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- AUTOCLAVE WITH UNDERFLOW DIVIDERS
FIELD OF THE INVENTION
The invention relates generally to reactors and particularly to superatmospheric

reactors, especially autoclaves.
BACKGROUND OF THE INVENTION

Autoclave reactors have a wide range of applications in chemical processes. A
typical autoclave has one or more compartments and operates at elevated pressures and
temperatures. Most autoclaves are heated by steam injection, autogenous heat generated
by reactions within the autoclave, or by a combination of both.

In most applications, autoclaves are stirred, multi-compartment reactors. An
example of a multi-compartment, cylindrical autoclave is shown in Figs. 1 and 2. The
reactor 100 has a plurality of compartments 104a-f, each compartment 104 having at
least one agitator 108a-g. In most applications, the agitators 108a-g rotate in the same
direction. Adjacent compartments 104a-f are separated by a divider 112a-e configured as
an overflow weir. The input slurry 116 moves from compartment to compartment by
overflowing the weirs as shown by the arrows in Fig. 1. To permit cascading flow of the
slurry from compartment to compartment, the liquid level in the various compartments
varies in a step-wise fashion, with the first compartment 104a having a higher liquid
level than the second compartment 104b, the second compartment 104b having a higher

liquid level than the third compartment 104c, and so on, with the sixth compartment 1041

having the lowest liquid level.

An example of an overflow weir-type divider 112 1s shown in Fig. 2. The divider
112 is cylindrically shaped to match the cylindrical profile of the autoclave and has a
notch 200 located at the top of the divider. Liquid flows through the notch to move to the
next (downstream) compartment. There is a sufficient height differential between
notches in consecutive overflow weirs so that backmixing of liquid cannot occur and
positive flow and flow through the vessel is maintained. To provide the desired step-wise
gradient in liquid levels from compartment to compartment, the heights of the notches
200 in the compartments vary in the same manner as the liquid level, with the notch 200

in the first divider 112a between the first and second compartments being higher than the

notch 200 in the second divider 112b, which in turn is higher than the notch 1n divider

112¢ and so on.
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An example of a typical chemical reaction for an autoclave reactor 1s the pressure
oxidation of sulfide sulfur to cause dissolution and/or liberation of base and precious
metals from sulfide sulfur compounds. Pressure oxidation 1s typically performed by
passing the input slurry 116, which contains a base and/or precious metal-containing
material (such as base and/or precious metal ores and concentrates), through the sealed
autoclave (operating at superatmospheric pressure) and sulfuric acid. To provide for
oxidation of the sulfide sulfur in the slurry, a molecular oxygen-containing gas 120 1s
typically fed continuously to the autoclave by means of a sparge tube (not shown) located
below each agitator. The molecular oxygen and elevated temperature cause relatively
rapid oxidation of the sulfide sulfur to form sulfuric acid and the metal sulfides to form
metal sulfates, which are soluble in the acidic slurry, thereby forming a pregnant leach
solution. The pregnant leach solution, which commonly contains from about 10 to about
100 grams/liter sulfuric acid, from about 5 to about 100 grams/liter dissolved metal, and
from about 4 to about 50% solids by weight, 1s removed from the last compartment of the
autoclave as an output slurry 124. Additional details about this process are discussed 1n
U.S. 5,698,170 to King, which 1s incorporated herein by reference. To maintain a desired
pressure and atmospheric gas composition in the autoclave, the gas in the autoclave 1s
continuously or periodically vented as an off gas 128. One autoclave configuration 1s
discussed in U.S. 6,368,381 and 6, 183,706.

In designing an autoclave reactor, there are a number of considerations. For
example, it is desirable that the slurry have an adequate residence time in each of the
compartments. Short circuiting, or moving to the next compartment with an unacceptably
short residence time in a compartment, can cause a substantial decrease 1n metal
extraction levels. For best results, the Residence Time Distribution or RDT 1n each
compartment should be as close as possible to ideal plug flow conditions. It 1s desirable
to have, in each compartment, sufficient power input and mixing efficiency to provide a
high degree of reaction of the molecular oxygen with sulfide sulfur. To provide a high
mixing efficiency, it is common practice to impart high levels of power to the agitators,
thereby causing a highly turbulent surtace in each compartment.

SUMMARY OF THE INVENTION

These and other needs are addressed by the various embodiments and
configurations of the present invention. The present invention is directed generally to an
autoclave having underflow openings in inter-compartment dividers. As used herein,

“underflow” refers to subsurface flow of a liquid between autoclave compartments.
2
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In one embodiment, the autoclave includes:
(a) a plurality of compartments;
(b) a plurality of agitators positioned in the compartments; and
(c) a plurality of dividers separating the compartments.
Each of the dividers includes one or more undertlow openings. A feed stream flows
between adjacent compartments by passing through the underflow opening(s) in the
divider separating the adjacent compartments.

To inhibit overflow of the dividers, each of the dividers 1s set at a level such that 1t
1s significantly higher than any wave action that 1s present due to the highly turbulent
surface in the adjacent upstream compartments. The height of the divider is such that free
movement of the gas phase along the length of the autoclave 1s maintained. Although
liquid level in the compartments varies from compartment to compartment, the difference
in liquid levels between adjacent compartments with underflow type weir dividers is
generally less than the liquid level difference between adjacent compartments for
overflow weir-type dividers. The lower head drop between compartments for underflow
dividers can provide more operating volume (typically at least about 2% more) in the
autoclave when compared with an autoclave equipped with standard overflow weirs-type
dividers (heremafter “overtlow weirs™).

To substantially maximize volumetric flow through the autoclave while
substantially minimizing short-circuiting and back-mixing, in each of the undertlow
dividers, the cumulative cross-sectional area of the underflow opening(s) 1s sized using
standard fluid dynamics engineering such that the head drop between compartments 1s
maintained in the range of about 25 to 100 mm. If the openings are made smaller than
optimum, the head differential between compartments increases; the advantage of
reduced head loss between compartments compared to the overflow configuration 1s then
lost. If the openings are made larger than optimum, the head differential between
compartments 1s further reduced, but this advantage can be more than offset by increased
backmixing/short-circuiting created by the larger underflow openings. The cumulative
cross-sectional area of the underflow opening(s) in each of the dividers 1s substantially
the same.

The position of the underflow openings in the dividers can be important.
Preferably in each of the dividers, the underflow opening(s) is positioned above the
bottom of the autoclave at a height that is no more than about 20% of the liquid level in

the adjacent, upstream compartment. More preferably in each of the dividers, the
3
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underflow opening(s) is positioned at or below an uppermost impeller blade of the
agitator in the adjacent, upstream compartment.

