolution be? (Refer to Chapter 4 for relevant kinetic information.)

The rate of oxygen consumption in a gold heap leaching operation is
6.67 x 107% 1/(m? s) at STP, and 3% of the oxygen is consumed by the
gold dissolution reaction involving cyanide. Estimate the rate of gold dis-
solution by cyanide leaching if the 15-m high heap contained 1500 kg/m?
of material assaying at 2 g gold/ton if the rate-limiting step is oxygen pen-
etration. How long would it take to extract all of the gold at that rate?
How long would complete extraction take if only 0.45% of the oxygen
were utilized for the cyanide-gold reaction?



182 METAL EXTRACTION

(Answer: 541 days.)

5.7. Calculate the rate of irrigation for a heap leaching facility if the equipment
can only handle one flow rate of liquid (0.007 1/(min m?)) and the system
is in operation 60% of the time.

5.8. Calculate the average air residence time in a large heap leaching operation
when air is injected at a pressure of 0.1 atm (relative to the air pressure
above the heap) at the bottom of the heap that has an intrinsic perme-
ability of 1.2 Darcys and a height of 50 m. Assume a viscosity for air of
0.0000183 kg/(s m).

(Answer: 3.8 x 10° s or 1060 h.)



CHAPTER 6

Separating metal ions is the
processing bridge that links
extraction and recovery of pure
metals.

SEPARATION OF DISSOLVED METALS

Key Learning Objectives and Outcomes

Understand basic metal concentration principles and
terminology

Understand how solvent extraction is performed
Know how to evaluate solvent extraction processing
Understand how ion exchange is performed

Know how to evaluate ion-exchange processing
Understand how carbon adsorption is performed
Understand how precipitation is performed
Understand how ultrafiltration is performed

Metals dissolved by extraction or leaching need to be separated in order to
obtain purified products. Separation of metal ions is based on differences in
thermodynamic properties of each metal as discussed in Chapters 2 and 3. Dis-
solved metals are commonly separated using solvent extraction, ion exchange,
carbon adsorption, precipitation, and ultrafiltration. This chapter discusses the
fundamentals and applications of these methods.
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6.1 LIQUID-LIQUID OR SOLVENT EXTRACTION

Liquid-liquid or solvent extraction is a common process for selectively concen-
trating metals. Liquid—liquid extraction is performed using an organic extractant
that is dissolved in an organic phase. The organic phase is allowed to contact
an aqueous phase containing the dissolved metal or metal ion complex. Thus,
two liquids are used, hence the term liquid—liquid extraction. The aqueous and
organic phases are immiscible in each other. However, there is some loss of
organic phase in the aqueous phase that is often less than 15 ppm [1].

The organic phase contains an extractant and a diluent. The diluent effectively
dilutes the extractant. The diluent commonly consists of paraffins, naphthenes,
and alkyl aromatics. Diluents are needed to facilitate pumping, processing, and
settling of the extractant, which is often viscous and difficult to manage without
a diluent. The diluent also helps to distribute the extractant more effectively in
organic phase droplets. The diluent effectively extends the presence of extractant
at the droplet interface. Thus, the diluent is also referred to as the extender.

Solvent extraction is carried out using a mixer. The mixer disperses the organic
phase in the aqueous phase as small droplets. Small droplets enhance the extrac-
tion kinetics. A schematic diagram of small-scale and industrial-scale solvent
extraction systems are presented in Figure 6.1 and Figure 6.2.

The mixing stage is interfaced with a

settling stage as illustrated in Figure 6.1 Solvent extraction loading
and Figure 6.2. The settling stage allows involves intimate mixing of
for the separation of the phases or organic and aqueous phases

phase disengagement. After loading, the
organic phase is scrubbed to remove selectively absorbed into the
unwanted metal ions. Loaded organic SeEle el

phase is then stripped into a concentrated K ' /
aqueous solution.

during which metal ions are

Organic

feed . . .
Aqueous feed | | Organic recirculation Loaded
organic
Mixer l / Settler|:> phase

' —
Organic
e~
Aqueous
Raffinate

Figure 6.1 Schematic diagram of a laboratory solvent extraction mixer and settler in
the loading stage. (See plate section for color version.)
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Mixer Settler

Organic (O)

@)

Figure 6.2 Schematic diagram of an industrial solvent extraction mixer and settler in
the stripping stage.

The aqueous phase often requires some conditioning. Conditioning steps
often include clarification to remove particulate matter. Residual solvent is also
removed from the aqueous phase when necessary. Crud, which typically consists
of a mixture of aqueous, organic, and solid matter, must also be removed. Crud
removal can become an important maintenance issue.

6.1.1 Types of Liquid-Liquid or Solvent Extractants

Two main events are required for liquid—liquid metal extraction. One event is
dehydration. The other event is charge neutralization. Because the extractants are
organic, they do not have a high tolerance for hydrated ions. The charge on the
ions cannot be accommodated by the nonpolar nature of most organic molecules.
As oil and water do not mix, it is evident that ions that are surrounded by
water molecules do not mix in oil. The organic phase is essentially oil and does
not easily accommodate water. Thus, dehydration is an important liquid—liquid
extraction step.

Three basic types of solvent extractants are used: ion-exchange, solvation,
and coordination extractants. Each type facilitates dehydration and charge neu-
tralization. Coordination extractants typically undergo ion exchange as part of the
overall extraction process. Solvation extractants do not formally exchange ions.

6.1.1.1 lon-Exchange Extractants. lon-exchange extractants include both
basic and acidic compounds. The basic extractants often have a net excess of
hydrogen ions. These ions are attracted to hydroxyl or other anions in solution.
Some of these extractants are used in the basic or alkaline pH range. Acidic
extractants have a net excess of negative charge that attracts cations. Acidic
extractants are generally used in the acidic pH range. In acid, hydrogen ions
occupy active sites until exchanged with a metal cation. Some common acidic
extractants are carboxylates, sulfonates, and phosphates. The basic extractants
are nearly always primary, secondary, tertiary, or quaternary amines.

6.1.1.2 Solvating Extractants. Solvating extractants are effectively neutral.
Consequently, they are sometimes referred to as neutral extractants. Solvating
extractants remove metal ions and complexes by first replacing solvating water
molecules. The replacement of water molecules with organic solvent molecules
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facilitates organic solubility. Next, ion associations (usually through protona-
tion) are made. These associations effectively neutralize the overall charge. Most
solvating extractants contain polar oxygen atoms that accept hydrogen ions. The
accepted hydrogen ions associate with negatively charged metal complexes. Many
metals form anionic complexes with chloride ions. The most common func-
tional groups in solvating extractants include ketones, ethers, esters, and alcohols.
Examples of solvating extractants are tri-n-butyl phosphate (TBP) and trioctyl
phosphine oxide (TOPO).

