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ABSTRACT

Lime-enhanced molybdenite reduction (LEMR) with methane-containing gases has been thermody-
namically studied. The reaction proceeds through the direct oxidation of MoS, by CaO to form
intermediate molybdenum oxidized species, MoO, and CaMo00O4. The thermodynamics of Mo-O-C-H
and Mo-Ca-0-C-H systems has been investigated instead of Mo-Ca-S-0-C-H system, as the sulfur is
captured by calcium and forms a neutral compound (i.e. calcium sulfide). The role of reducing agent is
the reduction of these oxidized species. Reduction of oxidized species by methane will yield Mo, Mo,C
or MoC. The thermodynamic investigation resulted in construction of stability diagrams of molybdenum
compounds. These diagrams were constructed for CH4—H,, CH4—H,-Ar and CH4—CO,-H,0 gas mixtures.
In addition to stability regions of Mo, Mo,C and MoC, the carbon deposition area was also identified.
The results showed that by using appropriate gas composition and temperature, different molybdenum-

Stability diagrams
Carbon deposition

containing phases would be stable thermodynamically while soot formation can be avoided.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Molybdenite concentrate is the major starting material for
pyrometallurgical processing of molybdenum. The extraction of
molybdenum from this mineral is technically difficult and eco-
nomically important. Almost all molybdenite concentrates are first
subjected to roasting to yield technical grade molybdic oxide. This
compound is the basic raw material for production of molybdenum.
In addition to technical difficulties during roasting step (such as
low recovery of molybdenum) there is environment pollution with
SO, [1]. Due to these problems, in the last three decades numer-
ous alternative approaches have been proposed for the production
of molybdenum from MoS, concentrates [1]. So far, none of these
methods has gained any commercial approval.

Another new concept for the winning of metals from their
sulfides is their direct reduction in the presence of lime. Many
researchers have investigated the thermodynamic and kinetic
aspects of molybdenite processing by such an approach. Mank-
hand et al. [2,3] evaluated the lime-enhanced hydrogen reduction
of molybdenite. The required partial pressure of hydrogen for
the molybdenum metal formation at different temperatures has
been calculated. Thermodynamic and kinetic investigation of car-
bothermic LEMR was carried out by Padilla et al. [4] where
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the stability areas of different molybdenum-containing phases
have been identified and presented by stability diagrams. Prasad
et al. [5] investigated the thermodynamics of LEMR by carbon
monoxide. To understand the direct synthesis of Mo,C by the
lime-molybdenite-carbon monoxide reaction, lime-enhancement
diagrams were constructed. In these diagrams, the required par-
tial pressure range of carbon monoxide for Mo,C formation has
been demonstrated. The kinetics of carbon monoxide reduction of
molybdenite was also evaluated.

So far, different reducing agents such as C, CO and H, have
been used for LEMR. The reduction of ores with carbon and carbon
monoxide (coal) is not environmentally friendly. These reactions
produce poisonous gases such as SO,, CO and large amount of
CO,. Hydrogen is an uncommon and expensive reducing agent
in the industrial extraction of metals. In comparison, reduction
of ores with methane produces less CO, and CO and not any
SO,. There are countries in the world where coal is not abun-
dant but large sources of natural gas are available. Therefore using
methane or natural gas for the ore reduction processes in these
countries will be economically beneficial and environmentally
favorable.

A good number of investigations have been reported in recent
years on the lime-enhanced hydrogen, carbon and carbon monox-
ide reduction of molybdenite in the presence of lime. Whereas,
no study has been conducted on the use of methane for such a
reduction. It is the purpose of the present investigation to study
the thermodynamic aspects of molybdenite reduction by methane-
containing gases in the presence of lime.
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Fig. 1. Configuration of physically separated molybdenite and lime to prevent cal-
cium molybdate formation [7].

