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FLUIDIZED-BED ROASTING OF
MOLYBDENITE CONCENTRATES

operational and maintenance problems and reductions in

product yields.
SUMMARY OF THE INVENTION
It is an objective of the present invention to provide a

FIELD OF THE INVENTION

The present invention is directed generally to ?uidiZed

bed roasting and speci?cally to ?uidiZed-bed roasting of
molybdenite concentrates.
BACKGROUND OF THE INVENTION

Molybdenum oxide, particularly M003, is Widely used as

10

continuous roasting apparatus and method that can produce
a uniform quality molybdenum oxide product at relatively
loW operating and capital costs. Related objectives include
providing a roasting apparatus that is amenable to automatic
process control; recovers energy released during sul?de

oxidation; has feW moving parts; has no refractory lining;

a raW material in the manufacture of stainless and loW alloy

can eliminate the formation of hard crusts of sintered

steels, pure molybdenum metal, superalloys, catalysts, and

molybdates and oxides, minimiZes dust entrainment in the
roaster off-gas, can handle feed materials comprising impu
rities Without operation problems and can retard the vola
tiliZation of molybdenum trioxide.
These and other objectives are addressed by the present
invention Which provides a ?uidiZed bed, roasting apparatus

specialty chemicals. Molybdenum oxide is commonly pro

duced from molybdenum sul?des, particularly molybdenum
concentrates, that are obtained by grinding copper or molyb
denum ores and concentrating the sul?des contained therein.
To convert molybdenum sul?de to molybdenum oxide,
molybdenum sul?de is typically air roasted in a multiple
hearth roaster according to the folloWing overall reaction:

15

including:
(a) a chamber (e.g., a fully enclosed housing) for con
taining a bed of a feed material including molybdenum
sul?des, such as molybdenite concentrates, the cham
ber having a feed port for introducing the feed material
including molybdenum sul?des into the bed and a

In multiple-hearth roasters, a static bed of feed material

containing the molybdenum sul?des is calcined by an oxi
diZing gas (air) at temperatures ranging from 550 to over
700° C. To avoid severe fusion of the bed, operators peri
odically mix the bed manually to maintain bed porosity and
permeability at desired levels.

25

In designing a more efficient roaster for molybdenum
sul?de concentrates, there are a number of important con

such as S02.

(c) cooling means (e.g., a cooling tube containing a
cooling ?uid such as Water) for removing the heat

siderations. By Way of example, the roaster should be
continuous and produce a uniform quality, loW-sulfur

generated by the roasting reaction and thereby main

molybdenum oxide product. To reduce the capital and
operating costs of gas handling and acid plants, it is desir
able to minimiZe the use of excess air and thereby produce

discharge port for removing the product from the bed;
(b) ?uidiZing means (e.g., a bloWer and connected
ductWork) for contacting a ?uidiZing gas such as air
With the bed to convert the molybdenum sul?des into
molybdenum oxides, such as M003, and sulfur oxides,

35

taining the bed at a desired temperature.
Because the conversion of molybdenum sul?des to

molybdenum oxides is strongly exothermic, the cooling

a roaster off-gas containing a relatively high concentration
of S02. Second, the roaster should be capable of automated
operation to provide reduced operating costs. In other Words,

means closely controls the ?uidiZed bed temperature. The

the roaster design should alloW automated process control at

Water/steam, for recovering energy released during sul?de

operating conditions that Will alloW long operating times
Without doWntime for cleaning and maintenance. Third, the

oxidation. The cooling means enables precise control of
temperature at a set point Which retards fusion and/or
sintering of the materials in the ?uidiZed bed, eliminates the
need for a refractory lining, and retards volatiliZation of
molybdenum trioxide. Preferably, the cooling means main
tains the ?uidiZed bed temperature beloW the sublimation

cooling means can include a heat exchange ?uid, such as

roaster should recover heat energy released during sul?de
oxidation as steam for useful purposes. Fourth, the roaster

should have relatively feW moving parts to improve system
reliability, simplify system operation and decrease doWn

45

and melting points of the molybdenum oxide and molybdate

time and maintenance costs. Fifth, the roaster should provide
for substantially uniform distribution of heat of reaction
in the bed can create hot Zones Where high temperature can

compounds that can form due to the presence of impurities.
More preferably, the maximum ?uidiZed bed temperature is
less than about 580° C.

cause partial fusion and sintering of the bed and volatiliZa
tion of molybdenum oxide. Sixth, the roaster should have

numerous advantages relative to conventional multiple

throughout the bed. The existence of temperature gradients

The roasting apparatus of the present invention has

little, if any, refractory lining. Refractory lining can cause

hearth roasters. By Way of example, the roasting apparatus

molybdenum loss (via molybdenum penetration into the
refractory lining) and product contamination. Seventh, the

of the present invention can be continuous, have a high

roaster should eliminate the formation of hard crusts of

throughput and relatively loW capital and operating costs.
55

molybdates and oxides. Such crusts can erode moving parts
(e.g., rabble arms and teeth in conventional multiple-hearth