In one autoclave configuration, the agitators counter-rotate and the undertlow
openings in successive dividers are spatially offset relative to the longitudinal axis of the
autoclave. In a preferred autoclave design, a first agitator in a first compartment rotates
clockwise and the underflow opening(s) in a first divider, separating the first
compartment from an adjacent second compartment, 1s positioned to the right of the
longitudinal axis of flow down the autoclave and, a second agitator in the second
compartment rotates counterclockwise and the underflow opening(s) in a second divider
separating the second compartment from an adjacent third compartment, 1s positioned to
the left of the longitudinal axis of the autoclave.

The autoclave can have a number of advantages. For example, the undertlow
dividers can provide significantly reduced levels of short-circuiting between
compartments when compared with overflow weirs. The RTD in compartments separated
by underflow dividers is generally closer to ideal plug flow conditions than in
compartments separated by overflow weirs. Under identical agitation and aeration
conditions, higher mass transfer coefficients can be realized in compartments separated
by underflow dividers when compared to compartments separated by overtlow weirs.
Underflow dividers can inhibit solids build up in compartments. Overtlow weir dividers
can inhibit the flow of coarser particles through the autoclave. Coarse particles may
comprise tramp oversize naturally present in the autoclave feed, dislodged scale build up,
or aggregates of feed particles formed in the autoclave. The underflow weir configuration
promotes the movement of such coarse particles down the axis of the autoclave to be
removed in the autoclave discharge. Non-removal of coarse particles may reduce
effective operating volume and may promote abrasion of the autoclave agitator blades and
the autoclave lining. When compared to standard overflow weir-type dividers, underflow
dividers are thus easier to design and construct. Typically, overflow weir dividers must
be designed to support the full head of liquid slurry in the upstream compartment. With
underflow weir divers, this head differential between adjacent compartments cannot
develop. Thus, underflow weir dividers require less wall thickness and fewer structural
members. With underflow weir dividers, when the autoclave is taken out of service for
maintenance, slurry can be more readily removed from the autoclave without lengthy and

labor-intensive liquid and solid removal procedures for each individual compartment.
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These and other advantages will be apparent from the disclosure of the

mvention(s) contained herein.

2% (¢

As used herein, “at least one”, “one or more”, and “and/or” are open-ended
expressions that are both conjunctive and disjunctive i operation. For example, each of
the expressions “at least one of A, B and C”, *“at least one of A, B, or C”, “one or more of
A, B, and C”, “one or more of A, B, or C” and “A, B, and/or C” means A alone, B alone,
C alone, A and B together, A and C together, B and C together, or A, B and C together.
The above-described embodiments and configurations are neither complete nor

exhaustive. As will be appreciated, other embodiments of the invention are possible

utilizing, alone or in combination, one or more of the features set forth above or described

1in detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 1s a cross-sectional view of an autoclave according to the prior art;

Fig. 2 1s a front view of an overflow weir according to the prior art;

Fig. 3 1s a cross-sectional view of an autoclave along line 3-3 of Fig. 4 according
to an embodiment of the present invention;

Fig. 4 1s a plan view of an autoclave along line 4-4 of Fig. 3 according to the
embodiment;

Fig. 5 1s a front view of a divider according to an embodiment of the present
invention;

Fig. 6 1s a front view of a divider according to an embodiment of the present
invention;

Fig. 7 1s a front view of a divider according to an embodiment of the present
imvention;

Fig. 8A 1s a front view of a divider according to an embodiment of the present
mvention;

Fig. 8B is a front view of a divider according to an embodiment ot the present
mvention;

Fig. 9 is a plot of normalized conductivity (vertical axis) against normalized time
(horizontal axis) to compare the pulse input response for the overtlow and different
underflow arrangements at the same conditions (power input);

Fig. 10 is a plot of normalized conductivity (vertical axis) against normalized time
(horizontal axis) to compare the step input response for the overtlow and ditterent

underflow arrangements at the same conditions (power input);
5
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Fig. 11 is a plot of normalized conductivity (vertical axis) against normalized time
(horizontal axis) to compare the pulse input response for the overflow and different
underflow arrangements at the same conditions (wave number);

Fig. 12 is a plot of normalized conductivity (vertical axis) against normalized time
(horizontal axis) to compare the step input response for the overflow and different
underflow arrangements at the same conditions (wave number);

Fig. 13 1s a plot of normalized solids concentration (vertical axis) against
normalized time (horizontal axis) to compare the pulse input response for the overtlow and
different underflow arrangements at the same conditions (specific power input);

Fig. 14 1s a plot of normalized solids concentration (vertical axis) against
normalized time (horizontal axis) to compare the step input response for the overtlow and
different underflow arrangements at the same conditions (specific power 1nput);

Fig. 15 1s a plot of normalized solids concentration (vertical axis) against
normalized time (horizontal axis) to compare the pulse input response with solids for the
overflow and different underflow arrangements at the same conditions (wave number);
and

Fig. 16 is a plot of molecular oxygen (0,) concentration (mg/l) against dissolved
molecular oxygen concentration 1n test MT 3.

DETAILED DESCRIPTION

An embodiment of the present invention will be discussed with reference to Figs.
3-5. The autoclave 300 of a first embodiment of the present invention includes a plurality
of compartments 304a-f separated by dividers 308a-¢. Although the autoclave 1s shown as
having only five compartments, it 1s to be understood that the autoclave can have more or
fewer than five compartments, depending on the application. As can be seen by the arrows
in Fig. 3, the dividers 308a-d are underflow dividers while the last divider 308f may be an
overflow weir (such as the weir of Fig. 2). The use of an overflow divider between the last
compartment and the next-to-last compartment can help provide a wider vanation and
greater sensitivity in liquid level in the last compartment, which will facilitate dynamic
level control driving periods of fluctuating flow of the feed stream. The provision of an
overflow divider in the last compartment is deemed less necessary as the number of
autoclave compartments is reduced. Because the use of an overflow divider in the last
compartment can cause a loss of autoclave operating volume, the (last) divider between

the last compartment and the next-to-last compartment can be an underflow
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divider. Although the undertlow divider can provide a greater operating volume 1n the
autoclave, i1t can require the entire autoclave to be used for level control. Thus, level
control using an underflow design in the last divider may not be as precise or sensitive as
an overflow design. A number of agitators 312a-g are located in the various
compartments 304a-f. A molecular oxygen-containing gas 120 1s introduced nto each
compartment via a sparge tube (not shown) positioned in spatial proximity to each
agitator. A feed stream 320 1s introduced into the first compartment 304a and moves n
stepwise fashion through the autoclave 300 to the final compartment 304f. A product 324
1s removed from the final compartment 3041, and an off gas 328 1s vented from the
autoclave as discussed above.

