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Abstract: The reaction between Na,O-Al,Os; and chromium spinels or chromite in the roasting process was
systemically investigated to reveal the effects of Na;O-Al,O3; on chromium oxidation. The results of NaO-ALOs3
roasted with MgO-Cr,Os3 illustrate that only about 50% of the chromium in MgO-Cr,O3 can convert into Na;CrOs,
while the remaining chromium converts into an Al-bearing spinel Mg(CrAl)O4. Mg(CrAl)O4 is found to be difficult to
further react with Na,O-Al>O;. The oxidative roasting of Na,O-Al,O3 with chromite further confirms that Na,O-Al,O3
cannot fully react with some chromium spinels, which reveals the cause of the low chromium oxidation rate in the
traditional chromite lime-free roasting process. Based on the experiment results, a strategy for eliminating the impacts
of Na,O-Al,Os in the lime-free roasting process was proposed, in which adding more Na>CO; for forming Na,O-Al,O3
is considered. The chromium oxidation rate can rise close to 100% with the new strategy. This study contributes to
better understanding the chromite lime-free roasting process and provides a new idea for developing the chromate salts

manufacturing process more efficiently and cleanly.
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1 Introduction

Chromium salts play an important role in the
national economy and are widely used in metallurgy,
chemical industry, military, and machinery [1,2].
The traditional route for manufacturing chromium
salts is based on the extraction of chromium oxide
as sodium chromate via an oxidative alkali
decomposition of the chromite ore in air or
oxygen [3—5]. The commercial chromite alkali
decomposition processes including lime-based
roasting process, lime-free roasting process, and
liquid-phase oxidation process are widely used in
industry [6,7]. The traditional lime-based roasting
process has been obsoleted in many developed and
developing countries due to the large amount of
carcinogenic chromite ore processing residue
(COPR) and serious pollution [8,9]. The liquid-

phase oxidation process should be operated in
the molten or sub-molten system, its large-scale
industrial application problems have yet to be
solved [10,11]. Consequently, the lime-free roasting
process becomes the dominant and most widely
used technology for chromium salts production in
the world [4,5].

In the typical lime-free roasting process, the
chromite is decomposed by soda-ash at 1000—
1200 °C, and the insoluble chromium in chromite is
converted into water-soluble sodium chromate
(Na,CrO4) [12—-14]. Sodium chromate is then
leached from the roasted clinker by water, and the
leaching residue is recycled as recycling slag for
subsequent roasting or detoxified for landfill [12].
Obviously, the chromite oxidation reaction in the
oxidative roasting process is crucial for chromate
extraction efficiency. Unfortunately, the chromium
oxidation rate in the industrial lime-free roasting
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process is less than 75% [15,16]. Although some
unreacted chromium oxides can be re-roasted when
they are sent back to the roasting process as
recycling slag, the total chromium conversion rate
remains below 90% [4,15]. The low chromium
conversion rate severely restricts the production
efficiency of the lime-free roasting process.

The low chromium oxidation rate was related
to the oxidative reaction mechanism [14,17]. The
overall chromium oxidation reaction of the spinel in
the lime-free roasting process can be represented as
follows [14]:

FeCr,O4+2Na,CO5+1.750,=

2Na,CrO4+0.5Fe,03+2CO, (1)
MgCr204+2Na2CO3+1 S50,=
2Na,CrO4+MgO+2CO, 2

According to the reactions, ample Na,CO3 and
O, are the basic condition for chromium spinel
decomposition and oxidation. However, an excessive
Na,COs3 will compose with NaxCrO4 to form the
Na>CO3;—Na,CrO4 binary liquid phase which may
cover the chromite grains retarding the oxygen
diffusion or cause serious rotary kiln-ring [18,19].
So, the Na,COs dosage in the lime-free roasting
process is strictly limited to the stoichiometric ratio
according to the chromium oxidation Reactions (1)
and (2). However, MgAl,O4, MgFe;04, and MgSiO;
in chromite will inevitably react with Na,COs to
form NayO-Al,Os, Na,O-Fe;0s, and Na,SiOs under
the high-temperature conditions [19,20]. These
secondary reactions of Na,CO; would cause the
lack of Na)COs; for the chromium oxidation
reaction, and thus may influence the chromium
oxidization rate.

The traditional view believes that the
formation of NaO-AlLOs;, Na,O-Fe;O;, and
Na,O-SiO; have little effect on the chromium
oxidation reactions, because they suppose that
Na,O-Al,O;, Na,O-Fe;0;, and Na,SiO; are all less
thermodynamically stable than Na>CrOs, and they
can act as alkali to further react with the chromium
oxides to form Na,CrOs in the oxidizing roasting
process [15,20,21]. Based on this traditional view,
as a strategy for mitigating the impacts of the
Na,CO;3;—NaxCrO4 liquid phase in the industrial
lime-free roasting process, some Na,CO; is
intentionally controlled to convert into Na;O-AlO3
and Na,O-Fe,0s firstly [22]. However, the previous
studies just prove that the intermediate compounds

NaQO'AIQO3, NaQO'F€203, and NEQO‘SiOz can
transform the simple chromium compound Cr,O;
into NayCrOs, whether these intermediate
compounds could further react with the complex
chromium spinels in chromite ore is rarely studied.

