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Reaction behavior of kaolinite with ferric oxide during reduction roasting
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Abstract: The pre-separation of silica and alumina in aluminosilicates is of great significance for efficiently treating alumina-/
silica-bearing minerals for alumina production. In this work, the reaction behavior of kaolinite with ferric oxide during reduction
roasting was investigated. The results of thermodynamic analyses and reduction roasting experiments show that ferrous oxide
obtained from ferric oxide reduction preferentially reacts with alumina in kaolinite to form hercynite, meanwhile the silica in
kaolinite is transformed into quartz solid solution and/or cristobalite solid solution. With increasing roasting temperature, fayalite
formed by reaction of surplus ferrous oxide with silica at low temperature is reduced to silica and metallic iron in the presence of
sufficient carbon dosage. However, increasing roasting temperature and decreasing Fe,03/Al,03 molar ratio favor mullite formation.
The complete conversion of kaolinte into free silica and hercynite can be obtained by roasting raw meal of kaolin, ferric oxide and
coal powder with Fe,03/Al,03/C molar ratio of 1.2:2.0:1.2 at 1373 K for 60 min. This work may facilitate the development of a

technique for comprehensively utilizing silica and alumina in aluminosilicates.
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1 Introduction

Aluminosilicates, which commonly exist in some
natural mineral resources as impurities and decrease the
grade of valuable minerals, are removed to tailing during
handling the raw ore. Typically, the production of 1 t
bauxite concentrate with A/S (mass ratio of alumina to
silica) of 8—10 will generate about 0.3 t bauxite tailing
with A/S of 1.5-2.0 by treating raw bauxite with A/S of
5-6 [1,2]. In 2016, the bauxite output was about
6.5x10" t in China [3], and most of the bauxite tailings
are deposited on land surface [4]. Besides, more than
5x10° t of coal gangue, which is a type of kaolinite-rich
material and produced by coal mining and washing, is
stockpiled owing to the low utilization in China [5], and
the amount increases by (1.5-2.0)x10* t annually [6].
The major chemical compositions are alumina and silica
in both bauxite tailing and coal gangue, while major
mineralogical compositions in bauxite tailing are
diaspore and aluminosilicates, and those in coal gangue
are aluminosilicates. Thus, the comprehensive extraction
of alumina and silica in the aluminosilicates is the key to
realize large-scale and high-value applications of bauxite

tailing and coal gangue.

In recent decades, much attention has been paid to
alumina extraction from aluminosilicates, which can be
divided into acid process and alkali process according to
the leaching reagents. The former focused on alumina
extraction through leaching aluminosilicates treated by
mechanical activation [6], thermal activation [7] or
sintering with Na,CO; [8], using sulfuric acid or
hydrochloric acid as leaching agent; however, this
process generated a large amount of wastewater, required
corrosion-resistant equipment and is quite complicated
due to iron removal. Whereas the latter mainly aimed
at alumina extraction through alkali leaching of
aluminosilicates treated by sintering with Na,CO;—
CaCOs; [9] or silica removal through alkali leaching of
aluminosilicates treated by thermal activation [10—12] in
order to offer qualified raw materials for the Bayer
alumina refinery. In fact, soda—lime sintering process is
not able to treat aluminosilicates for its high energy
consumption and inability to utilize silica. So, roasting—
leaching process is regarded as a potential way to handle
aluminosilicates for comprehensive utilization of silica
and alumina [13].