The roasting apparatus can be amenable to automated pro
cess control, can handle feed materials comprising impuri
ties such as calcium, copper, iron and rhenium Without

operation problems, and can have relatively feW moving
parts and therefore a high degree of system reliability and

roasters) and increase operating costs through increased
labor to clean the roaster. Eighth, the roaster off-gas should
have little, if any, dust entrainment to minimiZe product loss
and doWnstream gas cleaning costs. Ninth, the roaster

simpli?ed system operation.
To eliminate gas channeling Which causes pockets of
un?uidiZed solids in the bed and to provide for a relatively

should be capable of handling feed materials comprising
impurities, such as calcium, copper, iron and rhenium With

high degree of ?uidiZed bed porosity and permeability, the

out operational problems. Finally, the roaster should operate

roasting apparatus can include vibratory means (e.g., a

at a temperature loW enough to retard the volatiliZation of

molybdenum trioxide and later condensation of the molyb
denum trioxide in cooler pipes. Such condensation can cause

65

vibrator) for vibrating the bed during roasting. Preferably,
the minimum amplitude of vibration of the vibratory means
is about 1/16“ and the maximum amplitude is about 1/2“

US 6,190,625 B1
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To inhibit entrainment of ?nely-sized feed material in the

process is particularly effective in roasting molybdenum

roaster off-gas, the chamber can have an expanded section at

sul?de containing feed materials such as molybdenite con
centrates produced from copper or molybdenum ores and

its upper end to provide for decreased velocity of the roaster
off-gas. Entrained particles Will return to the bed in response
to the decrease in ?uidizing gas velocity from the increased
area of ?oW and decreasing gas temperatures due to heat
losses from the upper roaster Walls. Additionally, the appa

chemically produced MoS2 or MoS3 precipitates and mix
tures thereof. They may contain impurities such as calcium,

copper and iron. The molybdenum oxides produced by
roasting can include molybdenum trioxide (M003) and
molybdenum dioxide (M002), and mixtures thereof.
Depending upon the feed material, the product may have a

ratus can include gas/particulate separator means (e.g., a

cyclone) to separate any remaining entrained particles from
the roaster off-gas.

10

To provide for substantially uniform ?uidizing gas (e.g.,

high enough purity to be sold as “Tech Oxide” or it can be

air) distribution and heat of reaction throughout the bed, the

converted to high-purity molybdenum chemicals.
An embodiment of the ?uidized-bed roasting apparatus of

roasting apparatus can include a distributor plate located

the present invention is depicted in FIGS. 1—2. As Will be

beloW the ?uidized bed for distributing the ?uidizing gas
very uniformly across the bottom portion of the bed. Pref
erably the distribution plate has a plurality of pores for
passage of the ?uidizing gas, With the maximum distance
betWeen the centers of adjacent pores being about 1A inch.
To provide for plug ?oW of the feed material as the
material moves through the roasting apparatus, the apparatus

appreciated, the actual dimensions and operating conditions
15

The roasting apparatus or roaster 10 includes a rectangu

lar chamber 14 having a feed port 18 for the feed material,
a discharge port 22 for the product, vertical baf?es 30a,b for
dividing the chamber interior into multiple zones 34a—c, and
a distributor plate 42. A?uidized bed 46 of particulate solids

can include one or more baf?es to divide the chamber into

a number of reaction zones. The baf?e(s) extend above the

(feed material, product material and mixtures thereof) is

distributor plate and have an opening Which alloWs the feed
material to move by plug ?oW from an upstream zone to an

adjacent doWnstream zone. As Will be appreciated, plug ?oW

25

conditions ensure that each particle in the bed Will have
substantially the same residence time in each zone and
therefore the same degree of conversion as it exits the
roaster.

and to inhibit release of potentially harmful byproduct gases

into the atmosphere.
The feed port 18 may include a volumetric feeder or other
similar device for providing a controlled feed rate of the feed

discharge port. The sloping distributor plate provides for a
bed of varying depths from zone to zone With the upstream
35

residence time) than the doWnstream zone(s).
Because the percentage of unroasted sul?de decreases in
each successive doWnstream zone, the quantity of oxygen

material continuously to the portion of the ?uidized bed 46
of material contained Within the ?rst zone 34a of the
chamber 14.
The discharge port 22 may include a rotary valve or other

similar device for discharging the hot calcined product from

required and exothermic heat generated also decreases.

the last zone 34c of the chamber 14.
Referring to the end vieW shoWn in FIG. 2 to retard

Therefore, the apparatus can include control means for

independently controlling the ?uidized bed temperature and

entrainment of ?nely sized particles in the roaster off-gas 50,

?uidizing gas ?oW rate in each of the zones. Accordingly,
each of the zones can have separate heaters, cooling means,
and ?oW controllers to provide for differing ?uidized bed

operating conditions.

