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Summary:

The two stages of the hydrogen reduction of MoO3 to Mo were investigated in
a thermal balance under well defined reaction conditions. Starting with
different grain and agglomerate sizes for both stages, the influence of a set of
parameters (temperature, local partial pressure of H2O, gas flow, etc.) on the
reaction progress and the final result were studied in detail. Depending on the
set of parameters used, different reaction mechanisms like pseudomorphic
transformation or chemical vapour transport (CVT) were observed. Taking
into account that grains and agglomerates deviate from a spherical shape
and a definite grain size, the extent of reaction is well described by standard
theoretical gas-solid-reaction models such as the shrinking core model (SCM)
or the crackling core model (CCM). Thermo-gravimetric analysis (TGA), X-ray
diffraction (XRD), scanning electron microscopy (SEM), surface area
measurements (BET-method) and laser diffraction were used for these
studies.

Under all conditions, the first stage shows a reaction path MoO3 -> Mo4On ->
MoO2 via chemical vapour transport (CVT). The reaction extent follows the
crackling core model (Park/Levenspiel,(1)). Depending on the local partial
pressure of H2O during reduction, the formed Mo4O-n and MoO2 exhibit
different size distributions and shapes of the grains.

The extent of reaction of the second stage develops according to the
shrinking core model (Yagi/Kunii, (2)). Depending on the local dew point, two
different reaction paths can occur: Pseudomorphic transformation at low dew
points and transformation via chemical vapour transport at high dew points.
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This paper is an extract from the Ph.D. thesis of W.V. Schulmeyer
"Mechanismen der Wasserstoffreduktion von Molybdanoxiden", 1998,
Darmstadt University of Technology, Institute of Material Science,
Department of Chemical Analytics, FRG. It therefore focuses on a
phenomenological description of the most important results.
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1 Introduction

Starting from molybdenum-containing ores, the hydrogen reduction of
molybdenum trioxide to molybdenum is the last step in producing
molybdenum powders. Properties of the resulting powder like average grain
size, specific surface area and purity (in particular final content of oxygen) are
determined by this step.

Therefore, a detailed understanding of the reduction mechanisms is of great
interest, especially with regard to two points of view:

1.) Scientific literature offers only little information about real mechanisms
during the reduction of molybdenum oxides. Although the system Mo-0
is known sufficiently well concerning the occurring oxides, there exist
only vague suggestions on the mechanisms during reduction, like
pseudomorphic transformation or chemical vapour transport.

2.) Producing molybdenum on an industrial scale steadily demands for
improvements on quality and cost-saving (e.g.: energy consumption,
resources, process control) during production. On the other hand, a
profound knowledge of the mechanisms offers to understand the
influence of employed raw materials (MoO3) on the manufacturing
process.
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2 Experimental

2.1 XRD-Analysis
XRD-analysis was performed in a diffractometer "SIEMENS D-5000", using a
"Theta-2-Theta" positioning of x-ray source, sample and detector.

In order to obtain reference standards for phase analysis, the four
components MOO3/MO4O11/MOO2/MO were blended to 34 different proportions
of mixture. By analyzing these 34 blends, the respective concentration ratios
were computed by means of a multiple regression procedure.

2.2 Particle characterization
Particle size distribution measurements were performed with a laser-
granulometer "CILAS-850" consisting of a He/Ne-Laser light source, a
pumping system for circulation of the water suspended sample and a
photodiode array as analysing unit. The particle size distribution is computed
by analysing the Fraunhofer diffraction pattern of the particles.

Four levels of deagglomeration were applied during sample preparation:
maximum deagglomeration leads to the actual "grain size" distribution,
minimum deagglomeration (no deagglomeration) results in the "agglomerate
size" distribution.

Measurements of specific surface areas of powder samples were carried out
by the BET-method.

2.3 TGA-Analysis
Thermo gravimetric analyses were performed in a thermo balance system,
type "CAHN TG-717", consisting of: a furnace including temperature control,
balance, gas module facility for defined gas atmospheres (type of gas, gas
flow, dew point) in a reaction tube (AI2O3 ceramic tube), a Pt sample holder
(Pt-cups, Pt crucibles) and devices for data collection and data processing.