6.1.1.3 Coordination Extractants. Coordination extractants act by spatially
coordinating metal-bearing ions. The

Coordination extractants are most common type of coordination
often very selective for specific extractant is a chelating extractant.
ions because of the steric Chelating  extractants  utilize  ion

dissociation and association to form
a coordinated complex. Coordinating
extractants often have excess electron
. o pairs on nitrogen or oxygen atoms.
oS O aveljy narrow range These pairs are separated from each
\_ of size. ) other at the ends of heterocyclic organic
rings. The proximity of the nitrogen and
oxygen atoms on the ends of the rings aids in complex formation. Other factors
that assist in extraction include an easily removed hydrogen atom. The hydrogen
void creates a stable negative charge. The special arrangement between nitrogen,
neutral oxygen, and anionic oxygen is designed for specific metals. The resulting
structure is very selective. Typically, two of the extractant molecules coordinate
and bond with one divalent metal ion in a very specific manner. Coordinating
extractants for copper solvent extraction are often hydroxyoximes. Other general
extractants such as carboxylates are also effective. Examples of coordination
extractants are presented in Figure 6.3 and Figure 6.4. These figures illustrate
the importance of structural or steric interactions.

(atomic position constraints
within a molecule) effects in the
extractant that limit extraction to

6.1.2 General Principles of Solvent Extraction

Most extractants involve ion exchange. Hydrometallurgical extractions typically
utilize ion-exchange extractants. Often, extraction takes place in acidic media.
Thus, acidic extractants are commonly used. A typical extraction reaction can be
expressed by

M"" + nRH < MR, + nH* (6.1)
The corresponding equilibrium constant can be expressed as

al.a
K — _Ht"MR, (6.2)

anpr+ ARy
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Figure 6.3 Schematic representation of copper extraction by LIX 65N, a hydroxyoxime.
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Figure 6.4 Schematic representation of copper extraction by ethylenediaminetetraacetic
acid or EDTA. Although it is not generally used for solvent extraction, it is important in

many commercial products.

This expression is often used with con-
centrations rather than activities. The
resulting constant is not the true thermo-
dynamic equilibrium constant. Instead,
it is a concentration-based equilibrium
constant, K ... Also, it is useful to
make use of the extraction coefficient,
E.. The extraction coefficient is also

Solvent extraction is based on
the chemical reaction or
exchange of ions between
aqueous and organic phases.

known as the distribution coefficient, D.. Ec is defined as the concentration
of species M"" in the organic phase (Cyp ) divided by the concentration of
M"* in the aqueous phase (Cy+). Substitution of these terms in the equilibrium
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expression results in

Cr,mChy+ o
Kconc = C C;:I = Ec CI;,I . (63)

M+ L RH RH

Rearrangement of Equation 6.3 using E leads to

log(Ec) = log(K o) + n(log Cryg — log Cyy+). (6.4)
It is usually assumed that —log Cy+
Maximum extraction is based on is equal to the pH. K. effectively
the thermodynamic equilibrium compensates for discrepancies between
constraints for the interaction of —log Cy+ and pH. The equilibrium con-

ions in aqueous and organic stant can be determined by plotting
phases. log E versus n(log Cry + PH).

\ The success of extraction depends

on the concentrations and pH. It also

depends on the organic-to-aqueous volume ratio. With a mass balance, the

fraction of metal extracted can be determined as

Vorg
Vore CMR, < Vag ) Ec
Fextracted = V. C TV.C = 7v ) (6.5)
org “MR,, aq - M+ (%) EC + 1
aq

where Facieq 18 the fraction extracted, V,,, is the volume of the organic solution,

and V,, 1s the volume of the aqueous solution. Rearrangement leads to

F, extracted . ( 6. 6)

E~ =
C™ Vo
g

Vaq (1 — F, extracted)

Further rearrangement leads to

=14+ — . (6.7)
F extracted E C Vorg

Equation 6.7 can be used as a tool for determining the extraction coefficient.
The parameters in Equation 6.7 are generally known. Thus, a plot of 1/F, acted
versus the aqueous to organic solutions should reveal a slope of 1/E- and an
intercept of 1. Corresponding volumetric flow rates, O, and Q,,, can be used in
the place of the respective volumes. Clearly, the volumetric ratio is important to
the extraction effectiveness.

Loading characteristics are important in liquid—liquid extraction. A typical
liquid—liquid distribution curve is based on the interaction of the metal with
organic and aqueous phases. The general format is the concentration of metal in

the organic phase is equal to a function of the aqueous metal concentration. Most
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initial testing is performed on a laboratory scale in batch tests. A mass balance
is often used. The balance is most commonly used for the organic extractant.

Criot = nCr,m + Cru- (6.8)

The balance for the extractant allows for helpful substitution. The result of com-
bining Equation 6.3 and Equation 6.8 for n = 1 is

CRtot
1+ (CH+/KconcCM+)

This expression allows for direct comparison of organic and aqueous metal con-
centrations.

Example 6.1. Calculate the equilibrium concentrations of metal in aqueous and
organic phases if 50 cm® of 0.5 M MCI solution, buffered at pH 2, is mixed with
100 cm?® of pure organic phase (extractant + diluent) that has 1 mol of reaction
sites per liter. Assume activity coefficients are 1 and K_,,. = 6.

A mass balance leads to

conc

\ (mol/l) 1

Mtotal = 50 cm (05 M) M 1000 Cm3 = 0025 mOI = CM+ Vaq + CRM 0?

CM+ — Mtotal o CRM Vo — 0.025 — CRM Vo
Vaq Vaq
C

Crm = RE“ .
L+ ()
KconcCM+
Substitution leads to
CRiot 0.1

CRM - - .
Cort 1 0.01
1+ u + ( 0.025—Crp 0.1
Keone Mtotal ;aiRM Yo 60—

Solve by iteration to find the value of Cgy;, then use the mass balance to determine
CM+ .

The value of Cgy 1s 0.0995.

Mg = CruVo _ 0.025 — 0.0995(0.1)

Vig 0.05

= 0.301.

CM+ ==

Extraction tests are often initially performed in separatory funnels. The volume
of extractant and aqueous solutions varies. The funnels are vigorously agitated
for a reasonable time period. The resulting aqueous phase is then analyzed. Cgy,
versus Cy+ data can be used to create a distribution curve. Extraction is gen-
erally performed at a specific temperature. Consequently, distribution curves are
often called distribution isotherms. A typical distribution isotherm is shown in
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Figure 6.5 Solvent extraction distribution isotherm for single-charged ions (n = 1).
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Figure 6.6 Solvent extraction distribution isotherm for double-charged ions (n = 2).

Figure 6.5 for n = 1. A distribution isotherm for n = 2 is shown in Figure 6.6.
Equation 6.9 can be rearranged to

1 1 C
= + HY : (6.10)
CRM CRtot K conc CM+ CRtot

Plotting 1/Cgry; versus 1/Cy+ from appropriate data will lead to a slope of
(Cy+)/(Criot - Keone)- The associated intercept is 1/Cg . for n = 1. A represen-
tative plot is shown in Figure 6.7. This approach assumes that Cy+ is constant.
If n is not equal to 1, an appropriate equation can be derived.
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Figure 6.7 Sample inverse concentrations plot used to determine the equilibrium
constant.