The feed stream 320 is 1in the form of a liquid and may by a slurry containing sohid
particles. The feed stream 320 contains chemical species to be converted into a desired
set of chemical compounds in the product 324. In a typical application, the feed stream
320 includes base, platinum group, and/or precious metal sulfides in ore and/or
concentrate particles. Under the elevated temperatures and pressures of the autoclave, the
sulfide sulfur oxidized by molecular oxygen to sulfuric acid and metal sulfides to metal
sulfates, which are soluble in the liquid component of the feed stream 320. The metals
are thereby introduced into the liquid component as dissolved species. The product 324 1s
typically referred to as a pregnant leach solution. The dissolved metals can then be
recovered by known techniques, including 1on exchange, solvent extraction,
electrowinning, cementation, precipitation, and combinations thereof. Although the
autoclave of the present invention is discussed with reference to leaching of metals from
metal-containing particles, it is to be understood that the autoclave can be used in a
number of other reactions commonly carried out in autoclaves, such as catalytic
chemistry reactions (e.g., the conversion of ferrous to ferric ions, reoxidation of NO by
molecular oxygen, and cuprous amine conversion to cupric amine).

The agitators 312a-g can be any suitable impeller design that efficiently promotes
gas/liquid transfer and adequate mixing of the liquid or slurry feed, such as impellers
manufactured by RUSHTON™ or EKATO™. The impeller may also be a gassing
impeller, such as the impeller discussed in U.S. 6,368,381 and 6,183,706, both to King, et
al.

The vent 328 may be located at any point along the autoclave and releases inert
gases, such as carbon dioxide, nitrogen, and argon, which would otherwise build up to

unacceptable partial pressures within the autoclave. In metal sulfide leaching, the
7
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atmosphere of the autoclave typically contains steam, molecular oxygen and nert gases.
The carbon dioxide 1s evolved by the destruction of carbonate minerals in the autoclave
feed by the acid present in the autoclave oxidized slurry. Nitrogen and argon can be
present as impurities in the oxygen supply. The vent 1s preferably located near the mput
end of the autoclave because most of the carbon dioxide 1s evolved in the initial
compartments. This location of the vent allows generally a higher carbon dioxide-to-
molecular oxygen ratio in the vent gas which substantially minimizes the overall
molecular oxygen consumption in the sulfur oxidation reaction.

The autoclave gas atmosphere is controlled by oxygen addition and the molecular
ratio of oxygen to inert gases is typically maintained at least 1 molecular oxygen to 1 mert
gas. The ratio of steam partial pressure to molecular oxygen plus ert gas total pressure
will vary widely depending on the operating temperature of the autoclave, but typically
this ratio can vary from 3 steam to 1 (O, + inert) gas to 10 steam to 1 (O, + inert) gas.

The underflow dividers 308a-d are shown in Fig. 7. The dividers are circular n
shape to engage the walls of the autoclave 300 and do not have an overflow notch located
at the top of the divider. Rather, movement of the feed stream 320 from compartment to
compartment is effected by an underflow opening 700 positioned towards the bottom of
the divider. Preferably, at least most, more preferably at least about 75%, and even more
preferably all of the feed stream passing between adjacent compartments passes through
the underflow opening(s) in the divider separating the compartments. Stated another way,
the height “H” of the divider above the bottom of the autoclave 1s higher than the liquid
level (preferably including the maximum wave height from agitation) in the upstream
autoclave compartment so that the feed stream 320 does not overflow the top 704 of the
divider. To avoid the liquid overflowing the dividers, the dividers preferably have a
height-to-diameter ratio of at least about 0.80 and more preferably ranging from about

0.80 to about 0.98. To permit inter-compartment communication of the gas atmosphere,

a

an opening 708 is located above the top 704 of the divider.

While not wishing to be bound by any theory, 1t 1s believed that the underflow
divider configuration provides a more desirable RTD when compared to an overflow wenr
configuration because of the pronounced surface movement or turbulence induced by the
agitators. In overflow weirs, the surface turbulence is believed to cause the feed stream to
wash over the notch, causing short circuiting. By properly sizing and locating the
underflow opening in the divider, the incidence of short circuiting can be significantly

reduced over levels experienced in autoclaves equipped with overflow weirs.
8
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The cumulative undertlow opening size or cross-sectional area in a divider has a
pronounced impact on the RTD of the feed stream in a given compartment and the
capacity of the autoclave. If the opening size is too large relative to the head of the feed
stream (i.e., the head 1s proportional to the level of the feed stream above the opening),
the incidents of both short circuiting of the feed stream from the upstream compartment to
the downstream compartment and back mixing of feed stream from the downstream
compartment to the upstream compartment will increase. If the opening size 1s too small
relative to the head of the feed stream, the throughput of the feed stream, or the autoclave
capacity, will be far less than optimal. Preferably, the opening size 1s selected to provide
a selected inter-compartment flow volume 1n the autoclave while maintaining the head n
each compartment as low as possible. More preterably, the flow ranges from about 70 to
about 100% and even more preferably from about 90 to about 100%. The head 1s
selected so as not to produce too much resistance to flow and thereby favorably
approximate ideal plug flow conditions. Typically, the head ranges from about 50mm to
about 150mm and even more typically from about 5Smm to about 50mm. Using well
known fluid dynamic equations, the preferred cumulative undertlow opening cross-
sectional area (in a unit m®) in a ratio to slurry flowrate (in a unit m’/sec) between
compartments in a given divider ranges preferably from about 1.0 to about 7.0 and even
more preferably from about 2.0 to about 7.0. To provide uniform flow characteristics in
the various compartments, the underflow openings in the various dividers normally have
approximately the same cross-sectional area, and even more preferably the openings n
each divider have cross-sectional areas that vary no more than about 25% and even more
preferably no more than about 10% 1in magnitude from one another.

It is to be understood that the area of the underflow aperture 1s a function of the
flow rate between adjacent compartments. This will vary down the length of the
autoclave due to quench water additions to each compartment. Intercompartment tlow
rates may be calculated from anticipated temperature profile and quench water addition
down the autoclave. The net result of these factors 1s a progressive increase in undertlow
aperture area from the first (upstream) divider to the last (downstream) divider. Thus, the
cumulative underflow aperture area in the first divider is typically less than that in the
second divider, the cumulative underflow aperture area in the second divider 1s typically
less than that in the third divider, and so on.

The preferred location of the underflow openings relative to the impeller blade

location is at or below the uppermost impeller blades. As will be appreciated, some
9
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agitators have an interprop design having upper and lower sets of blades. Other agitators
have only a single set of blades. In the former case, 1t is preferred that the opening be at
or below the upper set of blades. In the latter case, 1t 1s preferred that the opening be at or
below the single set of blades. These positions of the underflow openings permit
compartment-to-compartment drainage and inhibit build-up of solids 1n each
compartment. More preferably, it is preferred that the opening be positioned at a height
(above the bottom of the autoclave) that 1s no more than about 66% and even more
preferably no more than about 33% of the liquid level in the upstream compartment.

The liquid levels in the compartments vary to provide the head needed for tflow to
occur from the first to the last autoclave compartment. Thus, the liquid level 1n the first
compartment is higher than the liquid level in the second compartment, the liquid level n
the second compartment is higher than the liquid level in the third compartment, and so
on. The typical difference in liquid levels between adjacent compartments ranges from
about Smm to about 150mm and more typically from about 5 to about S0mm.