2. Thermodynamics of the MoS;-CH4-CaO system
2.1. System identification

The study of thermodynamic phase equilibria provides a basic
understanding of the chemical reactions prior to designing suit-
able reaction experiments. The best way to present thermodynamic
calculation results is by stability diagrams. These diagrams pro-
vide a useful guideline for the selection of processing conditions
(such as reaction temperature, pressure and reactant concentra-
tion) in which desired reaction products could be stable. The
following analysis was carried out by using relevant thermody-
namic sources [6]. There are six elements in the MoS;-CaO-CH,4
system, i.e. Mo-Ca-S-0-C-H. Analysis of equilibrium state in such
multi-component systems is complex. The complexity is due to the
various reactions encountered among different phases present in
the system. However, it shall be noticed that due to high affinity
of calcium for sulfur, in the presence of excess lime (Ca/Mo >2), all
the sulfur is captured by calcium, forming calcium sulfide with a
fixed activity equal to one. So, the system (Mo-Ca-S-O-C-H) can
be simplified and a four component system (Mo-0O-C-H) consid-
ered instead. In other words, molybdenite is thermodynamically
unstable in contact with lime. When molybdenite and lime pow-
ders are intimately mixed and reacted in oxidizing atmosphere,
calcium molybdate will form [7]:

MoS; + 3Ca0 + 10, — CaMoOy + 2Cas,

AG® = —301476 + 36.88T(Jmol 1) (1)

To prevent calcium molybdate formation, lime and molybdenite
must be physically separated, as shown in Fig. 1 [7]. In this configu-
ration, the reaction between molybdenite and lime in the oxidizing
atmosphere proceeds as follows:

MoS; +2Ca0 — MoO, + 2Cas,
AG® = 12430 —21.94T (Jmol™1) (2)

According to Egs. (1) and (2), the calcium and sulfur of the sys-
tem form a neutral component, i.e. calcium sulfide. Therefore the
Mo-0-C-H system (in the case of MoO, reduction with methane-
containing gases) or the Mo-Ca-0O-C-H system (in the case of
CaMoO4 reduction with methane-containing gases) can be studied
instead of the Mo-Ca-S-0-C-H system.

2.2. Methane cracking

The main problem in reduction with methane is methane
decomposition also known as methane cracking:

CH4(g) = C + 2Hy(g), AG® = 90129 —109.4T (Jmol~1) (3)

The affinity for carbon deposition from methane decomposi-
tion is affected by thermodynamic factors such as gas composition,
temperature and total pressure of the system. Reduction at high
temperatures and low pressures will promote carbon deposition
according to Eq. (3). Decreasing methane partial pressure (e.g. using
CH4-H,-Ar gas mixture instead of pure CHy) will reduce methane
cracking potential. Kinetic factors such as surface characteristics
of solid species also affect carbon deposition. For example, unlike
iridium and molybdenum carbide, nickel and iron catalyze methane
cracking [8]. Deposition of solid carbon on the surface of reducing
sample not only decreases the utilization of methane, but also hin-
ders the further progress of the reduction by blocking the surface
pores.

2.3. Thermodynamic equilibria of Mo, Mo,C and MoC with
CH4-H, gas mixtures

In pyrometallurgical reduction processes, CH4—H; gas mixtures
can be used instead of pure CH4 to reduce the thermodynamic
potential of carbon deposition [9-11]. The effect of methane partial
pressure in CH4—-H, gas mixture on the thermodynamics of LEMR
will be investigated in this section.

As mentioned before, due to sulfur removal from molybdenite
and calcium sulfide formation as a neutral phase, the Mo-0-C-H
system can be considered instead of Mo-Ca-S-0-C-H. After long
time flowing of reducing gas over the condensed phase, oxygen is
alsoremoved as CO, and/or H,O. Thus the system will be simplified
to Mo-C-H. In this system at constant pressure, according to Gibbs
phase rule, the maximum number of phases in equilibrium is 4
which are 3 condensed phases and a gas phase:

C=3(Mo,H,C)>F=C-P+1=3-P+1, F=0->P=4 (4)

this means that three condensed phases can coexist in equilibrium
with a gas phase in an invariant point in the stability diagram. For
such a 3-component system:

F=C—P+1=3-P+1=4-P (5)

hence, for equilibrium between gas phase and two condensed
phases (P=3), there is one degree of freedom that can be selected as
temperature or CHy partial pressure in the gas mixture. In this case,
the equilibrium will be represented by a line in the stability dia-
gram. The equilibrium lines can be constructed between gas phase
and each pair of condensed phases, i.e. Mo-Mo,C, Mo,C-MoC and
MoC-C(deposited carbon). Therefore:

C=N-R->R=3 (6)

where, R is the number of independent reactions, Cis the number of
components (C=3,i.e.Mo, Cand H) and N is the number of species in
the system (N =6, i.e. Mo, Mo, C, MoC, C(deposited carbon), CH4(g),
Hy(g)). The 3 independent chemical reactions can be written as:

PZ _
CHa(g)=C+2Hy(g), Ln| 2 | = 10911 1321 (7)
Py, T
Mo, C + CHy(g) = 2MoC + 2Hy(g),
P2
H —-9418
Ln Z ) = +11.86 8
(PCH4> T )
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Fig. 2. Stability diagram of molybdenum and its carbides in contact with CH4-H;
gas mixture.

2Mo + CHy(g) = Mo, C + 2H(g),
P —4954
H:
Ln 2 | = +14.21 9
Pon, T (9)

assuming hydrogen and methane as the only components of the
gas phase and total pressure to be one atmosphere:

Pt = PHZ +PCH4 =1 atm (10)

Egs. (7), (10) or (8), (10) or (9), (10) can be combined and the
equilibrium methane partial pressure (Pcy, in CH4-H; gas mixture)
can be calculated for carbon deposition, Mo, C-MoC and Mo-Mo,C
equilibria respectively at different temperatures. Fig. 2 represents
the stability diagram of Mo-C-H system in methane partial pres-
sure vs. temperature coordinates.

2.4. Thermodynamic equilibria of Mo, Mo, C and MoC with
CH4—-H,-Ar gas mixtures

Dilution of CH4 or CH4-H, mixture with a neutral gas (e.g. Ar)
will also reduce the methane cracking potential [12-17]. If the total
pressure assumed to be 1 atm:

Pcy, +Pu, +Par =1= Pcy, + Py, +Par =1~ Py, (11)

where, P,; is the partial pressure of argon in CH4—H,-Ar gas mix-
ture.

Combining Eqs. (7), (11) or (8), (11) or (9), (11), the equilibrium
partial pressure of methane can be calculated for carbon deposition,
Mo, C-MoC and Mo-Mo,C equilibriums respectively at different
temperatures. The lines are plotted as a function of temperature at
different argon partial pressures (Fig. 3).

2.5. Thermodynamic equilibria of molybdenum-containing
phases with methane-oxidizing agent gas mixtures

In reduction of ores with methane, using catalytic reformed
methane with H,O and/or CO, (Egs. (8) and (9)) or partially oxi-
dized methane (Eq. (10)) is more practical than CH4-H,(-Ar) gas
mixtures.

CO, reforming : CH4 +CO, = 2CO + 2H, (12)
H,Oreforming : CH4+H;0 = CO + 3H, (13)
partial oxidation : CHs + 05 = CO + 2H, (14)

01
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Fig. 3. Stability diagrams of molybdenum and its carbides in contact with:
(a) CH4-H,-50% Ar gas mixture, (b) CH4—H,-80% Ar gas mixture.

The reformed or partially oxidized gas is a mixture of CHy4, CO,
CO,, H, and H,O0. The equilibrium partial pressure of each gas and
thus, the reducing and carburizing power of gas mixture depends
on parameters such as temperature, total pressure and CH4/H>0,
CH4/CO, and CH4 /05, ratios in initial gas before reforming. To define
the gas chemical composition, Rc and Ry ratios can be used:

an _ ZPHZ + ZPHZO + 4PCH4
no Py,0 + Pco + 2Pco,

Ry = (15)
nc  Pcn, +Pco + Pco,
Rc=—=

= < 16
no  Pu,0 + Pco + 2Pco, (16)

where P; is the partial pressure of the gas i. The reducing power
of gas will be increased if Rc and Ry are increased. Also, gases
with higher R¢ have higher carburizing power. If no carbon deposi-
tion occurs during reforming and if no carburizing or decarburizing
reactions occur during reduction step, the Rc and Ry will not change
during reforming or reducing reactions.