The appropriate extraction equation when n = 2 is

2
CA C?
4CRtoth0nc + C o 4 \/ <_4CRt0thonc - C;;.) — 16 Kgoncclzitot

M2+

Crom =
8 KCOHC

(6.11)
Both the distribution isotherms shown in Figure 6.5 and Figure 6.6 require knowl-
edge about the equilibrium constant.

Distribution isotherms can be used with other information to determine the
number of necessary extraction stages. A general mass balance is performed to
determine the number of stages. Steady-state conditions are assumed. In addition,
countercurrent flow is assumed. Countercurrent flow is the flow of one stream in
the opposite direction of another interacting stream. In liquid—liquid extraction,
the aqueous feed enters the last extraction stage. In contrast, the organic feed
enters the initial stage. The aqueous and the organic streams flow in opposite
directions through the extraction process. The countercurrent flow makes the
extraction more efficient than the concurrent flow. The resulting extraction flow
sheet is illustrated for a series of “N’’ extraction units in Figure 6.8.

A mass balance provides the opera-
Commercial solvent extraction is tional boundaries. The resulting opera-
constrained byamass balance tional boundary line is known as the
operating line. A mass balance with an
organic phase flow rate, Q,, and an
aqueous solution flow rate of Q,, for the

of the flows and the
concentrations in aqueous and
organic phases.

- /
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Figure 6.8 Schematic diagram of countercurrent solvent extraction at steady state.

overall system containing the species “y” leads to

Cvoy Qo + Cliyaqy Qag = C0)0y Qo + C(vt1)aqy Qaq- (6.12)

The stage of extraction is given in parentheses. The extraction stage for the
aqueous feed is the previous stage (N + 1). The extraction stage for the incoming
organic feed is the “0” stage because it precedes stage 1. Rearrangement of the
mass balance equation results in

Qaq
Civoy = 0. [C<N+1)aqy - C(l)aqy] + C)oy- (6.13)
(6]

/ Equation 6.13 is known as the operating
McCabe-Thiele diagrams line. It represents the possible conditions
combine the constraints of for operation. It is related to the equilib-

thermodynamic equilibrium with rium extraction isotherm in plant prac-

tice. The equilibrium extraction isotherm
represents the thermodynamic limit for
operation. The operating line represents
the steady-state mass balance limit for
operation. These two limits are often
plotted together as shown in Figure 6.9.
Using the extraction distribution isotherm shown in Figure 6.5, the operating line,
which is Equation 6.13, is presented with the distribution isotherm in Figure 6.9.
This diagram, which also shows the various stages in terms of the concentra-
tions entering and leaving the stage, is often referred to as the McCabe—Thiele
diagram.

the constraints of flows and
concentrations to estimate the
performance for each loading or
stripping stage or unit.

Example 6.2. Calculate the concentration of metal in the organic phase in stage
2 of a series of two extraction units. The flow rate of the organic phase is
500 1/min. The flow rate of aqueous feed is 1000 I/min. The concentration of
metal in feed organic is 0.2 g/l. The raffinate concentration is 0.5 g/l. The aqueous
feed concentration is 4 g/1.

Qg 1000
Coyoy = 0. [C 3100y — Ciyaqy] + Cioyoy = =00 [4—0.5]4+02="72g/l
o
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Figure 6.9 An example of a McCabe—Thiele diagram.

The importance of the upper extraction equilibrium line is intuitive from a
chemical perspective. It represents the thermodynamic limit for the associated
chemistry. The operating line represents the mass balance limits for plant oper-
ations. If the organic solution flow rate is low and the aqueous solution flow
rate is high, the amount of the extracted solute in the organic phase would be
low. Conversely, if the organic flow rate was high and the aqueous flow rate was
low, more of the solute could be extracted. Thus, the operating line illustrates
the important operating constraints imposed by mass balance.

Loaded organic phase is often washed to remove entrained aqueous phase
and/or scrubbed to remove unwanted metal ions. The washing process utilizes
relatively pure water and bleed electrolyte to ensure sufficient acidity and effec-
tive phase separation. Washing is particularly important in solutions with high
impurity levels, such as chloride, that could be detrimental in electrowinning if
carried over as entrained impurities. Scrubbing is usually performed with water,
weak acids or bases, and/or metal salts. The scrubbed organic phase is sent for
stripping. In contrast, the aqueous scrub raffinate is usually recycled to a leaching
operation. Crud, which is a solid-like mixture of fine particles, vegetation, mold,
organic degradation precipitates, and some organic material, is also removed,
often by selective pumping [2].

The stripping of the loaded organic

phase is performed in acid for acidic Stripping is performed in
extractants. Often the pH during the concentrated solutions that
stripping is near zero, allowing the equi- force the equilibrium to shift

librium in Equation 6.1 to favor metal
dissociation from the organic lixiviant.

from the loaded state toward the
stripped state.

- J
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The dissociated metal is recovered in the aqueous stripping solution. The aqueous
stripping solution has a higher metal content than the aqueous loading solution.
The stripping solution also is generally quite pure in terms of other dissolved
metal ions. Its purity is related to its selectivity in the loading and scrubbing
operations. The stripping process is also represented in McCabe—Thiele dia-
grams. The stripping McCabe—Thiele diagrams are shown with reversed axes.
Figure 6.9 presents an example of a McCabe—Thiele diagram for stripping. The
stripping diagram looks similar to the loading diagram. However, the axes are
reversed and the equilibrium line is correspondingly inverted. In addition, the
stripping diagram includes a narrow range of aqueous concentrations. The over-
all process of loading, stripping, scrubbing, etc. for a typical process is shown in
Figure 6.10. A corresponding McCabe—Thiele diagram for stripping is shown in
Figure 6.11.

The type of extractant as well as the solution conditions determines the
selectivity. As seen from Equation 6.1, most extraction involves hydrogen ions.
Consequently, liquid—liquid extraction is pH dependent. At low pH values, the
extraction is poor. Correspondingly, the extraction coefficient is low at low
pH. The pH at which the extraction coefficient is 1 is termed pHs, or pH,,.
Figure 6.12 illustrates the relationship between extraction coefficient, pH, and
pHsy. At pH values below pHs, stripping is favored. Above pHs,, loading is
favored.

Differences in affinities for ions in specific extractants allows for effective
separations. In a two-metal system, metals often effectively compete against

Regeneration/
extraction <

A

y | Solvent loading - sc?t?kl;//\?vgtsh - Solvent -
~| two stages > (removal) > stripping g

>

—> Major flow (continuous) —> Minor or intermittent flow

Figure 6.10 Typical solvent extraction process flow sheet.
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Figure 6.11 An example of a McCabe—Thiele diagram for liquid—liquid stripping.
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Figure 6.12 Comparison of extraction coefficient and pH as it relates to the pHy, or
pH,,. (n = 1). Note that the pHs is equal to half of the maximum loading concentration
only if the aqueous concentration is the same, which is rarely the case.

hydrogen ions for adsorption sites in the organic phase. Consequently, differences
in ion affinities relative to pH can be observed in appropriate plots. Figure 6.13
illustrates metal loading for two metals as a function of pH. As illustrated in
Figure 6.12, the extractant has a higher affinity for Metal 1. At high pH values,
both metals will be extracted. At low pH values, only Metal 1 will be extracted.
If the pH is maintained at 3, very little of the impurity Metal 2 will load into the
organic phase. At pH 3, a significant amount of Metal 1 will load.