Our previous studies suggest that Na,O-Fe,Os
and Na,O-Al;,O3 are readily formed in the chromite
lime-free roasting process, Na,O-Fe,O3 can further
react with chromite to produce Na,CrOs, but
Na,O-Al,O; seems difficult to fully react with some
chromium spinel [20,23]. Furthermore, we have
noticed the fact that the chromium oxidation rate is
only 70%—85% in the rotary kiln for industrial
lime-free roasting process, but Na;O-Al,Os3 is often
simultaneously present in the roasted clinkers and
an aluminum removal process 1is invariably
practiced after the clinker leaching in factory [24].
This phenomenon also indicates that the reactions
between Na>O-Al,O3; and chromium spinel in the
roasting process are much more complicated, but
they are scarcely studied.

In this study, the reaction behaviors between
Na;O-AlbO; and synthesized chromium spinel
MgO-Cr:03, Mg(CrAl)Os as well as chromite ore
were systematically studied under the lime-free
roasting conditions. The influence of the impurity
components MgO, Fe,Os; and MgO-Fe,O; on the
oxidative roasting reactions between Na,O-Al,Os3
and chromium spinel was also investigated. The
reaction mechanism and the fact that some
chromium spinel is difficult to react with
Na,O-Al,O; causing the low chromium oxidation in
the lime-free roasting process were confirmed. The
results correct the traditional views on the effects of
sodium aluminate on the chromite ore oxidizing
roasting process, and the proposed strategy for
eliminating the impact of sodium aluminate
provides a new idea for developing the chromate
salts manufacturing process more efficiently and
cleanly.

2 Experimental

2.1 Materials

The chemicals used in this work were all
analytically pure and purchased from Sinopharm
Chemical Reagent Co., Ltd., China, including
Na,CO;, ALOs;, MgO, Cr;03, and Fe,Os. The
chemicals were dried at 383 K for 8 h to remove
any moisture before being used. Na,O-AlLO; was
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synthesized by mixing Na,COs3 and Al,Os (molar
ratio of 1.05:1) and sintering at 1373 K for 4 h in
muffle furnace. MgO-Cr,O3 was prepared by
sintering the mixture of MgO and CrO; (molar
ratio of 1:1) at 1773 K for 6 h. The synthesized
Na,O-AlbO; and MgO-Cr,0; were ground into
powders and passed through a sieve with pore size
of 45 um respectively before they were used. The
X-ray diffraction (XRD) patterns of the obtained
Na,O-AlO3; and MgO-Cr,03 are shown in Fig. 1.
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Fig. 1 XRD patterns of synthesized sodium aluminate (a),
synthesized magnesium chromium spinel (b), and
chromite ore (c)

The chromite ore used in this study was
provided by Gansu Jinshi Chemical Industry Co.,
Ltd., China. It was first dried at 383 K for 6 h in an
oven, and then milled in a vibrating mill and sieved
by a sieve with pore size of 74 pm. The chemical
composition and mineralogical analysis of the
chromite ore are shown in Table 1 and Fig. 1,
respectively.

Table 1 Chemical composition of chromite ore (wt.%)
CI‘203 A1203 F6203 SiOz MgO
41.42 22.95 22.29 4.24 8.63

2.2 Experimental procedure
2.2.1 Oxidizing roasting

To obtain well-mixed raw meal for the
oxidizing roasting, the raw meals were prepared by
the following two steps: (1) Mixing, the ground
chromium-bearing raw material and sodium
aluminate (or sodium carbonate) were mixed in
certain proportions by a mineral mixer (Changsha
Suotuo Scientific Instrument and Equipment Co.,
Ltd.) for 2 h; (2) Milling, the pre-mixed raw meal
obtained in Step (1) was milled in a vibrating mill
for 9 min to obtain the well-mixed raw meal.

The oxidizing roasting experiment was carried
out in a muffle furnace (Changsha Changcheng
Electric Furnace Factory). 10 g of raw meal was put
into a corundum crucible and then roasted in the
muffle furnace at preset temperatures for certain
time, and the resultant clinker was subsequently
taken out from the furnace and cooled in air to
room temperature. During the roasting, the air was
continuously blasted into the muffle furnace through
a ventilation device to maintain the oxidizing
atmosphere. The cooled clinker was ground to
particle size less than 74 um for further analysis.
2.2.2 Clinker leaching

The leaching experiments were performed in a
150 mL three-neck round-bottom flask, which was
immersed in a thermostatic water bath with an
electronic temperature controller. 5.00 g of roasted
clinker was leached in 100 mL boiling water for
20 min and filtered, and the residue was washed
with hot water several times to leach out sodium
chromate completely. The filtered solution was
diluted to 250 mL in volumetric flask and the
residue was dried at 383 K for further analysis.

2.3 Analytical methods
The oxidation rate of the chromium in the
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roasting process was calculated by Eq. (3), in which
the contents of hexavalent chromium (i.e., sodium
chromate) and total chromium in the clinker should
be obtained. In this work, both the hexavalent
chromium and the total chromium were determined
by the ferrous ammonium sulfate titration method.
The hexavalent chromium in clinkers can be
completely leached into the leaching solution in the
clinker leaching process, so it can be determined
directly by the titration method. For the total
chromium content, a caustic molten oxidation
procedure was set to ensure that all the chromium in
the clinker was oxidized into hexavalent chromium,
and then it was determined by titration method.

w(Cr®)

=———x1009
1 w(CrT)>< & 3)

where 7 is the chromium oxidation rate; w(Cr®") is
the content of water leachable hexavalent chromium
in clinkers, expressed in terms of Cr0; (wt.%);
w(Crr) is the content of total chromium in the
clinkers, also expressed in terms of Cr,03 (wt.%).