The reduction/carburization of MoO, using reformed methane
gases can be presented by Mo-C-H-0 system. At constant temper-
ature and pressure, Gibbs phase rule for this system gives:

F=C-P=4-P

Three-phase equilibria (two solid and one gas phase) in this 4-
component system (Mo-C-H-0 system) at constant temperature
and pressure has one degree of freedom:

F=C-P=4-3=1 (17)
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The solid-solid equilibrium line in stability diagrams has one
degree of freedom (e.g. Ry). In reduction experiments, the equi-
librium is among two condensed phases (e.g. Mo-Mo,C), and gas
phase containing CHy, CO, CO,, H, and H,0 components. Thus, the
number of species of the system is 7. The number of independent
reactions, R, in equilibrium between two solids is:

R=N-C=7-4=3 (18)

Using three independent chemical reactions and assuming con-
stant pressure of the system to be 1atm:

Pt = Py, + Py,0 + Pco + Pco, +Pcy, =1 atm (19)

and considering the activity of solids to be 1 (pure solid phases),
we have a 4-equation, 5-variable nonlinear equation system. The
equations are 3 independent chemical reactions and reaction 19
and the variables of the system are the partial pressure of CHy4, CO,
CO,, Hy and H,0. To solve the equation system, the 5th equation
assumed to be Eq. (15). Solving it at any Ry, the partial pressure of
gases can be obtained and partial pressures of CH4, CO, CO5, Hy and
H,0 will be identified. Using the following equations, the carbon,
hydrogen and oxygen atomic percent in the gas can be calculated:

nc = ncy, + Nco + Neo, (20)
nH:4><nCH4+2><nH2+2><nH20 (2])
N = Ny, 0 + Nco + 2 X Neo, (22)

and regarding that n; is proportional to P;:
nc

= ———
Nc +ny +nNo

x 100

Pcy, + Pco + Pco,

- 100 (23
5 x Pcy + 2 x Pit, +3 x Payo + 2 x Pao + 3 x Peo, (23)

ny

$H= ———————
Nc +ny +No

x 100

4XPCH4+2XPH2+2XPH20

- 100 (24
5 x Pcy + 2 x Pi, + 3 x Pyo + 2 x Pco + 3 x Peo, (24)

%0 = 100 — (%C + %H)

_ Py,0 +Pco + 2 x Pco,
- 5XPCH4+2XPH2+3XPH20+2XPCO+3XPC02

x 100 (25)

Thus, the equilibrium line between two solids can be plotted
in C-H-O ternary diagrams at constant temperature and pres-
sure. The equilibrium line must be constructed between each pair
of the solids in Mo-C-H-0 system, i.e. MoO3-Mo0O;, MoO,-Mo,
Mo-Mo,C and MoC-Mo,C. Also, reduction of calcium molybdate
to molybdenum (CaMo0O4-Mo equilibrium line) and carbon depo-
sition area must be identified in stability diagrams.

2.5.1. Equilibrium line among MoO3-MoO,
The independent chemical reactions for MoO3 reduction to
MoO; can be written as:

MoOs + CO(g) = MoO, + CO,(g)

PZ
Ln ( COZ) _ 21215 g 023 (26)

Pco T

—4514 (27)

P 17384
Mo0j3 + H, = MoO; + H,0 Ln( ”20) _ 1738
Py, T

C \ H

0 10 20 30 40 50 60 70 80 20 100

Fig. 4. Solid-solid equilibrium lines in Mo-C-H-0 system at 1000°C.

4Mo03 + CH4(g) = 4MoO; + CO,(g) + 2H,0(g)

P2 Peo
Ln( H07C0, | 46174 ¢ e4n (28)

Pcn, T

Using these equations and equation 19, the gas equilibrium par-
tial pressures can be calculated at different Ry values. Thus the
equilibrium line between MoO, and MoOj3 can be plotted in C-H-O
ternary diagrams at any temperature. For example, the equilib-
rium line at 1000°C is plotted in Fig. 4. Table 1 presents calculation
results for MoO,-MoO3 equilibria at 700°C.

2.5.2. Equilibrium line among MoO,-Mo
In this equilibrium, the independent chemical reactions are:

PZ
1Mo0, +CO(g) = 1Mo +CO,(g) Ln <C°2> ==87_0.217

Pco
(29)

P
1Mo0; +H; = Mo +H,0 Ln (#) = =89 13292  (30)
Hy

2Mo00; + CHy(g) = 2Mo+CO,(g) + 2H,0(g)

P34 oPco -
Ln( A0 2) _ 41398 L 4007 (31)

Pcug T

At different Ry values, using Egs. (19) and (29)-(31), the sys-
tem can be solved and carbon and hydrogen atomic percent in the
equilibrium gas will be identified (Eqs. (20)-(25)). Thus the MoO,
reduction to Mo equilibrium line can be constructed. For example,
the equilibrium line at 1000 °C is plotted in Fig. 4.