The efficiency of the extraction of Metal 1 would not be optimal at pH 2.
However, the separation of Metal 1 from Metal 2 would be effective at pH 2.
Conversely, the metals could be separated during the stripping process by
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Figure 6.13 Typical plot of organic metal concentration versus pH during solvent extrac-
tion (n = 1).

stripping at a pH between 3.5 and 4. Such a separation during stripping would
not likely be very efficient.

Metals with low pH hydrolysis are

Efficiency is greatest when the usually extracted at low pH values. In
pH favors only the desired metal. other words, the tendency for hydrol-
ysis (e.g., 2H,0 4+ M?* < M(OH), +
2H™) is often related to extraction (e.g.,
2RH + M?T = R,M + 2H™). A list of pK,values for common ions is presented
in Table 6.1. As an example, ferric ions hydrolyze strongly and have a pK, value
of 2.2. Zinc ions hydrolyze more weakly and have a pK, value of 8.8. Thus,

TABLE 6.1 Selected
Metal pK, Values”

Ion pK,
Fet 2.2
Cr3t 3.8
APt 5.1
Cut 6.8
Pb*+ 7.8
Zn*t 8.8
Co?t 8.9
Fe?t 9.5
Nit+ 10.6
Mgt 11.4
Ca*t 12.6

4 After Reference 3.
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ferric ions tend to be extracted at lower pH values than zinc ions. However, with
chelating extractants, this hydrolysis/extraction trend is not as apparent [3].

The selectivity factor or selectivity index, (S,.g) for species “A” over species
“B” using a given extractant is given as

KA(CRHA)n
E, ch
Syp= 2 =—H 6.14
AB E, Kp (Crrg )" (6.14)

nB
o

The extraction coefficient is pH dependent. Consequently, the selectivity factor
is also pH dependent. Thus, the pH must be specified with the selectivity factor.
Also, selection of an extractant is made usually on the basis of the selectivity
factor under plant operating conditions. Thus, conditions are driven by operating
parameters rather than optimum theoretical performance parameters. An example
of selectivity as a function of pH is shown in Figure 6.14.

Anionic extractants follow the same principles as acidic extractants. The
primary difference between the anionic and the acidic extractants is the ions
exchanged. Anionic extractants exchange halide or hydroxide ions for the desired
anions. Generally, acidic solvent extraction is the dominant method of metal
extraction because of the positive charge found on dissolved metals. However,
some metals, such as gold, can be extracted as anionic complexes.

Example 6.3. Calculate the selectivity factor of copper to iron for a system
containing dissolved copper and iron at pH 2 if the extraction coefficient of
copper is 36 and iron is 4.

ECu,pHZ 36
SCu:Fe,pH2 = B o4 9.
e.p

35

0.001)

30 A

25 A

20 A

15 -

10 A

Selectivity index (K1 = 0.03/K2

Figure 6.14 Example comparison of selectivity index versus pH.
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6.1.3 Commercial Solvent Extraction

6.1.3.1 Copper. Copper solvent extraction is typically performed using LIX
extractants that are mixed with diluents in a ratio that is often near 1 part of
extractant with 7—10 parts of dilutent. Diluents are often compounds made up of
1so-alkanes.

Copper solvent extraction circuits generally consist of two extraction stages
and one stripping stage [4]. The extraction stages are commonly found in series,
although it is not uncommon to see series-parallel configurations that allow for
flexibility in the solvent extraction circuit.

Incoming pregnant leaching solutions (PLSs) commonly contain around 3 g
of dissolved copper per liter. pH levels are often around 2. Iron is also usually
present at levels similar to copper. Extraction from the PLS is often near 90%
after two stages. Raffinate from the solvent extraction loading circuit generally
contains 0.1-0.3 g of dissolved copper per liter, and the pH level is generally
between 1.5 and 2.0.

Stripping circuits generally increase the copper content from about 35 g of
dissolved copper per liter in the lean electrolyte to around 45 g in the rich
electrolyte. Acid contents are generally near 180 g of sulfuric acid per liter.
The most common type of solvent

Hydroxioximes are the primary extractant for copper is hydroxioxime.

extractants used for copper. Examples of common products include

LIX64, LIX 65N, SMES29, and PS50,

which each have slight variations in the

extractant molecule [5]. Aldoximes, especially salicylaldehyde oxime, are also

becoming important because of their favorable extraction kinetics and selectivity
over iron [5].

Mixtures of different molecules such as ketoximes and aldoximes have been
used to provide better overall performance for loading and stripping. Improve-
ments in mixtures of copper solvent extractants have made it feasible to include
fewer extraction and stripping stages than the first generation of extractants
allowed.

Some recent developments have resulted in extractants for chloride-based
media, which have received considerable attention for copper extraction in recent
years. One compound, Acorga CLX 50, is reported to be effective in high chloride
environments [5].

6.1.3.2 Gold. Solvent extraction is not the dominant method for concentrating
gold in aqueous solution. Despite its limited use, it is effectively utilized in com-
mercial practice. High loadings are possible relative to other methods. However,
the high density of gold can lead to phase inversion if loadings are excessive.
Stripping times are long, and solvent losses are often high. Gold can be stripped
by precipitation, direct electrolysis, or traditional stripping into a concentrated
solution.

Amines, guanidine, ethers, phosphates, phosphonates, and ketones can be used
for gold solvent extraction. Primary, secondary, and tertiary amines, which have
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pK, values of 6.5, 7.5, and 6.0, respectively, are available [6,7]. The terms pri-
mary, secondary, and tertiary refer to the number of hydrocarbon chains bonded
to the nitrogen in the amine. Primary amines have one hydrocarbon bonded to
the nitrogen, secondary amines have two, and tertiary have three. Quaternary
amines are more selective for gold than other amines. Primary amines have low
selectivity and are easily stripped. Loading is best below the pK,. Stripping is
most effective above the pK,. Thus, in alkaline media, loading can be difficult.
Blending with solvents such as those containing phosphorus can increase the
effective pK, [8].

Guanidine is a small molecule with three nitrogen atoms bonded to a central
carbon atom. One of the nitrogen atoms forms a double bond with the carbon
atom. Guanidine is a strong base. It complexes readily with gold cyanide in the
alkaline media. It has a pK, of 13.6 [9]. Consequently, it is difficult to strip.