Figs. 5 and 6 depict other underflow opening designs. In Fig. 5, the opening 504
in the divider 500 is arcuate or circular in shape and 1s positioned above the bottom 508
of the autoclave. The opening 504 is positioned substantially along the vertical centerline
of the divider 500. In Fig. 6, the underflow opening is designed as a series of equally
sized openings 604a-c, which collectively provide the desired cross-sectional area ot flow
through the divider 600. Although only three openings are depicted, 1t 1s to be understood
that any number and shapes (e.g., circular, rectangular, square, elliptical, etc.) of openings
can be used provided that the cross-sectional area of each opening 1s large enough to pass
at least most of the particulates in the feed stream.

In one configuration shown in Figs. 4 and 8A-B, the positions of the underflow
openings depend upon the agitator rotational direction. Fig. 8A shows a divider 808
having an underflow opening 812 positioned to the left of the vertical center line of the
divider 808 and of the longitudinal axis of the autoclave while Fig. 8B shows a divider
800 having an underflow opening 804 positioned to the right of the vertical center line of
the divider and of the longitudinal axis of the autoclave. As can be seen from Fig. 4, the
rotational directions of the agitators vary compartment-by-compartment. Thus, n the
first compartment 304a, the agitators 312a,b rotate in a first direction (shown as being
clockwise), in the second compartment 304b the agitator 312¢ rotates in a second

(opposite) direction (shown as being counterclockwise), and so on. Because the final
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divider 308 1s configured as an overflow weir, such as that shown in Fig. 2, the rotational
directions in the last two compartments 304e,f may be the same as shown.

While not wishing to be bound by any theory, it is believed that positioning the
underflow opening at the point where the liquid pressure is greatest in response to the
movement of the agitator effectively “pumps” the feed stream from compartment-to-
compartment. In this manner, head alone 1s not the only motive force causing inter-
compartment flow of the feed stream. Agitators in adjacent compartments counter-rotate
to reduce the incidence of back mixing. Underflow openings in adjacent dividers are

spatially offset from one another to prevent the feed stream from being “pushed” too

0

quickly from one compartment to another (or short circuiting) through the axially aligned
undertlow openings.

In operation, the feed stream 320 1s introduced, continuously or discontinuously,
into the first compartment 304a while the agitators 312a-g are rotating and the molecular
oxygen-containing gas 120 1s introduced into each of the compartments 304a-f. A
selected portion of the feed stream 320 flows serially from compartment-to-compartment
through the underflow opening(s) in each of the intervening dividers 308a-d. In the fifth
compartment 304e, the selected feed stream portion overflows the fifth divider 308e and
enters the sixth and last autoclave compartment 3041f. The fully reacted (e.g., reduced or
oxidized) feed stream portion 1s removed as product 324 from the sixth compartment. As
noted, the product 324 1s typically subjected to further processing, such as to recover
dissolved metals from the product.

In a typical sulfide oxidizing autoclave, the internal autoclave gas pressure 1s
superatmospheric and more typically ranges from about 50 to about 100p.sia. The
molecular oxygen partial pressure in the autoclave 1s maintained typically from about 50
to about 300 psig. The typical operating temperature of the autoclave ranges from about
150 to about 300 degrees Celsius.

EXPERIMENTAL

Comparative measurements of the RTD of the liquids and solids and the mass
transfer of oxygen were made with typical overtlow weirs and especially designed
underflow openings in the separating walls or dividers between the individual
compartments.

The test autoclave was cylindrically shaped. It had an outer diameter of 4830 mm

and five compartments. The first compartment had two agitators, and the remaining
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downstream compartments had one agitator. The first compartment was about twice the
volume of each of the (equally sized) downstream compartments.

Three divider designs were employed in the various experiments. One set of
dividers had the overflow weir design of Fig. 2, with a 200-mm wide notch 200. The
height of the notch above the bottom of the autoclave was 380 mm. A second set of
dividers had the design of Fig. 5, with a single 39-mm diameter undertlow opening. The
third set of dividers had the design of Fig. 6, with three underflow openings. The
underflow openings of Fig. 6 each had a diameter of 22 mm and were radially offset from
one another by 30 degrees.

The absorbed power and the power number for the test autoclave were determined
via torque and speed measurement. Under ungassed conditions, the power number had a
constant value of 7.3.

The mixing time characteristic measurements were made through visual
observation of the decolorization of a deep blue 10dine starch complex by addition of a
stoichiometric quantity of thiosulfate. In the first chamber the two mixers induce two
distinct circulation loops, which lead to a relatively high mixing time characteristic. Little
influence on the mixing tume in the first compartment was found with counteracting
mixers or when the relative distance of the two mixers was decreased. The two distinct
circulation loops are certainly beneficial for the RTD. A residence time corresponding to
more than a single cell can be expected. The dimensionless mixing time results are

shown in Table 1 below.

rotational direction distance between dimensionless
compartment agitator 1/1 - 1/2 agitators (comp. 1) mixing time n ®
[mm] |-
1 CW - CW 430 53.3
1 | CW -rccw 480 65.7 _
1 ow~écw _ 320 53.3 B
2-35 - _ - 24.5

12
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Table 1 Dimensionless mixing time.

The surface movement (wave number) was determined for the overflow weirs. A
pronounced surface movement was observed, which leads to a wash of the liquid over the
5  welrs, causing short circuiting from chamber to chamber and a reduced liquid volume
(mainly in the first chamber with the highest power mput). A dimensionless wave

number for each test was determined by known techniques.

A wave number was defined as follows

_2:g-h,
o 2

W )
n--d;

'

C

10
wherein g is the gravity constant, hy, 1s the wave height, n 1s the mixer speed, and d» 1s

the impeller diameter.

The results of the tests are given in Table 2.

rotational direction

distance between

dimensionless

compartment

agitator 1/1 - 1/2

agitators (comp. 1)

wave number

CW - CW

lmm]

430

[-]
0.65

CW - CW

320

0.58

2-5
15
Table 2

0.45

Dimensionless wave number in compartment 1 and 2.

As can be seen in Table 2, the resulting wave heights are much higher than the

level difference from chamber to chamber due to the pressure drop in the overtlow welirs.

Measurement of the drag coefficient for the different over- and undertlow

configurations was performed. To calculate the level difference in the overflow weir the

use of the Rehbock correlation was used.

oV

7

111

25  where hyy is the height of the liquid level for the overflow weir, q 1s the teed rate to the

autoclave, 15y 1s the length of the overflow weir.

The level difference can be calculated as follows:
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/ \2
h, =306 L qé4 m
29’ \Z'dund°n)

In the above equation, the 3.6 represents the drag coefficient for the undertlow

openings of Figs. 5 and 6. In the equation, hy;y 1s the height of the liquid level for the

underflow divider and dy;,q is the diameter of the underflow opening.