located in the chamber 14 above the distributor plate 42. A
plenum chamber 54 for distribution of the ?uidizing gas is
located beloW the distributor plate 42. The material moves
from the feed end to the discharge end of the roaster through
openings 58a,b in the baf?es in a plug ?oW mode.
The interior of the chamber 14 is sealed from the ambient

atmosphere to permit subatmospheric pressure operation

To provide for differing residence times in different reac
tion zones, the distributor plate and/or bottom member of the
chamber can slope doWnWardly from the feed port to the

zone(s) having a lesser bed depth (and therefore a loWer

of the roasting apparatus in FIGS. 1—2 can vary depending
upon the desired throughput rate and feed characteristics.

the upper section 62 of the roaster chamber 14 is expanded
to increase the internal cross-sectional area. As Will be
45

appreciated, molybdenite concentrates contain a Wide par
ticle size distribution from about 100 microns to 1 micron or

To further control ?uidized bed temperature, the roasting
apparatus can include a means for preheating the ?uidizing

less. The expanded upper section 62 provides for gradual

gas before contacting of the ?uidizing gas With the bed.

reductions in the gas velocity to remove such ?nely-sized

particles from the roaster off-gas 50.
BRIEF DESCRIPTION OF THE DRAWINGS

Referring again to FIGS. 1 and 2 and as noted above to
control operating conditions in different areas of the roaster,
the interior of the roaster chamber 14 is divided into a
plurality of zones 34a—c. The reaction conditions in each

FIG. 1 is a cross-sectional vieW of a ?uidized bed roaster

according to the present invention taken along line 1—1 of
FIG. 2;
FIG. 2 is a cross-sectional vieW of the ?uidized bed

roaster taken along line 2—2 of FIG. 1;
FIG. 3 is a cross-sectional vieW of another embodiment of
a ?uidized bed roaster according to the present invention

taken along line 3—3 of FIG. 4; and
FIG. 4 is a cross-sectional vieW of the ?uidized bed

roaster taken along line 4—4 of FIG. 3.
DETAILED DESCRIPTION
The present invention is directed to a ?uidized-bed roast

ing apparatus and method for converting sul?des to oxides
at high conversion rates. Although the roasting apparatus
can effectively oxidize any sul?de ore or concentrate, the

zone can be different due to differing sul?de contents of the
55

portions of the bed 46 in each zone.
Each of the adjacent zones 34a—c is substantially isolated
from adjacent zones to permit the reaction conditions in each
zone to be independently monitored and controlled. Zone

isolation is important to optimize the reaction conditions in
each zone. To provide zone isolation, the upper portion of
each of the baf?es 30a,b extends from the distributor plate
42 to a point near a top panel 66 While a loWer portion
extends from the bottom of the distributor plate 42 to the

bottom of the plenum chamber 54. Small openings 58a,b in
65 the baf?es alloW movement of the material from one zone to

the next in a plug ?oW mode. In this manner, the plenum
chamber 54 is divided into separate sections, With each

US 6,190,625 B1
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section corresponding to a Zone. Although the optimum
number of Zones depends upon the characteristics of the feed
material, it is generally preferable to have from about 3 to

composition, the Zones can have different temperature pro
?les. The operating temperature in each Zone can be inde

pendently controlled to substantially optimiZe process con

about 12 Zones in a ?uidized roasting reactor.

ditions for the bed material in that Zone. Typically, heat must

The distributor plate 42 has a relatively ?ne and tightly
spaced hole pattern to provide for a ?ne dispersion of the
?uidiZing gas along the length of the bed 46 and therefore a
substantially uniform distribution of the ?uidiZing gas 70a—c

be added to the ?nal Zone 34c by preheating the ?uidiZing
gas and if required heating the external Walls of the reactor
to maintain the desired temperature.

across the bottom of the bed 46 in each respective Zone. The

separate heaters 90a,b (shoWn in FIG. 2) positioned adjacent

distributor plate 42 has a plurality of perforations or pores,
With the maximum spacing betWeen the centers of the
perforations or pores being about 0.25 inches.

To heat the reactor Walls, the ?nal Zone 34c can have
10

trolled to re?ect the differing heat requirements in the
doWnstream Zones. As Will be appreciated, for some feed

The ?nely dispersed and substantially uniform distribu
tion of the ?uidiZing gas 70 along the length of the distribu
tor plate 42 is important to maintaining bed porosity and

materials additional Zones may require additional heat input
15 via a heater.

permeability and controlling bed temperature. Molybdenum

At the recommended temperatures of operation, no more
than about 580° C., it is feasible to use stainless steel for
construction of the roaster Without a refractory lining. This
not only reduces the siZe and cost of the roaster, but alloWs

trioxide can react With other metal oxides (impurities) to

form loW melting point molybdates, Which can aggregate
and sinter the bed at temperatures even beloW 580° C. To

complicate matters even further, oxidation of molybdenite is
a highly exothermic reaction. A highly ef?cient distributor

20

plate 42 overcomes this problem by distributing the ?uid

iZing gas uniformly throughout the bed thereby eliminating
pockets of un?uidiZed material from Which the heat of
reaction cannot be removed. Such pockets result in localiZed

25

overheating leading to agglomeration and de?uidiZation of
the bed.