/ \ Dibutyl carbitol (DBC) and similar ether
A variety of solvent compounds have been used to extract gold.
extractants are effective in DBC is effective in separations involving
concentrating gold. However, strong acids. High loading levels can be

achieved [10]. The DBC solvated gold
can be stripped directly into metallic gold
using hot oxalic acid (2DBCHAuCl, —+
) 3(COOH), = 2DBC + 2Au + 8HCI +
\ activated carbon. j 6CO,) [7].

Phosphorus-containing organic extrac-
tants for gold include phosphates and phosphonates such as TBP and di-n-butyl
butyl phosphonate (DBBP). These compounds are often used with amines, but
they are limited in use.

Ketones such as methyl isobutyl ketone (MIBK) and di-isobutyl ketone
(DIBK) have been used for gold extraction. These compounds are selective for
gold. Their use is limited by high solubility in water and stripping difficulty [7].

gold is more commonly
concentrated in solution by
loading and stripping

6.1.3.3 Other Precious Metals. Extraction of precious metals such as pal-
ladium, platinum, and silver is often very similar to gold. Many of the same
extractants that are effective with gold are used for extraction of other precious
metals.

In mixed platinum group metal solutions, di-n-octyl sulfide or hyxroxyoximes
are often used for palladium extraction, which is commonly followed by extrac-
tion of platinum using TBP and an amine or N-alkylamides [5]. Iridium extraction
is suppressed by reduction of iridium to its trivalent state.

6.1.3.4 Nickel and Cobalt. Nickel is usually found with cobalt. Cobalt and
nickel have very similar properties and are challenging to separate. The general
approach is to extract cobalt from chloride-based solutions using amine extrac-
tants or from acidic sulfate-based solutions using organophosphorus acids such
as CYANEX 272. In some cases, cobalt is oxidized to cobalt (IIT) and the nickel
is extracted using mixtures of hydroxyoximes and carboxylic acid.
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6.1.3.5 Rare Earth Metals. Lanthanide series elements, which are generally
referred to as rare earth elements, along

Separation of rare earth with scandium and yttrium, are very dif-
elements is commonly ficult to separate. Solvent extraction is
performed using multistep the most common method of separat-

ing these elements from solution. Extrac-
tants such as di-ethylhexylphosphoric
acid (DEHPA), phosphonic acid ester,
versatic acid, amines, and TBP are often used with nitrate and thiocyanate solu-
tions [5]. Effective separations generally require multiple stages under carefully
controlled conditions.

solvent extraction processing.

6.1.3.6 Uranium. Common uranium extractants include DEHPA, TBP, and
amines (trioctyl and tridecyl). DEHPA and amine use is generally associated
with sulfuric-acid-based solutions, and TBP is more commonly associated with
nitric-acid-based solutions. [5]

6.2 ION EXCHANGE

6.2.1 General lon Exchange Information

Ion exchange is a very common form

of solution concentration and purifica- lon exchange is commonly
tion. It has been known for almost 150 applied to separate and
years [11] with respect to certain nat- concentrate metals in addition to

urally occurring soils. Some soils con-
taining alumino-silicates are known to
have ion-exchange capabilities. Today,
spec1ﬁ.c clays, which are.layered sili- culinary water to reduce “hard
cate minerals, are used for ion exchange. 5 _
Zeolites, which are porous silicate min- \ S CEROSS, /
erals, are also used. Porous resin beads
are also used for ion exchange. Ion resin beads are usually made of a porous
polymeric network. Functional groups with specific ion-exchange capability are
placed inside pores. An example of resin beads is shown in Figure 6.15. A
cross-sectional illustration of a typical resin particle is shown in Figure 6.16.
Ion-exchange resin was first developed in 1935 [12]. The resulting porous
beads are capable of loading a large quantity of dissolved species. After adsorp-
tion occurs, the beads are stripped of the loaded species. Stripping is accomplished
using a high concentration of similarly charged species. This process is essentially
the same as the solvent extraction process discussed previously. One difference
between ion exchange and solvent extraction is the structure of the extraction
medium. Ion exchange does not normally require solution clarification or fil-
tration before extraction. Ion-exchange resins release negligible quantities of

the well-known process of water
‘“softening,” which removes
calcium and magnesium from
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Figure 6.15 Magnified view of typical ion-exchange resin beads, which are approxi-
mately 1-2 mm in diameter. (See plate section for color version.)

Figure 6.16 Schematic diagram of a resin particle with its associate network of pores,
which are shown as black lines.

organic matter into the aqueous process streams. Thus, ion exchange has some
advantages over liquid—liquid extraction. However, liquid—liquid extraction is
generally much faster and easier to apply commercially.

The terminology for ion exchange is different from solvent extraction. The
aqueous solution from which the ions have been extracted is called the effluent.
The stripping solution is called the eluant, and the solution into which the ions
have been stripped is referred to as the eluate.
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The types of resins used for ion exchange are similar to those used for
liquid-liquid extraction. However, the resin beads contain a polymer backbone
such as polystyrene—divinyl benzene copolymers. The backbone also contains
functional groups that perform the extraction. Because the extractant is immobi-
lized by the polymer matrix, resins cannot participate in solvation mechanisms
of extraction. Instead, the resin extracts by means of ion exchange and coordi-
nation through attached functional groups. The most common functional groups
used in resin ion-exchange beads include amines, carboxylates, phosphonates,
and sulfonates.

Ion-exchange resins are often used in packed columns. As solution enters the
column, the ion exchange begins at the entrance. Resin near the entrance has first
access to the solution. Consequently, resin near the entrance fills with adsorbed
ions first. During initial stages, the exit region has little adsorption. During later
stages, the entry region is full, leaving more ions for the exit region. Eventually,
the resin reaches its capacity to adsorb ions. Consequently, the concentration of
desired ions leaving the resin column is low initially. However, as more of the
resin is filled, the exit concentration rises. The concentration of adsorbing ions
leaving the column changes as a function of volume as shown in Figure 6.17.
The point at which the effluent (solution leaving the column) metal ion concen-
tration surpasses the threshold concentration limit is known as breakthrough. The
capacity of the resin to maintain the effluent concentration below the threshold
limit is known as the breakthrough capacity. The breakthrough capacity is often
reported on the basis of the number of bed volumes of the solution.
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Figure 6.17 Typical plot of effluent metal concentration versus total bed volumes of
solution flow for ion-exchange resin in a column.
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Solution flow rate is an important parameter because of its relationship with
mass transport. The effluent concentration is high with high flow rates. At high
flow rates, ions often do not have time to adsorb before leaving. At low flow
rates, ion diffusion into resin allows for greater adsorption and lower effluent
concentrations.

The same type of phenomenon occurs

lon exchange is usually applied with stripping. However, as shown in
using columns of resin through Figure 6.18, the eluate (stripping solu-
which solutions flow. tion leaving the column) concentration

increases initially as metal is removed

or stripped. The eluate concentration
decreases as the resin becomes depleted. The concentration peaks at higher levels
with lower flow rates.