2.4 Mo-Oxides
For the first reduction stage MoO3-powders originating from two suppliers
were used, cf. Table 1:
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Sample name

MoO3-Climax

MoO3-Molymet

Mean grain size [pm]
(max. deagglomeration)

0,4

4,4

Table 1: Source and mean grain size of MOO3.

For the second stage, two MoO2 powders of different grain size were
prepared in PLANSEE's first production stage:

Sample name

MoO2-Molymet

MoO2-Standard

Mean grain size [|jm]
(max. deagglomeration)

2

11

Table 2: Mean grain size of MoO2.

In order to obtain different agglomerate sizes for all of the above powders, 8
agglomerate fractions of each powder were prepared by careful sieving.

2.5 Experimental methods

2.5.1 Isothermal reduction
For all reduction experiments the oxides were heated up to the desired
reaction temperature with a heating rate of 50 K/min in an Ar-atmosphere.
After an equilibration time of 20 minutes to stabilize sample temperature, the
reaction was started by switching to H2 gas. To stop the reaction, the gas
atmosphere was switched back to Ar gas with a subsequent cool down of the
sample.

In order to avoid exothermal and powder bed depth effects, the sample mass
was partly reduced to a minimum of 20 mg per run. Additionally, a flat cup of
platinum was used as sample holder, resulting in a bed depth of less than 1
mm. For the investigation of powder bed effects a cylindrical Pt-crucible was
used, exhibiting an effective bed height of 1,4 cm.
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2.5.2 Dew point of reduction atmosphere
The dew point of H2 was varied from x = -40°C (H2-cartriges of LINDE) to 5°C
< x < 25CC. This was accomplished by leading the cartridge H2 through a
temperature controlled bubbler system. Because of condensation inside the
TGA-System, the dew point was limited to 25°C. To achieve higher dew
points in one experiment, the cylindrical Pt-crucible was covered by a
tungsten foil. This way any gas stream was kept away from interacting with
the powder thus all the reaction water formed was increasing the dew point.

3 Gas-solid-reaction models

3.1 The shrinking core model, SCM
The shrinking core model by Yagi/Kunii describes a shrinking core of educt,
surrounded by a growing layer of product (cf. to fig. 1) during the reaction of a
solid particle with gas.

Educt' Product layer Shrinking core' Product

i i
Fig. 1: Schematic drawing of the shrinking core model.

The rate determining step consists of either the chemical reaction at the
interface product/educt (reaction controlled) or the diffusion through a layer of
the product (diffusion controlled).

The plot of the extent of the reaction X versus the relative reaction time t/i (x
= time for complete transformation of a particle) is shown in figure 2 for both
versions.
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Fig. 2: Extent of the reaction, X, versus the relative reaction time t/t for the shrinking
core model: a) reaction controlled, b) diffusion controlled.

According to the "classical" theory of the SCM, the transformation of grains
follows via a pseudomorphic transformation. In principle, there are two
mechanisms for grain transformation:

1. Mechanism of Pseudomorphic Transformation: During the reaction, the
reaction interface moves from the grain surface to the core of the grain.
The shape of the product remains close to the educt one causing
pseudomorphism. Typically, the product shows pores and pore
channels.

2. Mechanism of Chemical Vapour Transport: The decomposition of the
educt is followed by forming an intermediate gaseous transport phase.
This transport phase is deposited on a nucleus of the product. This
way, the grain morphology of the product is generated completely new.
The grain size distribution of the product is determined by the
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conditions of deposition (heterogenous/homogenous nucleation,
nucleus growth) from the gas phase. The schematic of a CVT-
transformation is shown in figure 3.

Nucleus of S,,' Shrinking core/ '.Growing nucleus \S
ofS. ofS,

Fig. 3: Schematic drawing of a CVT-transformation. Si: educt (solid), TPi: transport
phase (gaseous), S2: product (solid).