To provide temperature control, the upstream Zones 34a,b
include a cooling tube 78a,b for selective heat removal in the

portion of the bed in each chamber 34a,b. The cooling tubes
78a,b are submerged in the bed 46 and con?gured such that

30

the respective tube 78a,b. It is important to provide the
reaction Zone. The shape of the cooling tube and its siZe
depend, of course, upon the design and siZe of the individual
Zones. Thus, as shoWn in FIG. 1, each of the cooling tubes
78 can be a dip tube (or a cooling coil) extending from the
top of the corresponding portion of the bed to the bottom.
Each of the cooling tubes 78a,b can be collectively
connected to a single cooling ?uid input line 82 for supply
ing a metered amount of cooling ?uid to each of the tubes.
Although many ?uids can be used as a cooling ?uid, the

cooling ?uid is preferably Water, Which is converted into
steam When passing through the tube in response to the heat

for quick shutdoWn and startup of the roaster. Operation
under these conditions also eliminates the problem of
molybdenum lost to refractories, contamination of the prod
uct With refractories, and heavy maintenance required to
repair the brick Walls.
Because of the ?ne siZes, cohesive nature, and high angle
of repose of the particles in the bed 46, it is necessary to
vibrate the chamber 14 during ?uidiZation to maintain
desired levels of bed porosity and permeability and therefore
eliminate sintering/fusion of the bed 46. Vibration of the

chamber 14 can eliminate channeling (i.e., short circuiting)
of ?uidiZing gas in the bed, knock off any solids build-up on
the reactor Walls and cooling tubes, and improve heat
transfer. This improves bed ?uidiZation and eliminates pock

the temperature of the bed in a speci?c Zone is controlled by

cooling tube surface substantially uniformly throughout the

to the Zone to maintain the ?uidiZed bed temperature at

desired levels. Preferably, the heaters are separately con

35

ets of un?uidiZed material. For this reason, a vibrator 94 is

connected externally to the chamber 14, and the entire
chamber 14 is mounted on a number of ?exible supports (not

shoWn), such as springs, to provide the chamber 14 and
attached components With freedom of motion. The vibrator
40

94 moves the entire chamber 14 back and forth in a

substantially horiZontal plane during ?uidiZation. Although
the design and siZe of the vibrator depend on the siZe of the

roaster (Which in turn depends upon the throughput rate), the
45

of reaction. The steam is removed via a common header 86

vibrator is selected to provide a minimum amplitude of
vibration of the chamber 14 of about 1/16“ and a maximum

amplitude of about 1/2“.
The roaster 10 further includes a ?uidiZing gas handling

for other activities in the plant or for sale, as desired.
Alternatively, the tubes 78a,b can be connected to sepa

system includes one or more bloWers/compressors (not

rate cooling ?uid input lines to permit the supply of differing

shoWn), gas metering ?oWmeter (not shoWn), ?uidiZing gas

amounts of the cooling ?uid to different Zones. In this
manner, the temperature in each of the Zones can be inde
pendently controlled in response to different reaction con

preheaters 98a—c, and gas input and output lines. The

system for ?uidiZing the bed 46. The ?uidiZing gas handling

?uidiZing gas 70 preferably has an oxygen content of at least

about 15 vol % With the preferred ?uidiZing gas being air.
The preheaters 98a—c preferably heat the ?uidiZing gas 70 to

ditions in each of the Zones. This method of cooling the bed

temperature is easily adapted to automatic computer control.

55

a minimum temperature of about 300° C. and a maximum

Cooling tubes are unnecessary in the ?nal Zone 34c of

temperature of about 700° C. A separate preheater and

roasting When very little heat is generated during the ?nal
stages of sulfur removal and molybdenum oxidation.

?oWmeter device is located upstream of each Zone section of
the plenum chamber 54. Preferred preheaters are electric or

The temperature of the various Zones of the ?uidiZed bed

is, of course, an important operational parameter. Molyb

60

denite roasting is initiated at temperatures as loW as 400° C.,
but the rate of roasting is still sloW at 500° C. and increases

rapidly as the temperature is increased above this point.
Thus the temperature in the ?uidiZed bed is maintained
betWeen about 500 and about 580° C. The optimum roasting
temperature for each Zone is dependent upon the feed
composition. Depending upon the feed material

gas ?red to permit precise control of the ?udiZing gas
temperature. The preheaters are used during startup as Well
as to maintain the bed temperature, especially in the ?nal
Zone 34C.