In practice, ion-exchange resin beads are used in columns or in slurries. The
most common method is in columns. However, in many instances, the resin is
sufficiently durable to be placed in slurries. The capability of placing the resin
in a slurry or pulp (resin in pulp, RIP) allows for more rapid kinetics. Resin
that is used in slurries is subsequently separated from the slurry by screening or
flotation. The resin is subsequently stripped to remove the adsorbed ions.

The same principles of selectivity, extraction coefficient, and fraction extracted
that apply to solvent extraction also apply to ion exchange. However, with ion
exchange, the area available for extraction remains constant, and the extraction
can be a very predictable function of diffusion through the pores. In contrast, the
extraction with solvents is dependent on interfacial tension, viscosities, velocities,
and mixing within the solvent droplets.

Low flow rate

High flow rate

Concentration of metal in eluate

Elution bed volumes

Figure 6.18 Plot of eluate metal concentration versus total elution bed volumes for
ion-exchange resin column stripping.



204 SEPARATION OF DISSOLVED METALS

6.2.2 Equilibrium lon-Exchange Adsorption Models

The ability to model adsorption equilib-

rium is particularly useful when design- Various models can be used to
ing systems that utilize ion-exchange describe ion-exchange
methods. Several models have been adsorption.

developed to mathematically describe

adsorption at equilibrium, and they can

be useful in understanding metal concentration processes, such as ion exchange,
that involve adsorption. These models are derived on the basis of exchange
between species on surfaces at or near equilibrium. Consequently, they do not
provide kinetic information, which is often critical to commercial applications.

6.2.2.1 Freundlich Model. The Freundlich adsorption model is derived by
assuming a site distribution function that is based on the varying adsorption site
free energy values. It reduces to the Langmuir equation for n = 1 at low concen-
trations and for n = oo at high concentrations. Using this model, the adsorbed
concentration can be expressed as [13]

Cas = KCp, CY", (6.15)

where C,q 1s the concentration of adsorbate that is adsorbed on the surface,
K is a constant, Cg, is the total concentration of available sites, C, 1is the
concentration of available adsorbate, and n is an empirical parameter that
is typically greater than 1. Determination of whether or not the Frueundlich
model applies to a given set of data can be made by plotting InC,g versus
InCy, [ln Cps =In (K CTot) + ({1/n)In (C A)] and evaluating the linearity of the
data.

6.2.2.2 Langmuir Model. The Langmuir adsorption model assumes that all
surface adsorption sites are equivalent—regardless of whether neighboring sites
are occupied (A + S <> AS). Using the Langmuir model, the adsorbed adsorbate
concentration is expressed as [14]

_ K\CpCry

— ZATATTot (6.16)
1 + KACA

AS

where C,q 1s the concentration of adsorbate that is adsorbed on the surface, K 4
is the adsorption equilibrium constant, C,, is the total concentration of avail-
able sites, and C, is the concentration of available adsorbate. Determination
of whether or not the Langmuir model applies to a given set of data can be
made by plotting 1/C,q versus 1/Cy [I/CAS =1/ (KACACtot) + (I/Ctot)] and
evaluating the linearity of the data.
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6.2.2.3 Tempkin Model. The Tempkin adsorption model is an empirical
adsorption model that considers nonuniform site distribution. According to this
model, the adsorbed adsorbate concentration is expressed as [15]

Cps = CioK In (kCy) , (6.17)

where C,gq is the concentration of adsorbate that is adsorbed on the surface,
K 1is the constant, C, is the total concentration of available sites, C, is the
concentration of available adsorbate, and k is an empirical parameter. (Note kC
must be >1.)

6.2.3 lon-Exchange Adsorption Kinetics Models

Understanding adsorption kinetics is clearly an important engineering design tool.
The following models describe adsorption or related kinetics in a variety of
scenarios.

Diffusion-based models assuming Fick’s first law applies include the follow-
ing.

6.2.3.1 Pore Diffusion (Shrinking-Core Model Only). The basic rate model
for pore diffusion is
dn _ AD (C, - C,)

dr Fo —T

; (6.18)

where A is the area for diffusion, D is the diffusivity, Cy is the bulk concentration,
C, 1s the surface concentration, r, is the outer radius of the absorbing solid, and
r is the radius of the reaction front within the particle. The fraction-reacted-based
solution to this model is

3 2 3C
2D 3 Ciotlo

6.2.3.2 Film Diffusion. The basic film diffusion kinetic model based on Fick’s
first law gives
dn _ AD (C, - C,)
dr 8 ’
where A is the area for diffusion, D is the diffusivity, Cy is the bulk concentration,
C, is the surface concentration, and § is the boundary layer thickness. For the

case of infinite volume and constant bulk concentration, the solution is expressed
as

(6.20)

3DC,t

In(l —a) =— . (6.21)
760 Ciot
For the case of finite volume, the solution is
In (1 . Ol) — _ 3DCbt (CtotVresin + Cb Vsoln) ) (622)
7‘08 Ctot Vsoln
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6.2.3.3 Empirical Diffusion Model. A useful empirical model for determin-
ing the rate of adsorption is

dn

where K 1s an empirical constant related to the more commonly used kyjs, Cag
is the concentration of adsorbed adsorbate, C, is the available concentration of
the adsorbate in solution, and k is an empirical constant related to the ability of
the adsorbate to diffuse to the adsorption sites.

The solution to this kinetic model can be expressed as

1 C
—In (1 — ﬁ) = K. (6.24)

6.2.3.4 General Empirical Adsorption Kinetics Model. A general empiri-
cal equation that describes adsorption kinetics for some systems is given as

dC g
dt

= KCut", (6.25)

where K is the constant, C, is the concentration of available adsorbate in solu-
tion, ¢ is the adsorption time, and » is an empirical constant. The solution for the
general empirical adsorption kinetics model can be given as

Cas = Cas, = P (6.26)

6.2.3.5 Empirical Reaction and Diffusion. Another useful kinetic expres-
sion that combines empirical reaction and diffusion equations is

dt M

dC K"C\V
A = = A = K/ (Cps— KCy). (6.27)

For which the solution can be expressed as

C KM 1
In —AS _ ( 4+ —> t. (6.28)
Cas, K"V ' K/

6.2.3.6 lon Exchange for Specific Metals. Gold ion exchange can be per-
formed using resins with quaternary and tertiary amines. Ion-exchange resins
for gold adsorption offer higher loading capability than carbon. However, ion-
exchange resins are more difficult to strip and handle than activated carbon.
Ion exchange has not generally been successful on a commercial scale for gold
extraction because of the success of activated carbon.
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6.3 ACTIVATED CARBON ADSORPTION

Carbon adsorption is a common method

Activated carbon is often made of species removal. Carbon is particu-
by heating a carbon source such larly adept at removing low levels of

as coconut shells to dissolved ions. The activated carbon can
700-1000 °C with water vapor. be made from a wide variety of organic

starting materials. Items such as peach
pits, coconut shells, and wood are used
for activated carbon. The material is converted into activated carbon by heating it
in a low oxygen environment. Initially, the carbon source is carbonized by heat-
ing it to 500 °C with dehydrating agents to remove water and impurities [16]. The
carbon is then heated to 700—1000 °C with steam, carbon dioxide, and/or air to
volatilize residues, develop pore structures, and form functional groups [16]. Dif-
ferent types of carbon surfaces also provide active adsorption sites for dissolved
ions. A sample of coconut shell carbon is shown in Figure 6.19, Figure 6.20
and Figure 6.21 at three magnifications. The particles are approximately 2 mm
in diameter.

