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Abstract

The phase diagram of the ternary system Cr—Mo—0 in air was established from the results
of thermal analysis of mixtures with different initial CrO; to MoO, ratios. It was found that
Mo0; did not take any chromium oxide into solid solution. The presence of Cr,04 destabilized
Mo, causing it to decompose to MoO, in the temperature range 723-958 K depending on the
initial Cr/Mo ratio. The decomposition of pure MoO; MoQ, did not occur in air at any tempera-
ture. However, this decomposition took place through the formation of the compound
Cr,0;-3MoO5(ss) and its decomposition to Cr,05-3MoO;,(ss). The latter compound has never
been reported before and the X-ray data for this compound are given. The previously reported
catalytic activity of Cr,0,-3Mo0Q,(ss), at high temperatures, is presumably due to its reduction

to Cr,04:3Mo0,(ss).
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Introduction

The Cr—-Mo-0O system has an importance in iron and steel industries. Chro-
mium gives hardness and toughness to steels while molybdenum improves forg-
ing, machining and strength [1]. Various chromium molybdenum oxides are de-
scribed in the literature such as CroaMoQs, CrMoQy, CryMo;- 0, {with x ranging
from 0 up to 1, Crz(MOO4)3, CI’QM030]2, Cr0<33M00,6702, Cr0_22M00_7802 and
Crp.1sMog 3/ O;. The crystalline structure, lattice parameters and preparation con-
ditions are also reported {2]. The binary system Mo—O was was investigated, the
phase relations were determined between 873 and 1973 K, and the phase diagram
was established by Chang and Philips [3]. The binary system Cr—QO was investi-
gated by Abadir et al. [4], and two intermediate nonstoichiometric compounds
were reported. The MoO:—M,QO; system is of very complex nature. However, this
system is not dealt with in this paper since we are only concerned with the
MoO;~Cr,0; system and the compounds encountered in it. Cr2Mo3;01: 1s one of
these compounds in which the catalytic activity may be attributed to the devia-
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tion from stoichiometry. CrMoQy is a molybdate (V) which has distorted rutile
structure, the 6-coordination of Mo™"” is made possible by the fact that the 4d
electrons are stabilized by the formation of Mo—Mo pairs. The solid solution sys-
tem CryMo;-,O2, with x<0.5, was investigated by Shimony and Ben-Dor [5]. Four
different rutile related phases were investigated in this system, tetragonal rutile
structure for 0.962x<1.0 and 0.12<x<0.36, monoclinic distorted rutile for
0.36=x<0.5 (CrMoQ;4 type), Mo, type for 0<x<0.12 and trirutile structure for
x=0.66. These results were a good evidence for the existence of trivalent chro-
mium ions rather than tetravalent as proposed by Sundholm ef al. [6]. The study
of oxidation-reduction reactions of chromium molybdenum oxides and their
equilibrium relationships is of great importance for understanding the mecha-
nisms of oxidation of conraining chromium and molybdenum. The chromium
molybdate mixed oxide is an important catalyst which finds many industrial ap-
plications especially in the oxidation of deuterium to deuterium oxide [7].

Experimental

The starting materials were chromium trioxide A.R. grade 99.7% purity, im-
ported from Mallinchrodt Chemical Works, St. Louis, USA and the molybdenum
trioxide was prepared by heating ammonium paramolybdate of 99.8% purity,
(imported from Kemika, Zagreb, Croatia), up to 968 K for 10 h [8]. The mixtures
were prepared by weighing the appropriate amounts of the dry oxides according
to their purity, and mixed in an agate mortar before hanging in the thermobalance
[9]. The composition to be investigated was put in a high alumina crucible sus-
pended by a platinum wire from one of the balance arms and passed centrally
through a furnace which was heated electrically. The temperature was measured
by using a Pt/PtRh 10% thermocouple and controlled by an on-off controller. For
low temperatures the accuracy was 33 K and above 1273 K the limit increased up
to +6 K, The samples used for X-ray investigations werce heated (o the prespeci-
fied temperature, air quenched and ground in an agate mortar [ 10], The X-ray dif-
fraction pattern was obtained using the powder technique and a Ni filter.

Results and discussion

Mixtures of CrO; and MoO; of molar ratios 1:4, 1:3,2:3,2:1 and 4:1 were pre-
pared as described previously and heated in the thermobalance at various tem-
peratures till equilibrium was attained. The results were plotted to obtain the dis-
sociation curves in which O/(Mo+Cr) is shown as a function of temperature. The
dissociation curves of the previously mentioned mixtures in air were found to fall
into two categories. These categories correspond to compositions initially con-
taining Cr/Mo21/3 and Cr/Mo<1/3. The mixtures containing initially less than or
equal to 75 mol% MoOs; are represented by the curve corresponding to 20 mol%
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Fig. 1 Dissociation curves of the mixtures CrO;:Mo0,=4:1 and 1:4 in air, based on molar ha-
518

MoOQs, as it is shown in Fig. 1, while those corresponding to more than 75 mol%
MoOQs; are represented by the curve corresponding to 80 mol% MoQs in the same
figure. The vertical steps on these curves represent composition changes associ-
ated with monovariant situations which, at constant oxygen pressure will pro-
ceed to completion at constant temperatures. In such transitions, three con-
densed phases coexist with the gas phase. Curves on these figures represent a
change in which 2 maximum of two condensed phases will coexist in equilibrium
with the gas phase.