3.2 The crackling core model, CCM
The crackling core model was introduced by Park and Levenspiel2 and
assumes the educt particle to be initially non porous. The transformation
takes place in two steps: In step one the reaction gas forces the educt particle
to develop a system of cracks and fissures from the surface to the centre,
resulting in a grainy material which is then easily penetrated by the reaction
gas. The grains of the now porous layer subsequently react via the shrinking
core model (reaction controlled/diffusion controlled) to the final product:

steph «i'/>2;

(' nonporous\ ^',:"'K,im, f grainy ^ ^!™';!'""'"'"" (porous\

\ educt J {intermediate) y educt J

In case of a chemical reaction in step 1 an intermediate product " I " is obtained
with an intermediate reaction extent <X|, with regard to the stoichiometry of the
overall reaction:

| > = 0)J \a = al) \a = l ^ 1)
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An example is the reduction of Fe3O4 to Fe by CO:

FeO

• = a, =0,25
+co

Fe
(eq. 2)

The overall time Ttot for the complete reaction of the educt consists of time TC

for the crackling front to arrive at the grain in the very centre of the pellet plus
the time xg to transform this last grain:

Fehler! Es ist nicht mdglich, durch die Bearbeitung von
Feldfunktionen Objekte zu erstellen. (eq. 3)

The ratio of xc and xa is defined as:

(0 =
r.

X,.,,
(eq. 4)

The rather complex mathematical evolution of the CCM ultimately yields eight
versions or reaction paths. Each one of these versions is characterized by the
key parameters co and av Fig. 4 illustrates this by showing the extent of the
reaction a versus the relative reaction time t/xtot for a reaction controlled grain
transformation and an intermediate extent of this reaction with ot| = 0.5.

^*~--- tn = 1, cracking of
shrinking educt

= „ _,_ core dominates

= 0,5

= 0.25

= O, transformation of grains
dominates

0 , 6

t/x

Fig. 4: Reaction extent a of educt pellet versus the relative reaction time t/xtot for a
reaction controlled transformation of grain, cci=0,5.
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4 Results for the first reduction stage MoO3 -^ MoO2

4.1 TG-analysis

Moss [* w/wl

O I00 200 i(K) 400 500

Fig. 5: TG reduction curves for various agglomerate sizes for thefirst stage MOO3 —>
MOO2. Fraction FO at far left, fraction F7 at far right. Set of parameters: MOO3-
Molymet, mean grain size d= 4,2 urn, Pt flat cup, T = 500 °C, weighed-in mass 20 mg,
H2 = 8 l/h, T(H2) = 5°C.

For varying sets of parameters (grain size, agglomerate size, reduction
temperature, H2 dew point), s-shaped curves of the extent of the reaction
have been observed. Figure 5 demonstrates the influence of agglomerate
size on the reduction time.

4.2 XRD-analysis
An oxide phase sequence of MoO3^Mo4O11^MoO2 was observed by
interrupting the reduction at various reaction times with subsequent XRD-
analysis of the sample for any given set of parameters and without exception,
cf. table 3.



138 GT 17 W.V. Schulmeyer et al.

15' International Plansee Seminar, Eds. G Knennger. P. Rddhammer and H. Wildner. Plansee Holding AG, Reutte (2001). Vol. 3

Mo [wt.%]_Reduction Time

5 min

30 min

51 min

72 min

98 min

24 h

MoO3 [wt.%]

85

25

"

_

MO4O11 [Wt.%]

7

42

50

19

1
_

MoO2[

8

33

50

81

99

99 1

Table 3: Phase contents at various reduction times. Experimental parameters: MoO3

Molymet, Pt flat cup, T = 550 °C, powder mass 100 mg, H2 = 8l/h, t(H2) = 10°C.

4.3 SEM-inspection

Fig. 6: Various states of reduction of a partly reduced MoO3-Climax sample, a) initial
MoO3 nonporous; b) Mo4On porous growing on shrinking core of MoO3; c) MO4O11,
porous; d) area of magnification of figure 7.
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Based on the results of TGA and XRD, SEM was used to search for seeds of
nucleation and growth of new phases. Therefore, reduction was interrupted at
different states of progress and the powders were examined by SEM to
understand spatial and chronological evolutions during the reduction. Some
results are shown in the figures 6 to 8.