65

The off-gas 50 from the roaster is passed through a
gas/particulate separator device 110 to form a treated off-gas
52. The gas/particulate separator device 110 can be any

suitable device for removing entrained particulates from
gases, With cyclones being most preferred. The removed

US 6,190,625 B1
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particles are returned to the bed 46 and the treated off-gas 52

34b and from the second Zone 34b to the third Zone 34c and
so on. In the last Zone 34c, the bed material, Which has noW

is conveyed to a gas scrubber. If necessary, an additional
gas/particulate separator device can be used to further treat
the off-gas to reduce further the entrainment of dust par
ticles. These recovered particles are also returned to the bed
46.
The operation of the roaster 10 can be automated by a

been fully oxidiZed to form the product, is removed from the
roaster via discharge port 22.

monitoring and control system. The monitoring and control
system (not shoWn) can include thermocouples positioned at
various locations in each Zone to measure temperature, 10

?oWmeters in the ?uidiZing gas input lines to each Zone to

bed particles in the third Zone 34c and so on. The sul?de

measure ?uidiZing gas ?oW rate, thermocouples positioned

content of the partially oxidiZed material leaving the various
Zones 34a,b via openings 58a,b Will depend upon the reactor

in the ?uidiZing gas input lines to each Zone to measure

?uidiZing gas temperature prior to contacting of the bed,
?oWcontrollers positioned in the cooling ?uid input lines for

15

controlling ?oW rate, a feed controller for controlling feed

During the ?nal stages of roasting, the rate of sulfur removal
drops and the continued use of a high ?uidiZing gas ?oW rate
is undesirable, since it Would reduce the sulfur dioxide

the feed material, ?uidized bed temperature to substantially

optimiZe and control processing conditions.
The operation of the roasting apparatus Will be described

concentration in the exit gas and remove heat from the bed

With reference to FIGS. 1—2. Although the feed material can

be in any form, the description Will be based upon the

conversion of a concentrated feed material derived from 25

mining a naturally occurring deposit.
As a primary concentrate formed from molybdenum ores
or a byproduct concentrate formed from ores of other metals
such as copper, the feed material can contain a variety of

compounds. By Way of example, the feed material can

contain molybdenum sul?des, copper sul?des, rhenium

Where there is no signi?cant heat generation. Accordingly, a
higher ?uidiZing gas ?oW rate can be used in the initial Zones
than is used in the ?nal (i.e., doWnstream) Zones. The
?uidiZing gas super?cial velocity in the later Zones should
be maintained loW, preferably ranging from about 10 to
about 40 cm/sec and more preferably from about 10 to about
30 cm/sec. This can be accomplished since air ?oW to each
section of the plenum chamber can be controlled separately.

Under the operating conditions described above, the
roasting reaction typically requires at least about 2 hours but
35

no more than about 8 hours and more typically is completed
in about four to ?ve hours. Depending upon the gas ?oW rate

and oxygen content used during the initial stages of roasting
a majority of the sulfur can be removed in the ?rst hour. The

time required for the ?nal Zones is mainly dependent upon
the ?nal desired sulfur content of the product.

is no more than about 100 mesh (Tyler) and more preferably
no more than about 150 mesh (Tyler) and most preferably no
more than about 200 mesh (Tyler).
The feed material is supplied to the bed in the ?rst Zone

FIGS. 3 and 4 depict a further embodiment of a ?uidiZed
bed roaster according to the present invention. The roaster
150 is substantially identical to the roaster 10 of FIGS. 1 and

2 With the exception that the distributor plate 154 and bottom
panel 158 of the chamber 14 are inclined relative to the
45

about 10 vol % molecular oxygen and more preferably at
least about 20 vol % molecular oxygen. The ?uidiZing gas

horiZontal. The slope of the distributor plate 154 provides
for variable residence times of the bed material (and ?uid

iZing gas) in each Zone by causing the depth of the bed 46
to vary substantially continuously along the length of the
distributor plate 154. Thus, the bed depth at the input end of

passes through the distributor plate 42 and oxidiZes molyb
denum sul?des and other sul?des in the feed material. The
bed material passes sequentially from Zone to Zone via

the chamber 14 is less than the bed depth at the discharge
end of the chamber 14. Likewise, the bed depth in the ?rst

openings 58a,b in the baf?es 30a,b separating the various
Zones 34a—c. The conversion rate of sul?des to oxides in the
?rst Zone 34a is higher than that in the second Zone 34b, and
the conversion rate in the second Zone 34b is higher than that
in the third Zone 34c. The roaster off-gas 50 from the various
Zones 34a—c moves from the bed 46 to the upper portion 62
of the chamber 14 and then passes to the gas/particulate

The ?uidiZing gas velocity can differ from Zone to Zone.

about 80 cm/sec and more preferably from about 20 to about
60 cm/sec to supply the desired amount of oxygen to the bed.

temperature or ?oW rate, cooling ?uid ?oW rate, feed rate of

34 a via feed port 18. FluidiZing gas, preferably air, is
preheated and supplied to the various sections of the plenum
chamber 54. The ?uidiZing gas comprises preferably at least

design and operating conditions.
The super?cial velocity of the ?uidiZing gas in the initial
(i.e., upstream) Zones preferably ranges from about 10 to

material feedrate, and a control device, e.g., a central
processor, for adjusting one or more of the ?uidiZing gas

sul?des, and iron sul?de. Preferably, the feed material has a
molybdenum sul?de content ranging from about 50 to about
100 Wt %, more preferably from about 75 to about 98 Wt %,
and most preferably from about 90 to about 95 Wt %. In most
applications, the feed material has a relatively ?ne particle
siZe distribution. Preferably, the P80 siZe of the feed material