Activated carbon is commonly used to extract aurocyanide from solution.
The exact mechanisms are not well understood. Evidence suggests adsorption
is an ion-exchange process [17,18]. However, for gold chloride complexes, it is
believed that the adsorption process involves reduction to metallic gold at the
carbon surface [19]. Extraction using carbon adsorption is most often diffusion
controlled. The same theoretical treatment that applied to ion-exchange kinetics
applies to carbon adsorption kinetics.

Figure 6.19 Photograph of coconut-shell-activated carbon pieces. (The scale is in
centimeters.)
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Figure 6.20 Magnified view (x6) of 2- to 3-mm diameter coconut-shell-activated
carbon.

Figure 6.21 Magnified view of coconut-shell-activated carbon surface (x30).

Activated carbon is often utilized in a countercurrent manner as depicted in
Figure 6.22 to maximize adsorption. Countercurrent processing allows the carbon
with the least adsorbed matter to contact the solution that is most depleted. Carbon
that is nearly loaded contacts the solution that has the highest concentration of
the desired species.

There are several processing options for activated carbon use. The process
of loading carbon from leaching solution without ore or concentrate particles is



ACTIVATED CARBON ADSORPTION 209
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Aqueous
feed

Continuous aqueous flow

Figure 6.22 Countercurrent flow sheet for carbon adsorption.

known as carbon-in-column (CIC). The carbon is commonly partially fluidized by
the flow of leaching solution upward through CIC columns. Locating columns
at different elevations often creates the head pressure for solution flow. CIC
utilization requires particle/liquid separation after leaching, before CIC loading.

Exposure of the carbon to a gold leaching slurry or pulp with particles present
after leaching is known as the carbon-in-pulp (CIP) process. This process is often
operated similarly to CIC. However, the particles must be ground to fine particles
to facilitate a screen separation of the carbon from the pulp after adsorption.

Another way of adsorbing gold is to utilize carbon in a leaching slurry. This
process offers an advantage of extracting gold at lower concentrations, thereby
reducing gold losses from natural carbon sources in the ore. The unwanted
removal of gold from the gold-bearing “pregnant” solution is referred to as preg-
robbing. Therefore, carbon-in-leach (CIL) is sometimes used for gold loading
from refractory ores that contain carbonaceous matter. The CIL process results
in lower gold loading and higher carbon concentrations.

Factors that influence gold adsorption include pH, temperature, gold concen-
tration, ionic strength, and system impurities. The lower the pH is, the more
selective the carbon is for gold. However, the pH must generally be greater
than 10 for safety reasons. Temperature is a key parameter that is utilized for
stripping because elevated temperatures favor desorption. Adsorption is more
rapid when the gold concentration in solution is higher. Increasing ionic strength
improves loading. Cation impurities improve extraction, whereas anionic impuri-
ties decrease adsorption. The presence of silver, mercury, and copper can reduce
gold loading capacity.

Figure 6.23 shows industrial gold adsorption data plotted in an inverse adsorp-
tion concentration versus inverse solution concentration format to identify the
constants needed for the Langmuir adsorption isotherm [20]. The associated con-
stants can be used to show the model fit of the data presented in Figure 6.24.
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Figure 6.23 Example of plot of gold adsorption data based on the inverse of the gold
concentration on the carbon versus the inverse of the gold concentration in solution.
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Figure 6.24 Comparison of the gold data in Figure 6.21 plotted to illustrate the fit of
adsorption to the Langmuir adsorption model.

These data show that industrial gold adsorption on carbon can fit the Langmuir
adsorption model.
Gold is often stripped or eluted

from carbon at elevated temperatures Activated carbon is often
(95-150 °C) in a caustic cyanide solu- stripped of adsorbed gold by
tion. Stripping is often performed using heating it in a caustic cyanide

either the Zadra or the Anglo American
Research Laboratories (AARL) process.
The stripping solution often contains 1%

solution in a pressurized vessel.
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NaOH and may contain some sodium cyanide [21]. The elution or stripping pro-
cess is strongly influenced by temperature. Consequently, most processes tend to
strip carbon above 100 °C in pressurized vessels.

Activated carbon is exposed to a vari-

Activated carbon often needs to ety of chemicals during loading. Organic

be thermally regenerated. compounds and calcium and magnesium

carbonate commonly deposit on the car-

bon surface and restrict gold adsorption

access. Consequently, activated carbon performance decreases with use unless it

is regenerated. Regeneration is often performed by thermal activation in a rotary

kiln at 600-900 °C (usually around 650 °C) in steam to remove organic debris.

Thermal activation is often preceded or followed by hydrochloric acid washing
to remove inorganic precipitates such as carbonates [21].

6.4 ULTRAFILTRATION OR REVERSE OSMOSIS

Ultrafiltration is the process of filtering out solute from a solution through a mem-
brane at high pressure. The process of ultrafiltration is illustrated in Figure 6.25.
Ultrafiltration or membrane filtration is, in fact, the same as reverse osmosis.
Ionic solutions have a significant osmotic driving force for acquiring additional
solute molecules. Solute molecules must have a pathway for transfer to occur.
The pathway for ion transfer can be a membrane. Membranes have small pores
that selectively allow ion transport. Membranes with very small pores may allow
only small ions or molecules to pass. Thus, if a solution is forced through such
a membrane, solute molecules are retained. Consequently, high pressures are
required to reverse the osmotic process and expel solvent molecules through

f

Membrane

Dilute
solution

---> Solvent

Figure 6.25 [Illustration of the process of ultrafiltration or reverse osmosis. (P represents
pressure on a piston that forces liquid through the membrane.)
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membranes. Thus, this process is often called ultrafiltration because solvent is
filtered from solution. The pressure required for ultrafiltration is the osmotic pres-
sure. The osmotic pressure of sea water at 25 °C is 25 atm or 25 MPa (368 psi)
[22]. The osmotic pressure is given as [23]

P = CRT, (6.29)

where P is the osmotic pressure, C is the concentration of solute in molal, R is
the gas constant, and 7 is the absolute temperature.
Ultrafiltration and membrane filtra-

tion systems utilize thin membranes Ultrafiltration or reverse osmosis
with very small pores. These pores allow is commonly used in
water molecules to pass. However, the desalination and treating water

small pores severely restrict the passage
of hydrated ions and larger molecules.
Ideally, the membranes are relatively
thin and are supported by more porous material. The porous material and its
support must withstand the high pressures. Membranes are made of materials
such as cellulose acetate, but they exhibit tremendous resistance to flow (0.2 cm?/
(s/atm m?) is a typical flow rate). High resistance makes it necessary to increase
the surface areas dramatically to enhance the flow [22].

with high dissolved salt content.