22582 25KU

Fig. 7: Left: magnification of fig. 6, showing MO4O-M on a shrinking core of MoO3-
Climax (centre). Right: Mo4On nucleus on the surface of a MoO3-Climax
agglomerate.

Fig. 8: Left: nucleation of Mo02 in a grain of MO4O11. Right: growth of platelet-
shaped crystals of MoO2 on a Mo4On agglomerate.
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4.4 Reaction mechanism of the first stage of reduction of MoO3 to MoO2

The first stage follows the two step version of the crackling core model:

(eq. 5)

a relates to removal of oxygen. Without exception, the transformation steps
take place via a CVT route by generation of a gaseous transport phase:

At otherwise constant conditions (temperature, educt habit) high dew points
lower the reaction velocity and stabilize gas phases (longer transport range).
Independent of M0O3 agglomerate and grain size and the desired reduction
temperature, Mo4On and MoO2 exhibit a constant habit of grains. Mo4On-
grains are interconnected by massive bridges and building agglomerates of a
"cauliflower" morphology. During transformation of MoO3 to Mo4On these
cauliflower agglomerates grow towards the centre of the initial MoO3

agglomerate.

The next step is the nucleation of MoO2 on the surface of Mo4O-n-grains and
a consecutive grain growth into the volume of MoO2. Resulting MoO2-grains
exhibit a platelet habitus with a height h of 0,1-0,2 urn and diameter d of
1-2 urn.

Every transformation to the next oxide phase is oriented from the surface to
the centre of the agglomerate. Depending on the extent of reaction and
conditions of reduction, several oxide phases can coexist, showing a
multilayer structure like onion skins. The habit of agglomerate formation and
therefore agglomerate size is kept during the first stage of reduction.
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5 Results of the second stage of reduction from MoO2 to Mo

5.1 XRD-analysis
As expected, no intermediate oxides occurred during the reduction of Mo02

to Mo.

5.2 TG-analysis
The main focus of TG-analysis of the second stage was to create extreme
local dew points in order to proof the assumed mechanisms of
pseudomorphic- and CVT-transformation. The experimental procedure is
elucidated in table 4 and figure 9.

conditions of reduction: for an extremely low dew For an extremely high dew
pojnt point

principle: little reaction water by

minimum sample mass +

fast diffusion of

dry atmosphere

"self created" atmosphere

of high dew point by large

sample mass + impeded

diffusion of H2O

sample MoO2-Molymet F1

d = (32-45)um

MoO2-Molymet

d = (1-200)um

applied sample mass [mg] 20

sample carrier flat Pt-cup

powder arrangement few particles, loosely spread
out on cup

2500

AI2O3 crucible

powder bed, densified and
covered by W-foil

reduction temperature [°C] 1100 1100
Flow of H2 [l/h]

dew point of H2 at entry [°C] -40 +20

off-diffusion of H2O

reduction time

easy strongly inhibited

40s(100wt.% Mo) 49 min (96 wt.%.Mo)

300min(100 wt.% Mo)

table 4: Experimental parameters for a reduction under extreme dew points.
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a) extreme low dew point

Pt-bow.

MoO2.
(20 mg)

Pt flat cup.

i mm

b) extreme high dew point

_Pt bow

14mm

MoO2

(2.5 g)

J/V-foil
h = 0,4 mm

M2O3-crucible

5 mm

Fig. 9: Schematic of sample arrangement to create extreme dew points: a) for an
extremely low dew point, b) for an extremely high dew point.

5.3 SEM-inspection
Starting with different grain sizes and grain shapes, MoO2 was reduced to Mo
under conditions of extreme dew points according to 5.2. The following
sequence of SEM-micrographs proves the existence of the assumed reaction
routes: pseudomorphic and CVT transformation.
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Fig. 10: Pseudomorphic reduction of MoO2 under extremely low dew points. Left:
MoO2-Standard, sieve fraction F7 (355-500) um, consisting of porous agglomerates
built by MoO2-platelets. Right: Surface of F7 agglomerate after complete reduction
to Mo. Grains were transformed via the pseudomorphic route, showing the same
platelet shape as the initial MoO2-platelets. Mo-platelets shown here exhibit
pyrophoric behaviour.