2.5.3. Equilibrium line among Mo-Mo,C
The independent chemical reactions for molybdenum carbur-
ization to Mo, C can be written as:

Pz _
Mo + CHy = Mo,C+2H, In| -2 | = 22954 L1401 (32)
Pen, T
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Mo0O,-MoOs3-gas phase equilibria at 700°C at different Ry values (at this temperature the equilibrium constants of reactions 14-16 are: Ki4=6.96 x 10", K15 =4.41 x 10*>
and K16 =7.05 x 10*23).

Ry Equilibrium gas composition (total pressure = 1atm) nc ny no %C %H %0
Py, Pco, Pu,0 Pcy, Pco
1.984 2.3 x 1079 40x 10793 1.0 5.6 x 10727 5.8 x 10709 0 2.0 1.0 0.0 66.7 33.3
1.626 2.0 x 1079 1.0 x 1001 9.0 x 10701 1.2x10°2% 1.5x10-7 0.1 1.8 1.1 3.4 59.8 36.8
1.327 1.8 x107% 2.0x 107 8.0x 10701 1.8x10°% 2.9x10°%7 0.2 1.6 1.2 6.7 53.2 40.1
1.074 1.6 x 10-06 3.0 x 10701 7.0 x 1071 21x107% 43 %1077 0.3 1.4 1.3 10.0 46.6 43.4
0.856 1.4 x 1096 4.0 x 10701 6.0 x 10701 2.0x10725 5.8 x 1077 0.4 1.2 1.4 13.4 40.0 46.7
0.667 1.1 x 109 5.0 x 10701 5.0 x 10701 1.8x10°2% 7.2x10°%7 0.5 1.0 1.5 16.7 334 50.0
0.502 9.1 x 10797 6.0 x 1071 4.0x10°01 1.4x 10725 8.6 x 107 0.6 0.8 1.6 20.0 26.7 53.3
0.356 6.9 x 10797 7.0 x 10701 3.0 x 10701 9.0 x 1026 1.0 x 1096 0.7 0.6 1.7 23.3 20.1 56.6
0.226 4.6 x 10707 8.0 x 10701 2.0 x 10701 4.7 x 1026 1.1x 10706 0.8 0.41 1.8 26.6 135 59.9
0.109 2.4 x 10797 9.0 x 10701 1.0 x 10791 1.4x10-26 1.3 x 10706 0.9 0.21 1.9 29.9 6.9 63.2
0.005 1.0x 10-98 1.0 4.6 x 10793 3.0x 10720 1.4 x 10796 1.0 0 2.0 33.3 0.0 66.7
Py, Pco 3831 P2 -20113
H,0+CO=H,+CO, Ln| —2—2)="-_-351 (33) CO,+C=2CO0 Ln|( =2 |)=—""""=120.70 (40)
PcoPu,0 T Pco, T
P? -26069 At any Ry value, using Eqgs. (3), (39) and (40) and considerin
Mo,C + COy = 2Mo +2CO Ln | =<9 | — +19.70 (34) Yy R » using Egs. (3), (39) and (40) &
Pco, T constant pressure of the system to be 1atm (Eq. (19)), the gas

Applying Egs. (32)-(34) and Eq. (19), the system can be solved at
different Ry and the Mo-Mo,C equilibrium line can be constructed
in C-H-0 ternary diagrams. For example, the equilibrium line at
1000°C is plotted in Fig. 4.

2.5.4. Equilibrium line among MoC-Mo,C
The equilibrium independent chemical reactions are:

Py, P
HpO+ CO=Hy+CO, Ln | H2ic0 ) _3831 5o (33)
PcoPu,0 T
P2 _
Mo0,C + CHy = 2MoC + 2H,  Ln (P“Z ) _ 9?18 +11.86 (35)
CH,
P2 _
2MoC + CO, = Mo,C +2CO Ln (PCO ) = ﬂ +22.06 (36)
co,

The system can be solved at different Ry values by using Egs.
(33), (35), (36) and (19) and thus, the atomic percent of carbon,
hydrogen and oxygen will be identified using Eqs. (20)—(25). Thus
the equilibrium line of Mo,C carburization to MoC can be con-
structed. For example, the equilibrium line at 1000°C is plotted
in Fig. 4.