The content of Na,O-Al,O; in the raw meal
and the clinker was determined by an acid—base
titration method. In the titration procedure, the
ground raw meal or clinker was mixed with a
certain amount water to make the alkali of
Na,O-AlO; leach into the water, adding 3 drops of
phenolphthalein indicator, and then conducting the
titration process with the aqueous standard solution
of hydrochloric acid as titrant. The NaxO-AlOs3
reaction rate (v) can be calculated by the following
equation:

w(NA,)

= - o
v—(l W(NAr)ch/rjxloM (4)

where w(NA,) is the mass fraction of Na,O-ALO;
in the roasted clinker; w(NA,) is the mass fraction
of NaxO-ALOs in the corresponding raw meal; Resr
is the mass ratio of the roasted clinker to the
corresponding raw meal.

Phase analysis of the clinkers and their
leaching residues was performed on a Bruker X-ray
diffractometer (D8-Advance, Bruker Corporation)
with Cu K, monochromatic X-rays. The diffraction
data were recorded for 26 from 5° to 75° with a
scan rate of 1 (°)/min. Microscopic morphology and
microscale composition analyses were conducted
by scanning electron microscopy (JSM 6360 LV,
Japan Electronics Co., Ltd.) and energy-dispersive

X-ray spectroscopy (GENSIS60S; EDAX, USA).
3 Results and discussion

3.1 Effects of Na,O-Al,O3 on chromium oxidation

of MgO-Cr;03

MgO-Cr;03 and FeO-Cr;0; are considered to
be the main chromium-bearing spinel in nature.
FeO-Cr;,0s is readily oxidized and decomposed
into Fe;O3 and Cr;O3 in the oxidizing roasting
process [20,25], while the reaction behavior
between Cr,0O3 and Na,O-Al,Os has been identified
by some previous researches [26]. So, this work
focuses on the oxidization and conversion reaction
of MgO-Cr,0; with NayO-Al,O; under high-
temperature roasting conditions.
3.1.1 Effects of roasting temperature and time

To identify the oxidizing reaction principle of
MgO-Cr;0s roasted with Na>O-Al,Os3, the oxidizing
roasting experiments of MgO-Cr,Os and Na,O-Al,Os
were carried out at various temperatures. The molar
ratio of MgO-Cr203 to NaxO- AL O3 in the raw meal
was set to be 1:2 in the roasting experiment process,
as the theoretical molar ratio of chromium to
sodium in the expected reaction product of Na,CrO4
is 1:2. Figure 2 shows the variation of chromium

oxidization rate with the oxidizing roasting
temperature and time.
60
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Fig. 2 Variation of chromium oxidation rate in roasting
process of MgO-Cr,03 and Na,O-Al,O;3

Figure 2 illustrates that MgO-Cr,O3 can react
with NaO-AlLOs;, making the chromium in
the spinel oxidized and converted into water-
soluble chromium-containing compounds at high
temperatures with air. The results show that part of
chromium is oxidized in the roasting experiment,
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and the chromium oxidization rate increases with
increasing the roasting temperature and time. The
result is consistent with the assumption that
Na,O-AlbO; can play as an alkali to convert the
chromium spinel into Na,CrO4 in the oxidizing
roasting process. However, the highest chromium
oxidization rate is less than 50% in Fig. 2, which
indicates that the chromium oxidization reaction is
blocked by some factors or the roasting reaction
between MgO-Cr,O; and Na,O-Al,O; is more
complex than Reaction (5).

MgO ‘Cr,03+2Na,0-ALOs+1.50,=
2Na,CrO4+M gO -AlL,O3+AL O3

(AGS, ==74.75 kJ/mol) (5)

3.1.2 Effects of higher roasting temperature and
excessive Na,O-Al,O3

The roasting temperature, roasting time, and
alkali dosage are the main factors that influence the
chromium oxidation reactions in the lime-free
roasting process [3,12]. To understand the oxidation
and conversion reactions between MgO-Cr,0;
and Na,O-AlO; better, the oxidizing roasting
experiments with higher roasting temperature,
longer roasting time, and excessive Na,O-Al,O3
were performed, and the results are presented in
Table 2 and Table 3.

As shown in Table 2, the chromium oxidation
rates are still maintained at about 50% and are not
raised even at a high temperature of 1423 K for
10 h. This finding infers that the roasting
temperature and time may not be the limiting
factors for chromium oxidation in the roasting
process. Table 3 shows that the chromium oxidation
rate increases slightly with the increase of the molar
ratio of Na,O-ALO; to MgO-Cr,0; (MR) in the raw
meal, but the chromium oxidation rate is also
maintained at about 50% even raising MR to 3:1.
This means that the chromium oxidation rate cannot
be significantly raised by adding more Na,O-Al,O3
in the roasting system.