The RTD was measured for the various divider configurations using water without
solids content. Conductivity probes were positioned in all chambers of the test autoclave.
Two procedures were applied to get a pulse response signal and a step response signal,
where 7 1s the number of compartments, rthe total residence time in the autoclave. and #/r
the normalized time. The volume of each compartment 1s assumed to be identical.

The pulse response function for n compartments 1s given by (n >1)

c o ()" -nt

N . e T
Cog (n-="1)1 {1,

Avreereveey
Vel

where ¢ 1S the concentration.

The step response function for n compartments 1s given by (n > 1)

i 2 1
C -n-= t 1 (n-t) 1 ‘n-t)"
—=1-e T14+n - —+—=: + ... - -
Cy T 20 U 1t (n—-1D! U t

AL aasaas

To get a pulse response, a salt solution was added instantaneously into the pure
water fed to the first autoclave chamber. The decay of the concentration was normalized
with the initial maximum concentration and recorded for all chambers as a function of the
normalized residence time.

To get a step response, a salt solution was added continuously to the first
autoclave chamber. The increase of the concentration was normalized with the final
maximum concentration and recorded for all chambers as a function of the normalized
time. Only the results for the last chamber number five are compared 1n the figures.

First tests were run at a scale-down criterion of constant specific power input. Due
to splashing in the model scale the power input was decreased (3.3 kW/m?’ in the first
chamber). To suppress additional short circuiting of liquid being washed over the side of
the dividers additional tests were run at a scale-down criterion achieving the same wave

number which results in a lower specific power input of 1.0 kW/m?*. After some
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preliminary tests the different undertlow divider designs and the overflow weir were
compared at the same conditions.

One of the preliminary tests was to investigate the influence of the rotational
direction of the agitators. As a precursor, some visual observation using colored water
was done. The best results were achieved with the underflow dividers when the impellers
were counter-rotating from chamber to chamber. To quantify the observations, in one test
the rotational directions of the agitators in chambers two and four were changed. The
comparison with another test using the standard 1dentical rotational direction of the
agitators shows the better performance of the altered rotational direction. The maximum
of the pulse response was shifted from 0.673 to 0.719 and the volume etficiency
improved from 87.7% to 93.8%. An alternating off-center orientation of the undertlow
openings, as shown in Figs. 8A and 8B, was tested and did not appear to provide a further

advantage.

Constant specific power mput tests were perfornied. The different test conditions

and results are given in Table 3 below.
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In Fig. 9, the results of the overflow and four different underflow divider designs are
compared for the pulse input response. In Fig. 10, the arrangements are compared for the step
input response. The underflow geometry with one hole of 39 mm and three holes with 22
mm gave the best results. The curves are closest to the calculated theoretical CSTR pulse and
step mput response.

The bigger deviation from the theoretical values with the overflow weirs can be
explained by the short circuit effect due to the wave formation and reduction in usetul
volume. For the underflow dividers, the wave situation at the liquid surtace 1s of no
importance because the underflow dividers are designed to avoid overtlow.

With reference to Figs. 11-12, constant wave number tests were performed.
Compared to the measurements at a constant specific power mput, the curves for the
overflow weir are closer to the underflow divider and the step input response. This proves
that the wave formation or surface movement mfluences the RTD.

The pulse response still shows a poorer result compared with the undertlow divider
but the maximum of the curve changed from 0.56 to 0.64 (normalized time). For the two
underflow divider designs, the maximum was at the same normalized time.

For the step input response, the data are even closer together. The underflow divider
design with three holes of 22 mm shows a broader response function.

From the tests of the measurement of the RTD with the conductivity, it can be
concluded that the change from the overflow to the underflow arrangement as described will
give a better RTD in the autoclave.

The RTD was next determined for various divider configurations using a solid-
containing liquid or slurry. After adjusting the feed of pure water, plastic beads with a
diameter of 3 mm, a density of 1050 kg/m? , with a concentration of ~1% were added nto
chamber 1. These plastic beads have a similar settling velocity compared to the processed
minerals. To get a pulse input response, the beads were added instantaneously, and to get a
step input response, the beads were added continuously. The normalized weight fraction for
each test leaving chamber five was recorded as a function of the normalized residence time.

The different test conditions are given in Table 4 below.

18



CA 02646137 2008-09-15

PCT/IB2007/002995

WO 2007/144784

6l

90C-S0C-S0C-50C £S5 C MI-MII-MI-MOI-MI-MO 12190 6¢ [ MOTJ1optil ST O
C07-C0Z-S0T-S0Z-€ST-€GT MO-MOI-MI-MID-MI-MD 19]U29 6¢ 1l mopapun 51 0
momuwomsmomumomlmwmgmmm. MI-MIF-MI-MII-MI-MI - - - 19A0 ¢l D
GCOT-S0C-S0C-S0C-L6CLsC MI-AMI0-MI-MO0-MI-MO - - - 19A0 ¢l D
097-097-097-VEE-0LE-0LE MO-MII-AD-MII-MI-MD 191U90 6¢ 1l moppropun 10
007-097-09C-¥£e-0LL-0LE MO~MII-MO-MII-MI-MI 19199 CCCTCC st ¢ MOflIepun 01 D
09C-097-09C-1PLe-0LE-0LE MI-MI0-MI-MITF-MOI-MD 121U39 CCCCCCSe ¢ MOLJIapull 6D
097-097-09Z-EE-0LE-0LE MO-MDI-MI-MII-MI-MD 191U g3 c|  moryopun Q D)
092-092-09C-7€€-0LE-0LE MO~ MO~ MO-MO-MO-MO - : : 1940 LD
09-097-09T-FEE-0LE-OLE MO~ MO~ MO-MO-MO-MO : - : 1940 99
09C-097-09C-1£¢-0LE-0LL MI-MO-MO-MI-MO-MD - - - A0 ¢D
092-097-09Z-¥EE-0LE-OLE| MD-MOID-MOI-MID-MD-MD 191U3D 77 ¢|  mopyropun b 0
00Z-00Z-007-0SZ-S0E-SOE MO~MII-MO-MID-MI-MD 19]U99 77 c|  moyuopun c 0
0CC-0CC-0CC-0CC0CC0cCC MI-MI-MI-MI-MO-MDI y - - 19A0 cH
00Z-002-002-002-00Z-00C MO~ MO~ MO-MO-MO-MO .. : : 1940 1D

S-p-€-7-7/1-1/1 "duod S-p-€-7-7/1-1/1 "durod L -ou AMOJJ1opun "ou }S9)

paads 1jeys uoi)e)0.x uonisod Id)ouIRIp S3[OY| / MO[JI9A0

b alqe L



10

15

20)

CA 02646137 2008-09-15
WO 2007/144784 PCT/IB2007/002995

The test results will be discussed with reference to Figs. 13-135.