2.5.5. Equilibrium line of methane cracking (carbon deposition)

The C-H-O system must be analyzed to identify the carbon
deposition area in stability diagrams. In this system, at constant
temperature and pressure, according to Gibbs phase rule:

F=C-P=3-P (37)

To have one degree of freedom (equilibrium line between car-
bon deposition area and safe area in stability diagrams), we have
two phases, i.e. a gas phase (CH4-CO-CO,-H;-H,0 mixture) and
deposited solid carbon (soot). Thus the system has 6 compounds
(N=6). The number of independent chemical reactions is:

R=N-C=6-3=3 (38)
The independent reactions can be written as:
P2 _
CHy=C+2H, Ln| -tz | = 210911 559 3)
Pcy, T

= +17.19 (39)
Py,0

PeoP, 16281
H,0+ C = CO + Hy Ln< o ”2)_ GTS

composition will be identified and the related carbon, hydrogen
and oxygen atomic percents can be calculated according to Egs.
(20)-(25). The carbon deposition boundary at 1000 °C is plotted in
Fig.4.This equilibrium line at 1000 °Cis coincident with Mo, C-MoC
equilibrium line.

2.5.6. Equilibrium line among CaMoO4-Mo

As mentioned above, when molybdenite and lime powders are
intimately mixed and reacted in oxidizing atmosphere, calcium
molybdate will form according to Eq. (1). Thus the equilibrium line
among calcium molybdate and molybdenum must also be plotted
in stability diagrams. This line identifies the minimum reducing
power of gas for calcium molybdate reduction to molybdenum
metal.

The reduction/carburization of CaMoO4 using reformed
methane gases can be presented by Mo-Ca-C-H-O system. At
constant temperature and pressure, Gibbs phase rule for this
system gives:

F=C-P=5-P (41)
Four-phase equilibria (three solid and one gas phase) in this

5-component system (Mo-Ca-C-H-0 system) at constant temper-
ature and pressure has one degree of freedom:

F=C—P=5-4=1 (42)

The solid-solid equilibrium line in stability diagrams has one
degree of freedom (e.g. Ry). In reduction experiments, the equi-
librium is among three condensed phases, i.e. Mo—-CaMo004-CaO,
and a gas phase containing CHy4, CO, CO,, H, and H,O components.
Thus, the number of species of the system is 8. The number of
independent reactions, R, in equilibrium between two solids is:

R=N-C=8-5=3 (43)
Using three independent chemical reactions:

P
1CaMoO4 + Hy = 1Mo + H,0 + 1Ca0 Ln (,L*TZZO) = =582 1 223

(44)

1CaMoOy + CO = 1Mo+ CO, + 1Ca0 Ln (’;%) = =750 124
(45)
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Fig. 5. Ternary stability diagram of Mo-C-H-0 system at different temperatures (ternary diagrams are in atomic percent scale).

4CaMo0y + CHy(g) = Mo + COy(g) + 2H,0(g) + 4Ca0

Pi,oPco;, | —45698

= +35.97 46
Par, T (46)

Using Eqgs. (44)-(46) at constant pressure (Eq. (19)) and constant
Ry, the equilibrium gas composition and the related %C and %H can

be identified for calcium molybdate reduction to molybdenum. The
dashed lines in Figs. 4-6 are CaMo0O4-Mo equilibrium lines.

After thermodynamic calculations according to Sections
2.5.1-2.5.6, the stability diagrams of Mo-C-H-0O system can be
constructed at different temperatures. The stability diagrams are
presented in Fig. 5 for the temperature range 700-1200 °C. The sta-
bility diagrams can also be presented by R¢ vs. Ry diagrams. The
diagrams have been shown in Fig. 6.
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Fig. 6. Rc-Ry stability diagram of Mo-C-H-0 system at different temperatures.