The clinkers with various MR in Table 3 were
leached by water and a titration test was set for the
leaching solution to determine the amount of
reacted NayO-Al;O; in the roasting process. The
results in Table 3 show that the reaction rate of
Na,O-AlbO; in the roasting process decreases
rapidly with the increase of MR, while the
chromium oxidation rate is maintained from 47.5%

to 50.2%. The further calculations based on the
obtained data reveal that the molar ratio of reacted
Na,O-ALO; to MgO-Cr,0s3 in the roasting process
may be maintained at a constant value of about 1:1.
This finding indicates that the stoichiometric ratio
of Na,O-Al,03 to MgO-Cr,0s for the chromium
oxidation reaction in the roasting process is about
1:1 rather than the traditionally believed ratio 2:1.
Furthermore, with this reaction, only about half
chromium in MgO-Cr;03 could be oxidized and
converted into Na,CrOs. So, it is confirmed that the
oxidation reaction of MgO-Cr,03 with Na,O-Al,O3
may not follow the traditionally believed reaction as
Reaction (5).

Table 2 Chromium oxidation rate of roasting MgO-Cr,03
and Na,O-Al,O; at higher temperatures

Temperature/ Time/ Chromium
K h oxidation rate/%

2 49.20

1273
10 49.34
49.70

1373
10 49.92
2 50.34

1423
10 50.29

Table 3 Effect of MR on chromium oxidation rate and
NayO-Al,Os reaction rate

MR oxi?iZtri(())rlrlnrl:tr;/ % reI::tzif))n/:lzt((;)/i’/o MRieaced
1:1 47.50 98.78 0.99:1
1.5:1 47.97 65.10 0.98:1
2:1 49.70 50.35 1.01:1
3:1 50.20 33.57 1.06:1

MRieacted is molar ratio of reacted Na,O-AlLO; to MgO-Cr20; in
roasting process; roasting experiments were carried out at 1373 K
for 1.5 h in air

3.1.3 Mineralogy analysis and reaction mechanism

To better understand the chemical reaction
process of MgO-Cr,O3; and Na,O-Al,O; in the
oxidizing roasting process, the phase analyses of
the clinker obtained by roasting MgO-Cr,O; and
Na,O-AlO; with molar ratio of 1:2 at 1373 K for
10h and its water leaching residue were
characterized by XRD (Fig. 3).

Figure 3 shows that the main phases in the
clinker are Na,CrO4, NayO-Al;O3, and Mg(CrAl)Os,
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Fig.3 XRD patterns of clinker (a) and its leaching
residue (b) for roasting Na,O-Al,O3 and MgO-Cr,0;3 at
1373 K for 10 h

while the main phases in the leaching residue are
Mg(CrAl)Os and NayO-11A1,0s. The diffraction
peaks of MgO-Cr,0s3 are not detected both in the
clinker and the leaching residue, suggesting that
MgO-Cr,03 has been decomposed by Na,O-Al,O;
and converted into Na,CrO4 and Mg(CrAl)Os in the
roasting process. Na,O-Al,O; and Mg(CrAl)Os are
detected simultaneously in the clinker, revealing
that Na,O-AlO; overdoses in the roasting
experiment and the excessive Na,O-Al>Ojs is hard to
further react with Mg(CrAl)Os. The results
demonstrate that only a part of chromium in
MgO-Cr;03 can be oxidized and converted into
water leachable Na,CrO4 by the oxidizing reaction
with Na,O-Al,Os in air, while the other part of
chromium was transformed into non-leachable
spinel compound of Mg(CrAl)O4. This may be the
cause of the low chromium oxidization rate in the
roasting experiments.

Some researchers consider Mg(CrAl)O4 as a
group spinel whose chemical composition and
structural formula may vary as MgCro-»ALO4
(0=x<2) depending on the formation conditions
[27,28]. According to the XRD analysis, chromium
oxidation rate and the molar ratio of reacted
NaO-AlbO; to MgO-Cr,Os in the previous
experiments, Mg(CrAl)O4 (i.e. x=1.0 in the formula
of MgCrp-yAliO4) is confirmed to form in the
oxidization roasting process. The EDX analysis of
the leaching residue shown in Fig. 4 also supports
the formation of MgCrAlO, in the roasting process.
Consequently, the oxidizing reaction between
NaO-Al>0O3 and MgO-Cr;03 under the oxidizing
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Fig. 4 SEM image (a) and EDX results (b, c) of clinker
leaching residue (clinker obtained by
Na;O-AlL,O3 and MgO-Cr,0O3 at 1373 K for 10 h)

Mg
O U

roasting

atmosphere might be described as

MgO-Cr,03+Na,O- Al,03+0.750,=
Na,CrOs+Mg(CrAl)04+0.5A1,0;

(AGS3 « =—37.37 kl/mol) (6)

With this reaction, only 50% of the chromium
in MgO-Cr,0s could be oxidized and converted into
NaxCrO4 when Na,O-ALOs is the alkali donator
reacting with the spinel MgO-Cr;O3 in the
oxidizing roasting process. It is entirely consistent
with our experiment results of this work. These



Tian-gui QI, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2497-2510 2503

results change the conventional conception that
Na>O-AlyO; could completely react and convert the
chromium spinel into Na,CrOs in the lime-free
roasting process. The results also suggest that some
new strategies should be developed to further
improve the chromium oxidation rate in the
lime-free roasting process for chromate salts
manufacturing.

3.2 Effects of Na,O-Al:O3 on chromium oxidation
of Mg(CrAl)O4
3.2.1 Oxidizing behaviors of Mg(CrAl)Os with
Nazo‘A1203

Mg(CrAl)Os seems difficult to react with
NaxO-AlyO; during the oxidation roasting process.
To confirm the reaction behavior of Mg(CrAl)O4 in
the roasting process, Mg(CrAl)Os was synthesized
in the laboratory and the oxidation roasting
experiment was conducted.