In Fig. 13, the RTD of the two underflow divider designs and the overflow weir are
given at the same specific power mput as in the production scale. The distribution tfor the
underflow divider design with three holes with a diameter of 22 mm is narrower, with the
maximum of the RTD being slightly closer to the theoretical CSTR.

Figs. 14-15 show the test results for tests performed for Constant wave numbers (tests
G 12 -G 15). In Fig. 14, the RTD of one underflow divider design and the overtlow weir
are given at the same wave number as in the production scale. At these conditions, the
results are completely different as for the other scale-down conditions. The RTD for the
underflow arrangement is narrower than at the higher power input, with the maximum being
much closer to the theoretical CSTR. For the overflow weir, the RTD gets even wider as
before, with the absolute value of the solids concentration being decreased. This result might
indicate a poor level of homogeneity of the suspended particles. This result does show one
advantage of the underflow divider designs. The accumulation of bigger particles in the
autoclave is less probable. As shown in Fig. 15, the same conclusion can be drawn. Here the
step input response is shown. For the overflow weir, the solids concentration at the outlet 1s
much lower than at the inlet, meaning an accumulation of solids occurs.

To properly assess the effectiveness of the underflow dividers, mass transter
measurements were undertaken. The gas/liquid mass transfer kj-a can be influenced by the
specific power input of the mixer, which will influence the bubble size. The gas supply will
determine the number of bubbles. In large equipment such as fermenters with volumes up to
500 m? and flue gas desulfurisation sumps with volumes up to 5000 m?, the specific power

input and the gas supply were found to be the influencing parameters. The resulting

correlations are of the type:

2%
V)

with b, ¢ and d being system dependent. For pure gases the Vggterm does not have a

significance.
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The tests were intended to make variations of P/V and the oxygen supply to get the
trends of the influencing parameters. The trends enable the forecast of the performance of
the production autoclave.

The kj-a-values were measured with mineral containing water (up to 0.4 mo/l) in the
presence of 3 ppm Co~" as a catalyst using molecular oxygen as a gas under ambient
conditions. The mass transfer measurements were therefore made under purely non-
coalescing conditions due to the presence of ions of a small atomic radius. These conditions
provide small bubbles and mass transfer coefficients up to a factor five higher than under
coalescent conditions. At temperatures > 150°C the mineral concentration does not effect the
coalescence behavior anymore, the liquid gets a coalescent behavior. This deficit 1s partly
compensated by a factor of approximately five higher diffusion coefficient of oxygen in
water at 230°C.

For bubbles > 2.5 mm

Sh=0.42.5c"? . Ar'3

The k-values in the O, / water system of 230°C and the O, / water system under
ambient conditions are therefore increased by a factor of 2.3. If the produced 10ns (for
instance Fe*") induce a chemical enhancement a further positive influence can happen.

The test were performed as follows:

(a) preparation of a 0.4 molar sodium sulfate solution containing 3 ppm ot Co”" in the
model] autoclave;

(b) start of pump;

(c) addition of a defined quantity solid Sodium sulfite per unit of time, corresponding
to the aimed mass transfer coetficient;

(d) continuous measurement of the dissolved molecular oxygen concentration in the
individual chambers; and

(e) maintaining the conditions over a period > 1 of the normalized residence time.
In Fig. 16, a typical test result is given. The kj-a-values in the first compartment for

the underflow arrangement are about 20 % higher than for the overflow arrangement. This 1s

probably, again, the effect of the wave formation at the test conditions. The mass transter

21



[5

20

25

30

CA 02646137 2008-09-15
WO 2007/144784 PCT/IB2007/002995

performance of the autoclave at process conditions is sufficient for any design of the
separation walls.

The above test results with the underflow openings show an advantage in volume
efficiency, an improved RTD, and higher mass transfer coefficients. The negative eftects
with the overflow weirs are mainly due to a pronounced surface movement induced by the
mixers leading to a wash over effect on the overflow weirs. As a result of this wash over
effect, short circuiting and a reduction in useful volume occurs. With an adequate design of
the separating walls with the underflow openings, this detrimental wash over etfect can be
avoided.

A number of variations and modifications of the invention can be used. It would be
possible to provide for some features of the invention without providing others.

For example in one alternative embodiment, the autoclave compartments are oriented
vertically as opposed to horizontally.

In another alternative embodiment, the present invention can be used i multi-
compartment stirred tank reactors other than autoclaves. Such reactors may or may not
operate at elevated pressures.

The present invention, in various embodiments, includes components, methods,
processes, systems and/or apparatus substantially as depicted and described herein, including
various embodiments, subcombinations, and subsets thereof. Those of skill in the art will
understand how to make and use the present invention after understanding the present
disclosure. The present invention, in various embodiments, includes providing devices and
processes in the absence of items not depicted and/or described herein or in various
embodiments hereof, including in the absence of such items as may have been used n
previous devices or processes, e.g., for improving performance, achieving ease and\or
reducing cost of implementation.

The foregoing discussion of the invention has been presented for purposes of
illustration and description. The foregoing is not intended to limit the invention to the form or
forms disclosed herein. In the foregoing Detailed Description for example, various features
of the invention are grouped together in one or more embodiments for the purpose of
streamlining the disclosure. This method of disclosure is not to be interpreted as reflecting

an intention that the claimed invention requires more features than are expressly recited in
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each claim. Rather, as the following claims reflect, inventive aspects lie i less than all
features of a single foregoing disclosed embodiment. Thus, the following claims are hereby
incorporated into this Detailed Description, with each claim standing on its own as a separate
preferred embodiment of the ivention.

Moreover, though the description of the invention has included description of one or
more embodiments and certain variations and modifications, other variations and
modifications are within the scope of the invention, e.g., as may be within the skill and
knowledge of those in the art, after understanding the present disclosure. It 1s intended to
obtain rights which include alternative embodiments to the extent permitted, including
alternate, interchangeable and/or equivalent structures, functions, ranges or steps to those
claimed, whether or not such alternate, interchangeable and/or equivalent structures,
functions, ranges or steps are disclosed herein, and without intending to publicly dedicate any

patentable subject matter.
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What 1s claimed 1is:

1. A stirred tank reactor, comprising:

(a) a plurality of compartments;

(b) a plurality of agitators positioned in the plurality of compartments; and

(¢) a plurality of dividers separating the plurality of compartments, each
of the dividers including at least one underflow opening, wherein a feed stream flows
between adjacent compartments by passing through the at least one underflow opening in
the divider separating the adjacent compartments, wherein a cumulative cross-sectional
area of the at least one underflow opening in each of the dividers 1s different from a
cumulative cross-sectional area of the at least one undertlow opening in each of the other
dividers to maintain a difference in liquid levels between sets of adjacent compartments

in the range of from about 5 to about 150 mm.