To attain any point in the C-H-O ternary diagrams or in the
Rc-Ry stability diagrams, the suitable gas mixture must be used.
For example, %C, %H and %0 of the 67%CH4-33%H,0 gas mixture
respectively are 11%, 73% and 18% (Rc=0.5 and Ry =4). Heating
the gas mixture at 1100 °C to attain thermodynamic equilibria and
exposing it to MoOs3, will result in molybdenum metal stability at
this temperature according to Fig. 5. This point illustrated by “C”
at 1100°C in this figure. Other points in the stability diagram can
be attained in the same manner by using suitable gas mixtures.
For example, CH4—CO,, CH4-0, and CH4-H,0O gas mixtures are
presented in Figs. 5 and 6.

3. Discussion
3.1. Effect of reducing gas composition on the reduction products

According to the stability diagram in Fig. 2, the maximum
methane partial pressure in CH4—H, gas mixture at which no car-
bon deposition occurs can be obtained at any temperature. The
stability areas of molybdenum metal and molybdenum carbides
(Mo, C and MoC) are also specified in Fig. 2. The methane insta-
bility as well as the carburization potential would be increased by
increasing CH,4 partial pressure in CH4—H, gas mixture. Molybde-
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num metal, Mo,C and MoC will be stable phases respectively at
higher carburization potential. For example, if lime and molyb-
denite are physically separated (Fig. 1), reduction in Hy-0.1%CHy4
atmosphere at 800°C will result in Mo,C formation (point A in
Fig. 2) while reducing in Hy-1%CH4 will result in MoC formation
(point B in Fig. 2) without carbon deposition problem. Similar to
Fig. 2, the susceptive gas compositions for carbon deposition and
suitable gas for thermodynamic stability of molybdenum and its
carbides can be identified in contact with CH4—H,—Ar gas mixtures
in Fig. 3.

As can be seen in Figs. 2 and 3, the maximum methane partial
pressure in reducing gas for reduction experiments without car-
bon deposition problem is very low (e.g. 5%CH4-95%H, at 800°C).
Thus, in such methane-dilute gas mixtures, the benefits of methane
would not achieve worthy. It must be notified that the stability
diagrams (Figs. 2 and 3) are based on thermodynamic calcula-
tions and experimental results may be far from thermodynamic
equilibrium. For example, Li et al. [18], Teixeira et al. [19] and Clar-
idge et al. [8] reported Mo, C formation from MoO3 reduction with
20%CH4-80%H, gas mixture in 800-1000°C temperature range.
More importantly, no carbon deposition was observed over the
Mo, C during reduction. This is where using 20%CH4-80%H- reduc-
ing gas at 800 °C, MoC formation in carbon deposition area has been
predicted by thermodynamic considerations (Fig. 2).

Fig. 5 represents the phase stability of molybdenum compounds
in LEMR with different reformed methane gases. According to these
diagrams, when molybdenite and lime are physically separated
(Fig. 1), the reduction products will be MoO3, MoO,, Mo, Mo, C or
MoC depending on temperature and gas composition. Increasing
the methane to oxidizing agent ratio (e.g. CHy to CO, ratio), the
Ry and R¢ will rise up and therefore the reducing and carburiz-
ing potential of gas will be increased. Increasing the reducing and
carburizing potential of gas will result in the following transition
steps:

MoO3 - MoO; - Mo — Moy — CMoC (47)

Above critical values of Rc and Ry, the soot formation will occur.
Using the stability diagrams in Fig. 5, the critical values can be
obtained at any temperature. As can be seen, above 800°C the
stability area of MoC is coincident with carbon deposition area. It
means that the carbon activity must be at least one for carburizing
of Mo, C to MoC:

(12
Mo,C + C=2MoC Ln(K)=Ln | —Me€_ 1493 35 (48)
AMo,cdc T

assuming pure MoC and Mo;C (apoc and ayo,c = 1), the carbon
activity is higher than one at 829°C and more which coordinates
with stability diagrams.