The Mg(CrAl)O4 was synthesized by roasting
the uniform mixture of MgO, Al,Os, and Cr,O; with
the stoichiometric ratio of 2:1:1 at 1773 K for 6 h.
The starting materials MgO, Al,O3, and Cr,O3 were
analytically pure and preroasted at 1273 K for 2 h
to release any absorbed water and hydroxide.
Figure 5 shows the XRD, SEM and EDX analysis
of the synthesized Mg(CrAl)Os. The characterizations
confirm that the synthesized compound is
indeed the spinel of Mg(CrAl)Os (PDF#23-1221)
with homogeneous particle size and chemical
composition.

The chromium oxidation rates of roasting
Mg(CrAl)O4 and Na,O-Al,O3 with a molar ratio of
1:1 at various temperatures are listed in Table 4. It
is shown that all the chromium oxidation rates are
less than 2% in the roasting experiment, raising the
roasting temperature and increasing the roasting
time seem to have little effect on the chromium
oxidation rate.

The results in Table 4 further confirm that
NaxO-AlbO; is hard to react with Mg(CrAl)O4
under the oxidation roasting conditions. This may
be attributed to the more stable spinel structure of
Mg(CrAl)O4 thermodynamically and kinetically.
The study [14] on the chromite oxidation kinetics
shows that the chemical potential (or the partial
molar Gibbs energy) of Cr,Os in chromite depends
on the composition of the chromium spinel in
chromite, which determines the diffusion capacity
of Cr*" and Fe®" in the spinel phase. While the

(@ .
= — Mg(CrAl)O,

10 20 30 40 50 60 70 80
20/(°)

Al

Mg

0 2 4 6 8 10 12 14
Energy/keV

Fig. 5 XRD pattern (a), SEM image (b), and EDX result
(c) of synthesized Mg(CrAl)Os spinel

Table 4 Chromium oxidation rate for oxidative roasting
Mg(CI‘Al)O4 with Na,O-ALOs3

Temperature/ Time/ Chromium
K min oxidation rate/%

60 1.89
1323

150 1.92

60 1.95
1373

150 1.80

60 1.85
1423

150 1.96
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kinetics of the oxidization reaction between alkali
and chromium spinel is believed to be controlled by
the diffusion of M** cations in the spinel lattice. The
studies [15] on the alkali roasting process of various
chromite ore suggest that, the higher the Al content
in the ore, the lower the chromium oxidation rate in
the oxidative roasting process, and correspondingly
the smaller the lattice constant of the chromium
spinel in the ore. Our previous studies on the
thermodynamical analysis of the chromium
oxidation reactions show that the change of Gibbs
free energy of the reaction between Na,O-AlLOs
and Mg(CrAl)O4 is negative in the lime-free
roasting temperature range [23], which also
supports the view that the kinetics factors may be
the key points for the low chromium oxidization
rate of Mg(CrAl)Os roasted with Na,O- Al,Os.

3.2.2 Oxidizing behaviors of Mg(CrAl)Os with

Na,CO;

The mineralogical structure of Mg(CrAl)Oy is
very similar to chromite. It is an ideal raw material
for investigating the formation principle of
Na,O-AlLO; and its influence on the chromium
oxidation reactions in the lime-free roasting process
since the interaction effect of Fe/Si-containing
components on the oxidation reaction is avoided. In
this regard, the reactions between Mg(CrAl)O4 and
Na,CO; under lime-free roasting condition were
studied experimentally.

Considering the fact that the Na,CO; dosage in
the industrial lime-free roasting process is usually
limited to just enough for forming Na>CrOs (i.e.
molar ratio of Na,CO; to Cr in the raw meal is
about 1:1), the oxidative roasting experiments were
conducted firstly by roasting Na,COs3, Mg(CrAl)O4
and MgO with a molar ration of 1:1:1. The addition
of MgO in the raw meal is to simulate the inert
filler material in the industrial roasting process
to dilute the liquid phase [15]. The roasting
temperature is 1273—1323 K, which is the
commonly used temperature range for chromite
oxidative roasting in industry. The chromium
oxidation rates in the experiments are shown in
Fig. 6, and the XRD patterns of the obtained
clinkers and their leaching residues are shown in
Fig. 7.

The results in Fig. 6 illustrate that increasing
the roasting temperature and time are conducive to
chromium oxidation, the chromium oxidation rate
rises rapidly within 10 min and then remains nearly

constant at 65%—67%, but the chromium could
not be oxidized completely under the roasting
conditions.

Figure 7 shows that the unoxidized chromium
still exists in the form of Mg(CrAl)O4 because the
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obvious diffraction peaks of Mg(CrAl)O4 are
detected both in the clinkers and leaching residues.
Moreover, Fig.7 also illustrates that Na,CO; is
quickly exhausted in the initial stage of the roasting
experiment, simultaneously generating Na,O-Al,O3
and NaCrOs;. When NayCO; is exhausted, the
chromium oxidation reactions seem to stop. These
results verify the following facts: (1) chromium-
bearing spinel Mg(CrAl)O; is readily decomposed
by Na,COs; in the oxidative roasting process;
(2) Na,O-Al,Os is formed rapidly by the reaction
of Na;COs; and Al-bearing components;
(3) NaxO-AlLO; is difficult to further react with
Mg(CrAl)Os to generate NaxCrO; under the
oxidative roasting conditions.