2. The autoclave of claim 1, wherein each of the dividers is higher
than a feed stream level in an adjacent, upstream compartment and wherein the height-to-

diameter ratio of each of the dividers is at least about 0.80.

3. The autoclave of claim 1 or 2, wherein, in each of the dividers, the
cumulative cross-sectional area of the at least one underflow opening ranges from about
0.06 m” to about 1.50 m* and wherein the flow volume between adjacent compartments

ranges from about 200 m’/hour to about 800 m’/hour.

4. The autoclave of claim 3, wherein the cumulative cross-sectional

area of the at least one underflow opening in each of the dividers is different, with the
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cumulative cross-sectional area of at least one underflow opening in a first divider at an
input end of the reactor is less than the cumulative cross-sectional area of the at least one
underflow opening 1n a second divider, the second divider being nearer an output end of

the reactor than the first divider.

5. The autoclave of any one of claims 1 to 4, wherein, 1n each of the
plurality of dividers, the at least one underflow opening is positioned at or below an

uppermost impeller blade of the agitator in the adjacent, upstream compartment.

6. The autoclave of any one of claims 1 to 4, wherein, in each of the
plurality of dividers, the at least one underflow opening 1s positioned above the bottom
of the autoclave at a height that 1s no more than about 33% of the liquid level in the

adjacent, upstream compartment.

7. The autoclave of claim 1, wherein the plurality of agitators

positioned 1n the plurality of compartments counter-rotate.

8. The autoclave of any one of claims 4 to 7, wherein, in a first
compartment, a first agitator rotates clockwise and the at least one underflow opening in
the first divider, separating the first compartment from an adjacent second compartment,
is positioned to the right of a longitudinal axis of the autoclave and wherein, in the
second compartment, a second agitator rotates counterclockwise and the at least one

underflow opening in the second divider separating the second compartment from an
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adjacent third compartment, 1s positioned to the left of the longitudinal axis of the

autoclave.

9. A method for processing a feed stream, comprising:

(a) introducing the feed stream Into an stirred tank reactor, the feed stream
being a slurry of solid metal-containing particles, the stirred tank reactor comprising a
plurality of compartments, a 'plurality of agitators positioned In the plurality of
compartments, and a plurality of dividers separating the plurality of compartments, each
of the dividers including at least one underflow opening;

(b) introducing a molecular oxygen-containing gas into the stirred tank
reactor; and

(c) passing at least most of the feed stream between sets of adjacent
compartments through the at least one underflow opening in the respective divider
separating the adjacent compartments, wherein a cumulative cross-sectional area of the at
least one undertlow opening in each of the dividers 1s different from a cumulative cross-
sectional area of the at least one underflow opening in each of the other dividers to
maintain a difference in liquid levels between sets of adjacent compartments 1n the range

of from about 5 to about 150 mm.

10. The method of claim 9, wherein each of a number of the dividers
are higher than a feed stream level in an adjacent, upstream compartment so that the teed
stream does not overflow the corresponding divider, wherein the cumulative cross-

sectional area of the at least one underflow opening ranges from about 0.06 m" to about

1.50 m°, wherein the flow volume between adjacent compartments ranges from about
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200 m’/hour to about 800 m’/hour, and wherein the height-to-diameter ratio of each of

the dividers 1s at least about 0.80.

11. The method of claim 9 or 10, wherein, in each of the dividers, the

cumulative cross-sectional area of the at least one underflow opening ranges from about
0.06 to about 1.50 m2 and wherein the flow volume between adjacent compartments

ranges from about 200 to about 800 m3/hour.

12. The method of claim 11, wherein a cumulative cross-sectional
area of at least one underflow opening in a first divider at an input end of the reactor is
less than the a cumulative cross-sectional area of the at least one underflow opening in a
second divider, the second divider being nearer an output end of the reactor than the first

divider.

13. The method of any one claims 9 to 12, wherein, in each of the
plurality of dividers, the at least one underflow opening is positioned at or below an
uppermost impeller blade of the agitator in the adjacent, upstream compartment, and

wherein a head drop between adjacent compartments 1s maintained 1n a range from about

5 to about 50 mm.

14.  The method of any one of claims 9 to 12, wherein, in each of the
plurality of dividers, the at least one underflow opening 1s positioned above the bottom
of the stirred tank reactor at a height that is no more than about 66% of the liquid level 1n

the adjacent, upstream compartment and wherein, in a selected divider, a ratio of
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cumulative cross sectional area of the at least one opening to feed stream flowrate

through the at least one opening ranges from about 1 to about 7.

15.  The method of any one of claims 9 to 14, wherein the plurality of
agitators positioned in the plurality of compartments counter-rotate and wherein a hquid
level in a first compartment ranges between about 5 to about 50 mm higher than a liquid

level 1n an adjacent second compartment.

16. The method of claim 15, wherein, in the first compartment, a first
agitator rotates clockwise and the at least one underflow opening in a first divider,
separating the first compartment from the adjacent second compartment, 1S positioned to
the right of a longitudinal center line of the stirred tank reactor and wherein, in the
second compartment, a second agitator rotates counterclockwise and the at least one
underflow opening in a second divider separating the second compartment from an
adjacent third compartment, is positioned to the left of the longitudinal center line of the

stirred tank reactor.

17. The method of any one of claims 9 to 16, wherein a final

downstream divider in the stirred tank reactor is free of at least one underflow opening

and 1s configured as an overflow divider.

18.  The method of claim 16 or 17, wherein at least one undertlow
opening in the first divider separating the first compartment from the adjacent second

compartment is positioned to the right of a longitudinal axis and the at least one
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underflow opening in a second divider the separating the second compartment from an
adjacent third compartment is positioned to the left of the longitudinal axis of the stirred

tank reactor.

19. A method for processing a metal sulfide-containing matenal,
comprising:

(a) introducing 1nto a stirred tank reactor an input slurry comprising a
comminuted metal sulﬁde-containing material, the stirred tank reactor comprising a
plurality of compartments for receiving the input slurry, a plurality of agitators
positioned in the plurality of compartments for mixing the input slurry, and a plurality of
dividers separating the plurality of compartments, each of the dividers including at least

one underflow opening for passing the input slurry from compartment to compartment;

(b) introducing a molecular oxygen-containing gas into the stirred tank
reactor;

(¢) oxidizing the metal sulfide-containing material in the input slurry to
provide a product slurry comprising the oxidized metal-containing material, wherein the
oxidizing step comprises the substep of passing at least most of the slurried material
between sets of adjacent compartments through the at least one underflow opening in the
divider separating the adjacent compartments; and

(d) thereafter recovering the metal from the product slurry, wherein:

the plurality of dividers includes first and second dividers;

the plurality of compartments comprises first, second, and third
compartments;

the first divider separates the first and second compartments;
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the second divider separates the second and third compartments;

the third compartment is nearer an output end of the stirred tank reactor
than the first and second compartments;

the second compartment is positioned between the first and third
compartments; and

a first cumulative cross-sectional area of the at least one undertlow
opening in the first divider is less than a second cumulative cross-sectional area of the at
least one underflow opening in the second divider, whereby head drops between the first
and second compartments and between the second and third compartments are

maintained in a range from about 5 to about 50 mm.