As noted above, the operating conditions in each Zone can
be different from the operating conditions in other Zones due
to differences in the sul?de contents of the bed particles in
each Zone. By Way of example, the bed particles in the ?rst
Zone 34a commonly have a higher sul?de content than the
bed particles in the second Zone 34b, and the bed particles
in the second Zone 34b have a higher sul?de content than the
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Zone 34a is less than the bed depth in the second Zone 34b
and the bed depth in the second Zone 34b is less than the bed
depth in the third Zone 34c. In this manner, the sloping
distributor plate 154 causes a residence time of the bed

particles (and the retention time of the ?uidiZing gas) to
increase as the particles move from Zone to Zone toWards the

separation device 110. A portion of the entrained particles
from the bed 46 fall from the gas as the velocity of the gas

discharge end of the roaster. The residence time of the
particles in the ?rst Zone 34a (and retention time of the

sloWs in response to the increased cross-sectional area of

?uidiZing gas) is less than the residence time of the particles

?oW in the upper portion of the chamber 14. Any remaining
entrained particles are removed by the gas/particulate sepa

in the second Zone 34b (and retention time of the ?uidiZing
gas) and the residence time of the particles in the second
Zone 34b (and retention time of the ?uidiZing gas) is less

ration device 110 and returned to the bed via the under?oW

pipe 114. The treated off-gas 52 leaves the gas/particulate
separation device 110 for further treatment.
The preceding steps are repeated Zone by Zone as the feed
material moves from the ?rst Zone 34a to the second Zone

than the residence time of the particles in the third Zone 34c
65

(and retention time of the ?uidiZing gas).
Alternatively, the distributor plate 154 can provide varia
tions in residence time by being stepped rather than sloped.

US 6,190,625 B1
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In this design, the distributor plate 154 can be stepped
zone-by-zone to provide for increasing bed depth as par

located Within the ?uidized bed. At that time, the auxiliary
external furnace Was turned off to prevent overheating of the
bed material.

ticles move from the feed end to the discharge end of the
chamber. In either case, the greater gas retention time and

Throughout the roasting reaction, the temperature of the
?uidized bed Was controlled betWeen 550° C. and 560° C.

residence time during the later stage of roasting When the
reaction is sloWest is highly advantageous. It maximizes the
utilization of the oxygen in the air and the plant capacity

during Which the bed Was gradually converted from molyb
denum disul?de to molybdenum trioxide. After approxi
mately 140 minutes, the reaction exotherm subsided and the
cooling Water Was turned off While the auxiliary external

rate, per square foot of hearth area, While producing a
loW-sulfur product. As Will be appreciated, a ?uidized bed

reactor With level (no slope or steps) but longer hearth can
also be used to provide extra residence time to complete the

10

furnace Was turned back on to hold the ?uidized-bed tem

perature above 550° C. It can be appreciated that although
the exotherm had subsided, it Was necessary to hold the bed
at temperature for an additional 60 minutes to alloW removal

roasting process.

of the last remaining sulfur.

EXAMPLES

Analysis of the reactor off-gas during the roasting reaction

The folloWing examples are provided for illustrative

15

purposes. They are not intended to limit the scope of the
invention as described above and in the claims.

Example 1
TWo byproduct molybdenite concentrates, one high grade
containing about 92 percent MoS2 and the other loW grade
containing about 80 percent MoS2, Were blended in 4:1
Weight proportion. This blend Was used as the feedstock in
both the bench-scale batch tests and pilot-scale continuous
tests. The chemical and physical characteristics of this

20

shoWed a sharp increase in the sulfur dioxide concentration
to approximately 12.5% When the reaction exotherm started
and a gradual decrease to 10% at the point When the
exotherm subsided. At this point, the sulfur dioxide concen

tration dropped to roughly 5% and then steadily decreased to
zero during the 60 minute hold period, thus indicating all of
the residual sul?de had been fully roasted to oxide.

Example 3
Batch Fluidized-Bed Roasting Utilizing Oxygen Enriched
25

Air
Another batch-Wise ?uidization test Was conducted as

described in the previous example With the exception that

feedstock are summarized beloW:

1,200 grams of molybdenite concentrate Was charged to the
reactor and once the exotherm Was established, oxygen Was

Chemical Analyses (Weight percent)
Molybdenum

53

Sulfur

37

Copper

30

1

Iron
Calcium
Rhenium
Insoluble

1.5
0.3
500 ppm
7

Particle Density
Bulk Density

4.71 g/cc
1.4 g/cc

Particle Size Distribution

35

Cumulative Percent Finer

80
60
40
20
10
5

95.4
89.8
75.5
43.1
19.2
8.0

in this case for 168 minutes, the sulfur dioxide concentration
in the off-gas rose to a high of 26% and remained fairly
constant until the exotherm subsided. The concentration
then dropped steadily to zero over the next 62 minutes until
the test Was terminated.