CO,-reformed gases have higher carburizing potential than par-
tially oxidized methane and H,O-reformed gases. Thus to stabilize
molybdenum metal, H,O-reformed gases are most suitable but
to stabilize molybdenum carbide, using CO,-reformed gases is
preferred. For example, at 1000 °C, molybdenum metal is stable
using 26%CH4-74%H,0-reformed gas (%C=71.6%, %H=7.3% and
%0=21.1%) where, the stability area of molybdenum metal does
not coincide with CO;,-reformed gases in this temperature. The
connecting line between (%C=33.3%, H=0.0% and %0 =66.7%, i.e.
100%C0;) and (%C=0.0%, H=66.7% and %0 = 33.3%, i.e. 100%H,0)
in stability diagrams at all temperatures in Fig. 5 represents the
CO,-H,0 gas mixtures, above which the stable phase is MoOj3 at all
temperatures. It means that using any trace of reducing gas, MoO3
will e reduced to MoO,. The C-H-O ternary diagrams can also be
used for LEMR with H,-H, 0 gas mixtures (connecting line between
[100%H, 0%0] and [67%H, 33%0]) and with CO-CO, gas mixtures
(connecting line between [50%C, 50%0] and [33%C, 67%0]).

3.2. Effect of temperature on the reduction products

In reduction with CH4-H,(-Ar) gas mixtures, the instability
of methane and carbon deposition potential are increased with
increasing temperature (Figs. 2 and 3). This is because of the
endothermic behavior of methane decomposition reaction (Eq.(3)).
When the temperature rises up, the maximum allowable methane
partial pressure in CH4—Hy(-Ar) would decrease rapidly.

In reduction with reformed methane gases, at higher tempera-
tures, the stability of molybdenum will increase and the stability of
MoC, Mo,C and MoO, will decrease (Fig. 5). Using CO, or HyO-
reformed or partially oxidized methane at temperatures below
900 °C, metallic molybdenum formation is impossible. At 1000 °C,
molybdenum metal is stable when 26%CH4-74%H,O-reformed gas
(%C=71.6%,%H=7.3% and %0=21.1%) is used and at higher temper-
atures, molybdenum metal would be stabilized using suitable CO,
reformed or partially oxidized methane.

3.3. Effect of sample preparation on the reduction products

As mentioned above, when molybdenite and lime are intimately
mixed, the oxidized intermediate phase is calcium molybdate (Eq.
(1)). In stability diagrams (Fig. 5), the minimum reducing power
of gas has been identified for reduction of calcium molybdate.
The dashed line in the stability diagrams (Fig. 5) is CaMoO4-Mo
equilibrium line, above which the stable phase is calcium molyb-
date. Below the dashed line, Mo, Mo, C and MoC are stable phases
according to Sections 2.5.2 and 2.5.4. If lime and molybdenite are
intimately mixed, the MoO3 and MoO, areas in the stability dia-
grams are removed where as physically separated molybdenite and
lime (Fig. 1) cause the dashed line and calcium molybdate area to be
removed. As can be seen, the stability area of molybdenum and its
carbides will be limited when calcium molybdate formation is pos-
sible kinetically. For example, when molybdenite and lime were
physically separated, molybdenum metal can be obtained above
900°C, but when molybdenite and lime were intimately mixed,
molybdenum metal can only be obtained above 1000 °C.

4. Conclusions

Thermodynamic calculations and plotting the stability diagrams
of lime-enhanced molybdenite reduction in methane-containing
atmosphere has been investigated. The suitable methane partial
pressure range at any temperature for the direct Mo, Mo, C and MoC
formation from LEMR with CH4-H,-Ar gas mixtures are predicted.
Applying these data, the Mo-C-H and Mo-C-H-Ar stability dia-
grams are constructed. Based on the stability diagrams of Mo-C-H
and Mo-C-H-Ar systems, to prevent carbon deposition accord-
ing to methane cracking, reduction must be carried out at lower
temperatures and lower methane partial pressures in CH4—H;(-Ar)
gas mixture. Using appropriate gas composition and temperature,
Mo, Mo,C and MoC can be obtained without carbon deposition.
Using Mo-C-H-O stability diagrams, the appropriate gas compo-
sition can be selected to obtain different molybdenum-containing
products without carbon deposition. Molybdenum metal can be
obtained by reducing physically separated molybdenite and lime
with H,O-reformed CH4 above 900 °C. Reduction with suitable CO,-
reformed methane above 1100°C can also result in molybdenum
metal formation. Mo, C can be obtained at any temperature in the
700-1200°C range using CO,-reformed, H,O-reformed or partially
oxidized methane without carbon deposition problem.
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