20. The method of claim 19, wherein the metal 1s at least one of a base
metal, a platinum group metal, and a precious metal, wherein each of the dividers are
higher than a feed stream level in an adjacent, upstream compartment, wherein the
cumulative cross-sectional area of the at least one underflow opening ranges from about
0.06 m* to about 1.50 m*, wherein the flow volume between adjacent compartments
ranges from about 200 m’/hour to about 800 m°/hour, and wherein the height-to-diameter

ratio of each of the dividers 1s at least about 0.80.

21. The method of claim 19 or 20, wherein, in each of the dividers, the
cumulative cross-sectional area of the at least one underflow opening ranges from about

0.06 to about 1.50 m*, wherein the flow volume between adjacent compartments ranges
from about 200 to about 800 m’/hour, and wherein, in each of the plurality of dividers, a

ratio of the cumulative cross-sectional area of the respective at least one undertlow
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opening in each of the dividers to slurry flowrate through the respective at least one

underflow opening ranges from about 1.0 to about 7.0.

22. The method of claim 19, 20 or 21, wherein, in each of the plurality
of dividers, the at least one underflow opening is positioned above the bottom of the
stirred tank reactor at a height that is no more than about 66% of the liquid level in the

adjacent, upstream compartment and wherein a cumulative cross-sectional areas between
the respective at least one underflow opening in the first and second dividers are within

about 25 % of one another.

23. The method of claim 19, 20, or 21, wherein, in the first
compartment, a first agitator rotates clockwise and the at least one underflow opening In
the first divider, separating the first compartment from an the adjacent second
compartment, is positioned to the right of a longitudinal axis of the stirred tank reactor
and wherein, in the second compartment, a second agitator rotates counterclockwise and
the at least one underflow opening in the second divider separating the second
compartment from the adjacent third compartment, is positioned to the left of the

longitudinal axis of the stirred tank reactor.

24.  The method of any one of claims 19 to 23, wheremn a final
downstream divider in the stirred tank reactor is free of at least one underflow opening

and is configured as an overflow divider.

25. A method, comprising: providing an autoclave comprising:
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(a) a plurality of compartments comprising adjacent at least first and

second compartments;

(b) a plurality of agitators for mixing a feed stream, the agitators being

positioned in the plurality of compartments, the feed stream comprising a comminuted

5  metal sulfide-containing material; and

(¢) a plurality of dividers separating the plurality of compartments, each

of the dividers including at least one underflow opening for passing the feed stream trom

compartment to compartment;

inputting the feed stream into the first compartment, the teed steam
10  flowing sequentially from compartment to compartment;
introducing a molecular oxygen-containing gas into the autoclave;
oxidizing the metal sulfide-containing material in the feed stream to
provide a product slurry comprising the oxidized metal-containing material, wherein the
oxidizing step comprises the substep of passing at least most of the feed stream between
15  sets of adjacent compartments through the at least one underflow opening in the divider
separating the adjacent compartments; and
thereafter recovering the metal from the product slurry, wherein:

at least about 75 % of the feed stream passes between adjacent pairs of the
plurality of compartments by passing through the at least one underflow opening in a

20  respective divider separating the adjacent pairs of compartments;
a first divider separates the first and second compartments;

a second divider separates the second compartment and a third

compartment;
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the third compartment is nearer an output end of the autoclave than the
first and second compartments;

the second compartment is positioned between the first and third
compartments; and

a first cumulative cross-sectional area of the at least one undertlow
opening in the first divider is less than a second cumulative cross-sectional area of the at
least one underflow opening in the second divider, whereby a first liquid level 1n the first
compartment 1s higher than a second liquid level in the second compartment and the

second liquid level is higher than a third liquid level in the third compartment.

26. The method of claim 25, wherein each of the plurality of the
dividers 1s higher than a feed stream level In a respective adjacent, upstream
compartment so that the feed stream does not overflow the corresponding divider and

wherein the height-to-diameter ratio of each of the dividers is at least about 0.80.

27.  The method of claim 25 or 26, wherein, in each of the plurality of
dividers, the cumulative cross-sectional area of the at least one underflow opening ranges

from about 0.06 m* to about 1.50 m* and wherein the flow volume between adjacent

compartments ranges from about 200 m’/hour to about 800 m’/hour.

28. The method of claim 25, 26, or 27, wherein the cumulative cross-
sectional area of the at least one underflow opening in each of the plurality of dividers 1s

different, with the cumulative cross-sectional area of at least one underflow opening in

the first divider at the input end of the autoclave being less than the cumulative cross-
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sectional area of the at least one underflow opening in the second divider, the second

divider being nearer the output end of the autoclave than the first divider.

29.  The method of any one of claims 25 to 28, wherein, in each of the
plurality of dividers, the at least one underflow opening is positioned at or below an
uppermost impeller blade of the agitator in the adjacent, upstream compartment and
wherein a head drop between adjacent pairs of compartments 1s maintained in a range

from about 25 to about 100 mm.

30. The method of any one of claims 25 to 28, wherein, in each of the
plurality of dividers, the at least one underflow opening is positioned above the bottom
of the autoclave at a height that is no more than about 33% of the liquid level 1n the
adjacent, upstream compartment and wherein, in a selected divider, a ratio of cumulative
cross sectional area of the at least one opening to feed stream flowrate through the at

least one opening ranges from about 1 to about 7.

31.  The method of any one of claims 25 to 30, wherein the plurality of
agitators positioned in the plurality of compartments counter-rotate and wherein a liquid
level in the first compartment ranges between about 5 to about 150 mm higher than a

liquid level in the adjacent second compartment.

32.  The method of any one of claims 25 to 31, wherein, in the first
compartment, a first agitator rotates clockwise and the at least one underflow opening in

the first divider, separating the first compartment from the adjacent second compartment,
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is positioned to the right of a longitudinal axis of the stirred tank reactor and wherein, 1n
the second compartment, a second agitator rotates counterclockwise and the at least one
underflow opening in the second divider separating the second compartment from the

adjacent third compartment, is positioned to the left of the longitudinal axis of the stirred

tank reactor.

33. The method of any one of claims 25 to 32, wherein a final
downstream divider in the stirred tank reactor is free of at least one underflow opening

and 1s configured as an overflow divider.

34.  The method of any one of claims 32 or 33, wherein at least one
underflow opening in the first divider separating the first compartment from the adjacent
second compartment is positioned to the right of the longitudinal axis and the at least one
underflow opening in the second divider separating the second compartment from an the
adjacent third compartment is positioned to the left of the longitudinal axis of the stirred

tank reactor.
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