Combined the above results and facts, the
oxidative roasting reaction between Na,CO; and
Mg(CrAl)Os with air may be expressed as

2Mg(CrAl)O4+3Na,COs+1.50,=
2Na;CrOs+Na,O- ALO;+2MgO+3CO,

(AGS; « =—180.17 kl/mol) (7

In Reaction (7), 1.5 mol Na,COs is required
for 1 mol Mg(CrAl)O4, in which two-thirds of the
Na>COj; will compound with chromium for forming
Na,CrO4 and another one third will be consumed
for generating Na;O-AL,Os. In this regard, the low
chromium oxidation rate in Fig.6 may be
attributed to the lack of Na,CO;, as the dosage
of Na,CO; in the experiments was calculated
without any consideration for the generation of
Nazo‘A1203.

Considering the fact that Na;O-ALOs is very
difficult to further react with Mg(CrAl)Os, a
sufficient amount of Na,COs; is required for the
chromium to be oxidized completely. As shown in
Table 5, the chromium oxidation rate can reach
98.20% and 99.11% respectively, when raising the
Na,CO; amount to make the molar ratio of Na>COs
to Mg(CrAl)O4 up to 1.5:1 and 2:1.

Table 5 Effects of Na,CO; dosage on chromium
oxidation rate of Mg(CrAl)O4 in roasting process

Temperature/ Time/ Chromium oxidation
MR .
K min rate/%
1:1 1373 90 64.13
1.5:1 1373 90 98.20
2:1 1373 90 99.11

In conclusion, Mg(CrAl)Os was difficult to
react with Na,O-Al>O; under the lime-free roasting
conditions, and thus the formation of Na,O-AlO3
may cause incomplete chromium oxidation in the
traditional lime-free roasting process. This finding
has broken the conventional understanding of the
reactions between Na)O-AlbO; and chromium
spinels, which is well agreement with the facts (e.g.
the low chromium oxidation rate and the coexisting
of Na;O-AlO; in clinkers) in the industrial
lime-free roasting process. This finding also
suggests that an additional amount of Na,COs for
forming Na>O-Al,Os should be taken into account
in the lime-free roasting process of chromite.

3.3 Effects of impurity on reaction of Na,O-AlLO3

and chromium spinel

The natural chromite ore usually contains a
variety of elemental components, mostly locked in
a spinel structure [14,19]. When the chromite is
decomposed in the oxidative roasting process, the
spinel structure will be destroyed and the impurity
components such as MgO, Fe,O3 and MgO-Fe,03,
will be released. To verify whether these impurity
components have any effect on the reactions
between Na,O-Al,O; and chromium spinels, some
comparative roasting experiments were conducted
by mixing the impurity components into the
original raw meals, as shown in Table 6.

Table 6 Effect of impurity component on chromium
oxidation reaction of chromium spinel with Na,O-Al,O3

. Added Molar ratio Chromium
Original raw | . S
meal impurity  of final raw  oxidation
component meal rate/%
Na,0-ALO;: Blank 2:1:0 49.90
MgO-Cr,0; MgO 2:1:1.2 98.30
(Molar ratio Fe 03 2:1:1.5 84.14
21 MgO-Fe,05  2:1:1.5 70.05
Na,0-ALO;: Blank 2:1:0 2.08
Mg(CrAl)O4 MgO 2:1:1.2 1.98
(Molar ratio Fe,0; 2:1:1.5 1.92
2D MgO-Fe,05  2:1:1 1.89
Roasting temperature 1323 K, and time 2 h
Table 6 demonstrates that the impurity

components of MgO, Fe,O3 and MgO-Fe;O3 have a
significant influence on the oxidative roasting
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reactions of NaO-Al,Os; and MgO-Cr,Os. The
chromium oxidation rate increased from 49.90% in
the bank experiment to 98.30%, 84.14%, and
70.05% when MgO, Fe,Os and MgO-Fe O3 were
added, respectively. But for the reactions between
Na,O-Al,O3 and Mg(CrAl)O4, no visible change in
the chromium oxidation rate was observed. This
indicates that the influences of these impurity
components on chromium oxidation are related to
the chromium spinel structure. Once the spinel
Mg(CrAl)Os4 forms in the roasting system, the
chromium seems hard to further react with
Na,O-AlLO; even with the assistance of MgO,
Fe;03 and MgO-Fe;0s.

Figure 8 shows the XRD patterns of the
leaching residues of the clinkers prepared by
roasting the raw meal of NaO-AlLOs; and
MgO-Cr,03 with and without adding impurity. It is
shown that the main phase in the clinker leaching
residue is Mg(CrAl)O4 when the clinker is roasted
without MgO, while that changes into MgO-Al>O;
when the clinker is roasted with MgO. This infers
that MgO may involve the oxidation reaction
process of MgO-Cr,O3 and Na,O-AlOs, which
changes the composition and structure of the
reaction products and inhibits the formation of inert
chromium spinel Mg(CrAl)Oa, and thus making the
chromium oxidation rate increase. Similar to the
results of adding MgO, the formation of Mg(CrAl)O4

Tian-gui QI, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2497-2510

can be avoided when Fe;O; and MgO-Fe,Os were
added in the roasting process of NaxO-AlOs
and MgO-Cr,03;, correspondingly the chromium
oxidation rate increased significantly as listed in
Table 6.