6.5 PRECIPITATION

Precipitation is a common method for

Precipitation is a very common concentrating metal content and purify-
method for removing or ing solutions. Iron is commonly removed
recovering specific species from from solution by precipitation. Ferric
solution ions have low solubility above pH 3.

Many divalent metal ions such as fer-
rous ions are relatively soluble at low
and intermediate pH levels. This difference in solubilities as a function of pH
facilitates separations. Figure 3.9 in Chapter 3 shows the relationship between
metal ion solubilities and pH. The differences in precipitation of metals at specific
pH levels facilitate separations. As an example, ferric ions are often separated
from other divalent metal ions at pH values of 3—4 by selective precipitation.
The ferric ions are generally precipitated as ferric hydroxide. One industrially
important example of iron precipitation is found in zinc metal production.

Precipitation can also be accomplished using gasses and/or water. Ferrous
iron, for example, can be precipitated as hematite by the addition of oxygen and
water.

2Fe’™ +0.50, + 2H,0 <> Fe,0; + 4H™" (6.30)

In zinc metal production from zinc sulfide ore concentrate, the concentrate is
often first calcined. Calcined concentrate is leached in sulfuric acid to dissolve
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the zinc. Iron also dissolves in the leaching process. Iron is separated from the
zinc by precipitation using hydroxide compounds. The resulting iron precipitate
(jarosite [(NH4, Na) Fe, (SO4)2(OH)6] or goethite [FeO - OH]) is removed from
the zinc-bearing solution. The reactions are as follows:

3Fe,(S0,), + 2 (NH,, Na) OH + 10H,0 <> 2 (NH,, Na) Fe;(SO,),(OH);
+5H,50, (6.31)
Fe,(SO,), + ZnS < 2FeSO, + ZnSO, + S° (6.32)
2FeSO, + 30, + 3H,0 <> 2FeO - OH (or Fe,0;H,0) + 2H,S0, (6.33)

Another example of iron removal through precipitation is
2Fe’* 4 3Ni(OH), <> 2Fe(OH); + 3Ni** (6.34)

Precipitation is also practiced through contact reduction to produce metal.
Because this is an electrochemical reaction resulting in metal recovery, it is
discussed in Chapter 7.

Precipitation is also used to recover by-products from process solutions. Nickel
carbonate precipitation is an example of this.

Additional discussion of precipitation is presented in Chapter 8 in the context
of environmental remediation.

6.5.1 Process and Wastewater Treatment

Microorganisms are capable of perform-

ing a variety of functions related to Microorganisms can facilitate
wastewater treatment. Reducing organ- removal of specific species by
isms can reduce dissolved species in precipitation or adsorption from

solution to form compounds that are
more easily removed from solution. Oxi-
dation processes driven by microbial
activity can make species more readily absorbed or complexed for removal
purposes. Other microorganisms provide desirable adsorption sites that facili-
tate removal of toxic solution species. In other scenarios, microorganisms can
alter a very toxic species to a less toxic form. These capabilities of microorgan-
isms make them attractive from a wastewater treatment perspective. Commercial
applications of microorganisms in wastewater treatment are evident in a variety
of environments, including mining-related areas.

Among the common approaches to utilizing bacteria in mine water treatment
is that of sulfate reduction. Bacteria can reduce sulfate to sulfide and elemental
sulfur. An electron donor is needed for the process. A common donor is hydrogen
gas. The associated reactions include

solution.

H,SO, + 4H, < H,S™ + 4H,0 (6.35)
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The resulting hydrogen sulfide can react with metals such as lead to produce

metal sulfides.
H,S + Pb>" <> PbS + 2H" (6.36)

The metal sulfides precipitate readily from solutions. The resulting precipitates
can be filtered and removed from the solutions.
Alternatively, sulfate can be converted to elemental sulfur:

H,SO, + 4H, + 0.50, <> S + 5H,0 (6.37)

This type of reaction and the conversion to sulfide are advantageous for mine
water treatment because they remove acid as well as sulfate. The removal of
acid by this process reduces the need for other chemical compounds such as lime
for neutralization. Compounds such as lime often create metal hydroxide and
calcium sulfate precipitates. Sulfate reduction produces only one precipitate and
water. There are no reports of large-scale commercial operations that utilize this
technology though it has been demonstrated at reasonable scale [24].
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PROBLEMS

6.1.

6.2.

6.3.

Determine the extraction coefficient in a system at equilibrium that has an
organic volumetric flow rate of 350 1/min, aqueous volumetric flow rate of
450 1/min, and a fraction extracted of 0.4.

For a four-stage solvent extraction process, calculate the concentration of
metal in the organic phase in the fourth stage given that the flow rate of
aqueous solution is 1000 1/min, the organic flow rate is 500 1/min, the aque-
ous feed concentration is 6 g/l, the aqueous raffinate solution concentration
is 0.1 g/1, and the initial concentration of metal in the organic feed solution
1s 0.5 g/l.

A one-to-one mixture of solvent and aqueous solutions results in an equilib-
rium metal ion (M?") concentration of 0.03 m in the aqueous phase, a loaded
extractant (R,M) concentration of 0.15 m and a acid complexed extractant
(RH) concentration of 0.05 m. For an equilibrium constant of 0.0005 for
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6.4.

6.5.

6.6.

SEPARATION OF DISSOLVED METALS
the metal complex formation reaction, calculate the ps, value. (Assume unit
activity coefficient values.)

Calculate the selectivity index for M1 over M2 at pH 1.75 using the infor-
mation in the accompanying plot as well as the assumptions that both metals
have a single charge and the aqueous and the organic volumes are equivalent.

1

© 0.9 1

[

« 0.8

g’ 0.7 - Metal 1

c : (valuable)

< o 067

8 05- Metal 2

g impurit

- S g4 - (impurity)

IS 0.3 A

g 027 —— K=0.001

- 0.1 —— K=0.03
0 T T

Determine K. from the following set of solvent extraction data (n = 1, and

pH = 2 or Cyy+ = 0.01—keep the H™ concentration units dimensionless).

Crym» g/1 0.029 0.040 0.081 0.164 0.50
Cyy, g/ 0.010 0.013 0.030 0.071 0.30

The following equilibrium data is best described by the Fruendlich, Lang-
muir, or Tempkin equilibrium model?

Cas C Abulk
0.001 0.002
0.0025 0.005
0.0045 0.009
0.007 0.015
0.011 0.027
0.013 0.038
0.016 0.052
0.018 0.068
0.019 0.083

0.0195 0.10




PROBLEMS 217

6.7. Which model describes best the following kinetic data resin loading data
[pore diffusion, film diffusion, or empirical (rate is proportional to t")

model]?

Time (h) Fraction Absorbed
1.0 0.01
2.0 0.03
3.0 0.05
5 0.07
7 0.10

10 0.15

15 0.20

28 0.23

28 0.35

40 0.45