Example 4
Continuous Fluidized-Bed Roasting

Abyproduct molybdenite concentrate containing approxi
mately 90% molybdenum disul?de, 1.5% iron, 1.0% copper,
45

0.3 % Ca, 0.7% residual ?otation oil and 0.6 % moisture Was
roasted in a vibratory pilot-scale three-zone continuous
?uidized-bed reactor of the type described hereinbefore by
continuously feeding the concentrate at a rate of 8 lb/hr

While passing ?uidizing air through the reactor at nominally
10 scfm. The temperature of the ?uidized bed, comprised of
a mixture of molybdenum sul?de plus molybdenum oxide,

Example 2
Batch Fluidized-Bed Roasting
Abyproduct molybdenite concentrate of the composition
given in Example 1 and containing approximately 0.7%
residual ?otation oil and 0.6% moisture Was roasted in a

vibratory bench scale cylindrical ?uidized-bed reactor in a
batch mode. Prior to roasting, 1,000 grams of the concen

containing 37% oxygen. During the exotherm, Which lasted

The use of oxygen enrichment of the ?uidizing air Will
result in increased commercial production rates for a ?xed
size ?uidized-bed roaster.
40

Diameter (Microns)

mixed With the ?uidizing air to achieve a ?uidizing gas

55

trate Was charged to the reactor and the reactor Was sealed.

To initiate the roasting reaction, ?uidizing air Was passed
through the reactor at 19.5 lpm (standard liters per minute)

Was controlled betWeen 500° C. and 560° C. by passing
cooling Water through coils located Within the ?uidized bed.
Molybdic oxide product Was removed from the reactor at
approximately 7 lb/hr after a nominal 3-hour residence time
via a Water-cooled over?oW-type discharge port, The rate of
product discharge Was proportional to the feed rate taking
into account the stoichiometric Weight change due to the
conversion of molybdenum sul?de to molybdenum oxide.
The exhaust gas leaving the reactor Was continuously ana

denum sul?de concentrate passed (nominally) 420° C., the

lyzed and found to contain 6—8% sulfur dioxide. Upon
leaving the reactor, the off-gas, Which also contained loW
levels of volatile rhenium oxide and a signi?cant quantity of

rate of temperature rise increased indicating an exotherm
Within the reactor. As the temperature Within the ?uidized

carry-over ?nes (small particle size bed material) Was passed
through primary and secondary hot cyclones Which returned

While the external Walls Were heated to betWeen 500° C. and

60

600° C. As the temperature of the ?uidized bed of molyb

bed passed (nominally) 480° C., the exotherm caused a rapid
temperature increase and immediate temperature control
Was established by passing cooling Water through a coil

65

greater than 99% of the ?nes back to the reactor.
The reactor off-gas Was then passed through a Wet vortex

type scrubber Which removed residual particulate solids and

US 6,190,625 B1
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the Water-soluble volatile rhenium oxide. Prior to discharge
to the atmosphere, the sulfur dioxide in the off-gas Was
removed by contact With a caustic solution in a packed

7. The method of claim 1, Wherein the product is in the
form of a free-?owing particulate material.
8. The method of claim 1, Wherein the amplitude of

toWer scrubber.

vibration of the ?uidiZed bed reactor ranges from about 1/16
inch to about 1/2 inch.

While various embodiments of the present invention have
been described in detail, it is apparent that modi?cations and
adaptations of those embodiments Will occur to those skilled
in the art. HoWever, it is to be expressly understood that such
modi?cations and adaptations are Within the scope of the
present invention, as set forth in the following claims.
What is claimed is:

9. The method of claim 1, Wherein the ?uidiZing gas
comprises at least about 10 vol % oxygen.

10. The method of claim 1, Wherein the contacting step

comprises:
10

1. A method for converting molybdenum sul?des into

molybdenum oxides, comprising:

molybdenum oxides; and

introducing a feed material comprising molybdenum sul
?des into a ?uidiZed bed of particulate solids contained
Within a ?uidiZed bed reactor, the ?uidiZed bed being
separated into a plurality of different Zones With adja
cent Zones being separated by a baf?e With an opening
betWeen the adjacent Zones such that the material ?oWs

through the ?uidiZed bed reactor in plug ?oW mode;
contacting the particulate solids of the ?uidiZed bed,
including the feed material, With an oxygen containing
?uidiZing gas While vibrating the ?uidiZed bed reactor,

15
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to convert at least a portion of the molybdenum sul?des

into molybdenum oxides and thereby form a product

comprising mnolybdenum oxides;

25

of the second ?uidiZing gas.
13. The method of claim 10, Wherein the How rate of the
?rst ?uidiZing gas is greater than the How rate of the second
14. The method of claim 10, Wherein the ?uidiZed bed
depth in the ?rst Zone is less than the ?uidiZed bed depth in

cooling

at least a portion of the particulate solids in at least a

?rst Zone of the ?uidiZed bed, during the contacting
step, With cooling means for removing heat from the

contacting a second portion of the feed material With a
second ?uidiZing gas in the second Zone of the ?uidiZed
bed to convert a second portion of the molybdenum
sul?des to molybdenum oxides.
11. The method of claim 10, Wherein the ?rst and second
Zones are separated by a baf?e With a relatively small
opening such that the material ?oWs from the ?rst Zone to
the second Zone in a plug ?oW mode.
12. The method of claim 10, Wherein the oxygen content
of the ?rst ?uidiZing gas is greater than the oxygen content