Figure 9 shows the SEM images and EDX
results of the leaching residues from the clinkers
prepared by roasting the raw meal of Na,O-AlOs
and MgO-Cr,03 with various impurity components.
Combined the result in Fig. 4, it can be seen that the
morphology and constituent of the leaching residue

1 —MgO-ALO;, 6 —Mg(FeAl)O,
2 —MgO 7 —MgO-Fe,04
3 —MgO-Cr,04 8 —Na,O-11(FeAl),04
4 —Mg(CrAl)O, 9 — Megnesiochromite, Fe-rich
5 —Na,0-11AL,0;
4
4 4 .
(a) 5 455 | 5 | 4
1
2 1 1
(b 3 L3 13! 2
9
© 1 9% 98 g8lge o8 9 94
7
(d) 5 76 s ! 78 76 76
10 20 30 40 50 60 70
200(°)

Fig. 8 XRD patterns of leaching residues from clinkers
obtained by roasting Na,O-AlLOs and MgO-Cr,0O3 with
impurity: (a) Blank; (b) With MgO; (c) With Fe,Os;
(d) With MgO-Fe;03
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Fig. 9 SEM images (a, b, ¢) and EDX results (a’, b’, c¢’) of leaching residues from clinkers obtained by roasting
Na,O-Al,03 and MgO-Cr,0;3 with impurity: (a, a") With MgO; (b, b") With Fe,Os3; (c, ¢') With MgO-Fe,0;
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changed significantly when the impurity
components were added in the roasting process,
which further supports the view that the adding of
the impurity components can affect the structure
and composition of the reaction products in the
reaction of Na,O-Al,O3; and MgO-Cr,0s.
Combinded the chromium oxidation rate,
phase and composition changes during the roasting
process of MgCr,04 and Na,O-Al,Os, the effects of
the impurity components on the chromium spinel
oxidation can be summarized as follows: the
impurity components may be involved in the
reaction between MgCr,0O4 and Na,O-AlOs in the
oxidaition roasting process, which causes the
change of the phase and composition of the reaction
products. While the changes in the phase and
composition, especially in the chromium-containing
phase, inevitably affect the oxidation of chromium,
since the stability and diffusion capacity of Cr*" in
chromium spinel vary with the structure and
composition as mentioned preciously [14,29].
Consequently, the composition and the structure
of the components may significantly affect the
chromium oxidation process of the reaction
between Na,O-Al,Os and chromium spinel.

3.4 Effect of Na,O-AlO; on oxidizing reactions

of chromite
3.4.1 Oxidizing behaviors of chromite with
NazO-Ale3

The natural chromite ore has a more complex
chemical component and mineral structure than the
synthesized spinels. To study the effects of
Na,O-AlO; on chromium oxidation in the lime-
free roasting process, the synthesized Na,O-Al>Os
was directly mixed with chromite ore and then
roasted at 1273 and 1323 K, respectively. The
molar ratio of Na;O-AlO;3 to Cr2O; in chromite was
also set at 2:1, to make the molar ratio of Na,O in
Na,O-AlO; to Cr,0O3 in chromite consistent with
that in the expected reaction product of Na,CrOs.
The results of chromium oxidation rate in the
roasting experiments are presented in Fig. 10.

Figure 10 shows that the chromium oxidation
rate increases with roasting time in the initial stage,
and then maintains at a constant value. Rising
roasting temperature is beneficial to accelerating the
oxidation reactions, but the final chromium
oxidation rates at 1273 and 1323 K are maintained
at almost the same value of about 86%. The

chromium oxidation principle in these experiments
is similar to that of the reaction between chromite
and Na,COs [12]. So, it seems that Na,O-Al,O3
could indeed act as an alkali to react with most of
the chromium in chromite and form Na,CrOs. But,
another fact also illustrates that the chromium is
not completely oxidized and converted in the
experiments of roasting Na,O-Al,Os; and chromite
in air.

The XRD patterns of the clinkers in Fig. 10
show that obvious Na,O-Al,O3 is detected in the
clinkers roasted at 1323 K for 20 and 80 min. This
indicates that the Na,O-ALO; is not exhausted in
the roasting experiments, and thus the incomplete
oxidation of chromium could not be caused by the
short of NayO-Al,Os. Correspondingly, in the
leaching residues, as shown in Fig. 11, the spinel
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Fig. 10 Variation of chromium oxidation rate for

oxidative roasting of chromite with Na,O-Al,O3
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Fig. 11 XRD patterns of clinkers (a, b) and leaching
residues (c, d) for roasting chromite with Na,O-Al,O3
(a,c) 20min; (b,d) 80 min (Roasting temperature:
1323 K)
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Mg(CrAl)O4, and some unreacted chromite, are
detected. Considering these stable chromium
spinels are difficult to further react with
Na,O-AlLO; under the oxidative roasting conditions,
it is reasonable to believe that the low chromium
oxidation rate may be caused by the low reactive
chromium-bearing spinels formed in the roasting
process.

The results further confirm that Na,O-AlO;
could not completely react with some stable
chromium spinels. This may be one of the key
reasons for the low chromium oxidation rate in the
lime-free roasting process, especially when the
dosage of NayCOjs in furnace burden is limited to a
low level.