In Fig. 1, considering the mixture with a Ct/Mo molar ratio of 4/1 which rep-
resents the category Cr/Mo21/3, i.e. 20 mol% MoO,, the following interpreta-
tion of the dissociation curve can be given,

The O/(Cr+Mo) ratio remains almost constant up to about 473 K where a
slight isothermal step cccurs due to the melting of CrO; and a slight loss of oxy-
gen. From 473 1o 521 K the oxygen to metal ratio remains constant. At 521 K an
isothermal step occurs due to the reaction:

CrOs(l) = CrOx(s) + (3 — x)/204(g) (1)

From this equation it is clear that four components coexist in equilibrium:
CrOa(l), CrOy(s), MoOs(s) and Oa(g). From 521 to 583 K oxygen is lost progres-
sively, implying that two condensed phases are in equilibrium; these phases are
CrO.(s) and MoOs(s). At 583 K an isothermal step occurs indicating the coexis-
tence of CrOx(s), CrOy(s) and MoOs(s). CrO,(s) is converted to CrOy(s) accord-
ing to the reaction:
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CrOx(s) = CrOy(s) + (x — y)/202(g) (2}

At the end of this step oxygen is lost progressively due to the coexistence of
CrOy(s), MoOs(s) and Ox(g) in equilibrium with them. At 640 K a fourth isother-
mal step occurs due to the reaction:

2Cr0y(s) = Crz03(s) + (2y — 3)/202(g) (3)

At 640 K four phases coexist in equilibrium. These are: CrOy(s), MoOs(s),
Cro0s(s) and O(g). It is to be noted that the temperatures at which reactions (1),
(2} and (3) occur are practically the same in the absence of MoOs [4]. From 640
up to 723 K the weight is almost constant, and at 723 K an isothermal step oc-
curs, This step is due to the formation of the reduced compound CraOs:
3MoQO;(ss) which has not been reported previously. The results obtained from
different dissociation curves indicate that this compound is nonstoichiometric,
i.e. it exists over a range of composition. This is evidenced by the gradual loss in
weight in all mixtures having Cr/Mo=1/3, above 723 K. The tie triangle at 723 K
connects the three condensed phases Cr,Os{s), MoOa(s) and Cr203-3M002(ss\)
Fig. 2. It seems therefore that the presence of CraOs has destabilized Mo V!
causing it to decompose to Mo™""” at temperatures ranging from 450 to 958 K de-
pending on the Cr/Mo molar ratio. The formation of Cr03-3MoQOs(ss) in the
temnperature range 640-723 K, previously reported by Trunov ef al. {11], was
evidenced by the X-ray pattern of a sample prepared at 723 K. The peaks of this
compound were identified. Therefore at 723 K a peritectoid reaction occurs as
lullows:

»
)]

Cr203-3MoO5(s) = Cr205-3Mo0a(s) + 3/20:(g) (4

Mixtures containing initially Ct/Mo<1/3, on the high molybdenum side, are
represented by the mixture which corresponds to a Cr/Mo ratio of 1/4 (80 mol%

17207

Fig. 2 Isobaric section of the ternary system Cr—Mo—0C in air, {(molar basis)
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Mo0Os), Fig. 1. From the dissociation curve of the latter mixture and the ternary
isobaric diagram (Fig, 2) the behaviour of such mixtures is almost identical to
those with Cr/Mo=1/3 since reactions 1, 2, 3 and 4 occur at the same tempera-
tures. However, the O/(Cr+Mo) ratio at 723 K does not allow the composition to
tie on the CryO:—MoO,; tie line as it is seen in Fig, 2. Above 723 K an appreciable
gradual oxygen loss is observed and the (inal composition lies on the
Mo0O3—~Cr;03-3Mo0O3(ss) edge. This means that on the Mo rich side there exists
an equilibrium between MoQO; and CraO1-3MoOx(ss) as it is clear from the ter-
nary diagram.

To confirm the possibility of formation of the compound Cr,03-3MoQOx(ss), a
mixture containing originally Cr,0; and MoO; in a molar ratio of 1;3 was heated
up to 953 K, quenched rapidly down to room temperature and the X-rayed, Ac-
cording to the proposed scheme of decomposition, (Fig. 2), at that temperature
the product would be MoO3 and the proposed compound Cr,03-3MoOa(ss). The
X-ray results are given in Table 1. All the lines obtained are classified as MoO;
and (X), which is the proposed compound Cr,03-3MoQO,(ss). No evidence for
Cr,03 was obtained which indicates that the mechanism of decomposition of
Cr203-3Mo0;(ss) is not as proposed by Hassanein and Youssef [12], probably
due to the difference between the experimental conditions in the two works. Fur-
ther evidence for the proposed scheme of dissociation was obtained by visual in-
spection of the colours of the products from different mixtures heated to tem-
peratures up to 973 K. The colour of the mixture Cr/Mo=1:3 is brick red, which
indicates the formation of a compound that ruled out the presence of Cr,0s,
which is green.