?uidiZing gas.

maintaining a ?uidiZed bed temperature in a range of from

about 400° C. to about 580° C., comprising

contacting a ?rst portion of the feed material With a ?rst
?uidiZing gas in the ?rst Zone of the ?uidiZed bed to
convert a ?rst portion of the molybdenum sul?des to

30

the second Zone and the residence time in the ?rst Zone is
less than the residence time in the second Zone.

15. The method of claim 1, Wherein the feed material is

?rst Zone of the ?uidiZed bed to maintain a ?uidiZed
bed temperature in the ?rst Zone of no more than about

comprised substantially entirely of molybdenite concentrate.

580° C., the cooling means being submerged in the
?uidiZed bed during the cooling step, an cd (ii) heating

the ?uidiZing gas is preheated prior to introduction into the

16. The method of claim 1, Wherein at least a portion of

by the heating to maintain the temperature in the

?uidiZed bed.
17. The method of claim 1, Wherein the residence time of
the particulate solids in the ?uidiZed bed is no longer than
about 8 hours.
18. The method of claim 1, Wherein the ?uidiZed bed has
a top and a bottom and the baffle extends from the top of the
?uidiZed bed to the bottom of the ?uidiZed bed.
19. The method of claim 1, Wherein the ?uidiZed bed is
located in a loWer section of the ?uidiZed bed reactor, the
?uidiZed bed reactor further comprising an upper section
located above the ?uidiZed bed, the upper section having a
larger Width than the loWer section, so that the velocity of the
?uidiZing gas decreases as the ?uidiZing gas ?oWs from the
loWer section into the upper section.
20. The method of claim 19, Wherein the upper section is
in ?uid communication With at least one separation device
Which removes entrained particles from the upper section
and returns the entrained particles to the ?uidiZed bed.
21. The method of claim 1, Wherein the cooling means

second Zone Within the the range; and

comprises a cooling tube submerged in the ?uidiZed bed, the

at least a portion of the particulate solids in at least a

35

second Zone of the ?uidiZed bed to maintain a ?uidiZed

bed temperature in the second Zone of at least about

400° C.;
Wherein, the particulate solids in the ?rst Zone have a
higher sul?de content, than the sul?de content of the
particulate solids in the second Zone, and exothermic
reaction of the sul?des in the ?rst Zone produces excess
heat in the ?rst Zone and heat is removed from the ?rst
Zone by the cooling to maintain the temperature in the
?rst Zone Within the range;

40

45

Wherein, the particulate solids of the second Zone have a
loWer sul?de content, than the sul?de content of par
ticulate solids in the ?rst Zone, and exothermic reaction
of sul?des in the second Zone produces insufficient beat
in the second Zone and heat is added to the second Zone

removing product comprising the molybdenum oxides
from the ?uidiZed bed reactor.

2. The method of claim 1, Wherein the feed material has

cooling comprising passing a cooling ?uid through the
55

second Zone are in ?uid communication via a space in the

a P8O siZe of no more than about 100 mesh (Tyler).

?uid bed reactor located above the top of the baf?e.
23. The method of claim 1, Wherein the ?uidiZed bed
includes at least three Zones With the second Zone being the

3. The method of claim 1, Wherein the feed material has
a molybdenum sul?de concentration of at least about 50 Wt

%.
4. The method of claim 1, Wherein at least about 95% of
the molybdenum sul?des in the feed material are converted

into molybdenum oxides during the contacting step.
5. The method of claim 4, Wherein the method is con

ducted substantially in the absence of recycle of the par
ticulate solids.

6. The method of claim 1, Wherein the product comprises
no more than about 5 Wt % molybdenum sul?des.

cooling tube to remove heat from the ?uidiZed bed.
22. The method of claim 1, Wherein the ?rst Zone and the

60

last in series of the at least three Zones.

24. The method of claim 23, Wherein delivery of the
?uidiZing gas to each of the plurality of Zones is controlled
separately, and the ?uidiZing gas delivered to at least the
second Zone is preheated prior to introduction into the
65 second Zone.

UNITED STATES PATENT AND TRADEMARK OFFICE

CERTIFICATE OF CORRECTION
PATENT NO.
DATED

: 6,190,625
: February 20, 2001

INVENTOR(S)

: JHA et 211.

Page 1 of 1

It is certified that error appears in the above-identified patent and that said Letters Patent is
hereby corrected as shown below:

At Column 1 1, line 35, please delete “an ad" and insert therefor --and--.

Signed and Sealed this
Fi?h Day of June, 2001

WM 1‘? ML;
NICHOLAS P. GODICI

Altesting O?icer
Acting Director of the United States Patent and Trademark O?'ice