3.4.2 Strategy of eliminating impact of Na,O-Al;O3
on chromite oxidation

In summary, the conventional views supposed
that Na,O-Al,Os can fully react with chromium
spinel and convert into Na;O-CrO4, and thus the
amount of Na,CO; consumed by the Al-bearing
components is not taken into account in the raw
meal for the traditional lime-free roasting process.
But, this work clearly confirms that Na,COs is
readily reacted with Al-bearing components to form
Na,O-AlLO; under the lime-free roasting conditions,
while the formed Na;O-AlO; hardly further reacts
with some refractory chromium-containing spinels,
such as Mg(CrAl)Os. Consequently, the formation
of NayO-AlL,O; will inevitably cause the low
chromium oxidation rate in the oxidative roasting
process, due to the lack of Na,COs for the oxidation
reaction of the refractory chromium-containing
spinels.

Based on the formation and reaction behavior
of Na,O-AlOs in the lime-free roasting process, a
new strategy to make the chromium in chromite
oxidized more completely can be proposed.
The additional amount of Na,COs consumed by
the impurities (at least including Al-bearing
components) must be accounted for and added into
the raw meal for the chromite lime-free roasting
process. That is, the amount of Na,COs3 in raw meal
should satisfy the n(Na;CO3)>[2n(Cr203)+n(Al,O3)]
for simultaneously forming Na,CrO; and
Na,O-AlbO; in the roasting process. Practically,
as shown in Fig. 12, n(Na,CO;3)>[2n(Cr03)+
n(Al,03)+n(Si10,)] is necessary for guaranteeing the
complete oxidation of chromium in chromite, due
to the fact that the impurities of Si-bearing

components may also consume Na,COs prior to the
formation Na,CrO4 [17,19].
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Fig. 12 Chromium oxidation rate of chromite in
comparative oxidative roasting experiments with different
Na,COs strategies: (a) Taditional strategy n(Na,COsz)=
[27(Cr203)]; (b) New strategy n(Na,CO3)=[2n(Cr203)+
n(AlLO3)]; (¢) New strategy n(NaxCOsz)=[2n(Cr,O3)+
n(AlL,O3)+n(Si02)] 1373 K;
Roasting time: 2 h)

(Roasting temperature:

The comparative experiment results in Fig. 12
verify the validity of the new strategies for the
chromite lime-free roasting process. With the new
Na,CO; adding strategy, the chromium oxidation
rates can be close to 100% in the clinkers, meaning
that a high chromium extraction yield and low
chromium content of the COPR can be achieved.
In addition, all the Al-bearing components are
expected to be converted into leachable
Na,O-Al,Os, which can be leached in the following
clinker leaching process, and then can be efficiently
recovered as aluminum hydroxide by an aluminum
utilization method [30]. The leaching separation of
Al-bearing components from the clinkers together
with the high chromium recovery not only makes
the COPR discharge amount reduce remarkably but
also simplifies the composition of the COPR, which
allow the new COPR to dispose or to utilize more
efficiently [15,18].

The essence of the new strategy is increasing
the dosage of Na,COs in the chromite roasting
process. The main drawback of this strategy is the
risk of more molten liquid phase to form in the
roasting process. The excessive liquid phase may
hinder the oxygen diffusion and lead to rotary kiln
ringing, which may affect the chromium extraction
efficiency and cause difficulties for the roasting in
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the rotary kiln [31]. But, this drawback can be
overcome by adjusting the proportion of the
recycling slag in the roasting process. Returning
part of leaching residue as recycling slag back to
the rotary kiln is an established and efficient
technique for control of molten liquid phase in the
industrial lime-free roasting process [18]. Moreover,
almost all the factories with the chromite lime-free
roasting process have the recycling slag adding
system, so it is easy to eliminate the drawback
mentioned above by adjusting the process
parameters (the proportion of the recycling slag) on
the existing production system. With the new
roasting strategy developed in this work, the
contents of chromium and aluminum in the new
leaching residues are much lower than those in
traditional residues, so the new leaching residue as
recycling slag may have better efficiency for
eliminating the impacts of the molten liquid phase
in the roasting process.

4 Conclusions

(1) Na;O-AlO; can react with chromium
spinel MgO-Cr,O3 simultaneously generating
Na,CrO4 and Mg(CrAl)O4 in the oxidative roasting
process. Mg(CrAl)O; is difficult further to react
with Na,O-AlOs;, which makes only about 50%
of the chromium in MgO-Cr,Os; oxidized and
converted into Na,CrOs when roasting MgO-Cr;O;
with Na,O-ALO; in oxidizing atmosphere.

(2) The components of MgO, Fe,Os; and
MgO-Fe,03 can improve the chromium oxidation
rate of the reaction between Na,O-AlO; and
MgO-Cr;03, but they have little effect on the
chromium oxidation reaction between Na,O-AlO;
and Mg(CrAl)O4. The formation of Na,O-AlOs
and Mg(CrAl)O4 together with the difficult reaction
between Mg(CrAl)Os and Na,O-AlOs is the main
cause of the incomplete oxidation of chromium

in the traditional chromite lime-free roasting
experiments.
(3) To make the chromium oxidized

completely in chromite lime-free roasting process,
the additional consumption of Na,COs for forming
Na,O-Al,O3; must be taken into account and the
corresponding amount of Na,COs should be added
in the raw meal. With the new Na,COs addition
strategy, the chromium oxidation rate is close to
100% in chromite lime-free roasting process.
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