Fig. 11: Reduction of MoO2-standard, sieve fraction (32-45) urn via the
pseudomorphic route. Left: Initial compact grains of Mo02 (compactness of grains
generated by "in situ" sintering of platelets due to overheated reduction during the
first stage). Right: Close up of grain surface after complete reduction to Mo. The
grain shows pore channels. Surface cracks and craters result from stress by
tension due to a volume decrease during oxygen removal.
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Fig. 12: Reduction of MoO2-standard sieve fraction F7 (355-500) urn via the CVT
route under an extremely high dew point. Left: surface of agglomerate after
complete reduction to Mo, showing the change from MoO2-flakes to
octahedral/spherical grains. Right: close up of Mo derived by the CVT-route in a
powder bed.

Fig. 13: Nucleation and grain growth of Mo via the CVT route. Left: nucleation
(bright dots) and small grains of Mo on MoO2-platelets. Right: Intersection of a CVT-
built Mo layer showing growth of a "skeleton" of Mo grains during the CVT-route.
This CVT-layer was built in the centre on the upper side of the W-foil shown in
figure 9.
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5.4 Reaction mechanism of the second stage of reduction of MoO2 to
Mo

Within the range of the investigated MoO2 agglomerate sizes d < 1 mm, no
time-dependency for complete reduction was found. The diffusion velocity
inside the porous structure of MoO2 agglomerates is sufficiently high to allow
a description of kinetics by the shrinking core model.

Depending on the dew point of hydrogen two routes were observed for the
transformation of grains:

a) Pseudomorphic transformation:

Up to a maximum adjustable dew point x(H2) of 20°C under the available
experimental conditions a pure pseudomorphic transformation was observed.
Therefore, the initial grain shape of MoO2 is kept. Mo powders reduced at
extremely low dew points showed pyrophoric behaviour. Based on an
increase in density during the transformation of MoO2 to Mo large grains
experience tension stresses which lead to craterlike systems of cracks on the
grain surface. The outer shape and size of grains and agglomerates are
conserved. On a formal basis the pseudomorphic transformation follows the
well known equation:

MoO2 + 2 / / , -^Mo + 2H2O (eq. 7)

b) CVT-transformation of grains.

By hindering H2O to diffuse out of the sample high local dew points were
achieved (self created atmosphere). Due to this a pure CVT-transformation of
the initial grains was observed (x(H2) > -40°C). On a formal basis the CVT-
transformation follows the following scheme:

MoO2
 k< > 7P3 (g) *'• > Mo (eq. 8)

In contrast to the first stage of reduction, local dew points decisively influence
the nucleation and the grain growth of the Mo-phase: Low dew points
generate high numbers of nuclei and small grain sizes. High dew points
generate low numbers of nuclei and large grain sizes.
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6 Conclusions

A detection of the observed transport phases was unfortunately impossible
due to a restricted access to the reaction tube of the TGA under the
conditions of reduction (H2, temperatures of 400-1100°C). Therefore, only
incomplete reaction equations were derived.

Because of a double transformation into gaseous transport phases (TPT, TP2)
in the first reaction stage, the resulting grains of MoO2 do not longer contain
any information about the morphology and the grain size distribution of the
initial MoO3, except for initial agglomerate size distribution. MoO2 grain
dimensions of (0,1-0,2) x (1-2) um were observed independent of reduction
conditions in the first stage.

MO4OH occurs as an intermediate phase during the first reduction stage
under all conditions. Although Mo4On constantly takes part in the mechanism
of the first stage it is not a part of the respective existing literature (e.g.(3)).

Depending on the choice of the dew point in the second stage, one can
produce a Mo-powder with nm-particle size via the pseudomorphic route.
Routinely desired grain sizes in um dimension can be obtained via the CVT
route. For both routes the initial agglomerate habit is maintained.
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