The ternary isobaric section Cr-Mo~O, obtained on plotting the beginnings
and ends of each vertical step in the dissociation curves, is shown in Fig. 2. The

Table 1 X-ray results

i, da Compound identified i, da Compound identified
69  7.07 MoO, 9 64l X
13 582 X 15 436 X
20 4.09 X 48 3.86 MoO,

8 375 X 15 3.56 X

100 3.49 MoO, 15 3.29 X
21 324 MoO, 11 321 X

14 296 MoQ, U 2.4 X
15 262 L Moo, 70 232 MoO,
14 227 MoO, 8 173 MoO,

8 17 Mo0Q, 7 143 MoO,
[ 1.38 MoO,
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tie triangles shown represent invariant sitnations where three condensed phases
and a non-condensed phase, oxygen in this case, coexist in equilibrinm with each
other. Ignoring the triangle corresponding to CrO; melting due to its narrowness,
four other triangles are shown. These triangles are:

1. at 521 K, in which CrOa({}, MoOs(s), CrO,(s) and Oz(g) are in equilibrium,.

2. at 583 K, in which CrOx(s), CrOy(s), MoOs(s) and O(g) are in equilibrium.

3. at 640 K, in which CrOy(s), Crz04(s), MoOs(s) and Oa(g) are in equilib-
rium.

4. at 723 K, in which Cry0s(s), Cr203-3MoOs(s), MoO;(s) and O{g) are in
equilibrium.

A fifth tic triangle should exist joining the compositions of MoQ.(s), CrOs-
3MoQ;(ss) and Cry033MoO;(ss). However, it seems that the temperature at
which these phases coexist in equilibrivm with O, is very close to 723 K since it
could not be dilferentiated practically. This is shown dotted in Fig, 2 and the tern-
perature tentatively taken is 728 K.

Monovariant situations appear in the diagram as tie lines joining two con-
densed phases in equilibrium. They are associated with a gradual change in tem-
perature and composition. There are four such situations:

1) CrO«(s) and MoOs(s) coexist in eguilibrium with O.f{g) at temperatures
ranging from 52110 583 X,

2) CrOy(s) and MoOs(s) coexist in equilibrium with O»(g) at temperatures
ranging from 583 to 640 K.

3) Cry031:3MoO»(ss} and Cr»O3(s) coexist with O»(g) in equilibrium at tem-
peratures ranging from 723 to 973 K. However, the composition change in this
case is very small.

4} Cr203-3MoOx(ss) and MoOs(s) coexist with O(g) in equilibrium at tem-
peratures ranging also from 723 to 973 K. However, the change in composition
along the tie lines in this case is appreciable.

Two intermediate ternary compounds are formed, namely:

1) Cr,03-3MoQO; which is formed at a temperature around 673 K and decom-
poses at 723 K to Crz(3-3MoOx(ss).

2) Cr203-3Mo0:(ss) which is nonstoichiometric and in which the valency of
Mo is (+VI).

It is worth noting that MoQj is not readily decomposable to MoO, by heating
i air at any temperature. However, the formation of Cr,0s-3MoOs(ss) and its sub-
sequent decomposition at 723 K reduced the valency of Mo from (+VI) to (+1V).
This is why the joint between Cr,0;3-3Mo0O;(ss) and MoO» has been shown dot-
ted in the diagram.

A quasi-binary section in air 1s constructed by projecting lines of constant
composition from the ternary isobaric section onto a binary diagram (Fig. 3), to
facilitate following up to phase changes that take place in the system Cr—Mo-0.
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Fig. 3 Isobaric quasi binary temperature/compositivn diagramn [or the Cr-Mo~QO sysiem in
air, (molar basis)

The main {eature appearing in the diagram is the nonstoichiometry of the com-
pound Cry03-:3Mo0x(ss). Also the decomposition of Cr»03-3Mo0s(ss) to Cr,0;-
3MoQx(ss) yields excess MoOs. It is to be noted that the phase rule can not be ap-
plicd to this type of diagram,

Conclusions

From the results and discussion given above, the following conclusions can
be drawn:

I. MoQ; did not take any of the chromium oxides into solid solation.

2. The presence of CryOs destabilizes the MoOjs causing it to decompose to
MOoO; in the temperature range 723-958 K depending on the Cr/Mo molar ratio
initially present.

3. The decomposition of MoQ; to MoQ; and oxygen does not occur in air at
any temperature. However, reduction of MoQs occurred through the formation of
Cr203-3Mo0Oas(ss) and its decomposition to CryO033MoO,(ss).

4. The catalytic behaviour of Crs03:3MoO(ss) when used at high tempera-
tures is attributed to its reduction to Cr,03-3MoO»(ss) and the nonstoichiometry
of the latter compound which leads to the creation of oxygen vacancies that assist
absorption and diffusion processes, which in turn are the main factors enhancing
catalysis.
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