In the roasting process, for instance, kaolinite
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dehydrates and turns into metakaolinite at about 823 K,
then the metakaolinite splits into free SiO, (amorphous),
free AL,O; (amorphous or gamma phase) and even Al-Si
spinel at 1253 K [14—19]. In fact, there are disputes in
Al-Si spinel form, i.e. SiO, 6A1,0; or 3A1,05-2Si0,
[14,15,19], while the occurrence of free Al,O; is even
doubtful due to lack of enough evidences. Because the
A/S of leaching residue is generally less than that of
mullite [14], it seems that most of the alumina in roasted
product exists in 3A1,05-2S10, Al-Si spinel, resulting in
difficulty in deeply separating silica and alumina
by following alkali leaching. Completely converting
kaolinite into a silica-free aluminum compound and free
Si0O, in roasting might favor separation between silica
and alumina, provided that the aluminum compound is
inactive in the subsequent leaching process. Studies
showed that kaolinite could react with some additives in
roasting process, such as MgO, FeO, ZnO and CuO,
forming corresponding alumina spinel and quartz solid
solution [20,21], but there still exists either fayalite or
mullite in roasted product. Thus, in view of hematite in
bauxite, the reaction behavior for the system
Fe,05—Si0,—Al,0; in reduction roasting was studied by
using pure compounds as raw materials in our previous
work [22]. Unfortunately, no enough attention was
paid to aluminosilicates, especially to transformation
mechanism of aluminosilicates in roasting process.

Given that the kaolinite is a typical aluminosilicate
in bauxite and its reaction behavior in roasting is similar
to other aluminosilicates such as illite and pyrophyllite,
kaolin was employed in this work. Based on
thermodynamic analysis for reactions in roasting the
mixed raw meals of kaolin, ferric oxide and coal powder,
phase transformations in reduction roasting of kaolin and
ferric oxide were investigated by XRD and SEM.

2 Experimental

2.1 Materials

Fe,O5; (d5p=2.80 pum) used in this work is of
analytical grade, while coal powder used as reductant has
a fixed carbon content of 76.47 wt.%. The chemical
composition and XRD patterns of kaolin (d5=2.82 pm)
are shown in Table 1 and Fig. 1, respectively. As shown
in Fig. 1, kaolin mainly consists of kaolinite and a small
amount of quartz. Besides, the quartz content in kaolin is
about 1.46 wt.% calculated by A/S.

Table 1 Chemical composition of kaolin (wt.%)
A1203 SIOZ F6203 T102 Kzo Others A/S
37.09 45.10 0.83 0.98 0.28 Bal. 0.82

2.2 Experimental procedure
2.2.1 Raw meal preparation
In order to obtain well-mixed raw meals, the raw

meals of kaolin, ferric oxide and coal powder were
mixed by vibrating mill for 2 min. It should be noted that
the amount of coal powder was determined by
stoichiometric proportion for converting ferric oxide to
ferrous oxide based on the fixed carbon changing to
carbon monoxide.
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Fig. 1 XRD pattern of kaolin

2.2.2 Reduction roasting

10 g mixed raw meal was placed into a 30 mL
corundum crucible covered by a lid with a layer of coke
powder on it, and then a small corundum crucible was
put in a 100 mL corundum crucible with a layer of
powdered coke on the inner lining and the bottom. The
big corundum crucible was also covered by a lid in order
to guarantee the reductive atmosphere during the roasting
process. Subsequently, the big corundum crucible was
placed and heated in a thermostatic muffle furnace at
preset temperatures for certain duration, and then taken
out from the furnace and cooled in air to room
temperature. The cooled reduction roasting product was
namely clinker.

2.3 Analysis methods

The phase analyses of clinkers were performed on
powder using a X-ray diffractometer (TTR-III, Rigaku
Corporation, Japan) with Cu K, radiation (1=1.5406 A).
Data were recorded at 26 from 10° to 80° and a step size
of 0.02° was used at a scan rate of 10 (°)/min. Surface
microscopic morphology and micro area composition
analyses were conducted by SEM (JSM—-6360LV,
JEOL, Japan) and EDX (GENSIS60S, EDAX, USA)
respectively. The polished clinker samples were prepared
by mixing clinker with both epoxy resin and
triethanolamine followed by polishing.

3 Results and discussion
3.1 Thermodynamic analysis on reactions of kaolinite

with Fe,O; during reduction roasting
As mentioned above, fayalite and mullite were
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formed more or less in reduction roasting of kaolin
mixing with ferric oxide or iron (II) oxalate [20,21]. In
order to avoid forming these poly-compounds containing
silica, it is meaningful to carry out thermodynamic
analysis on reactions during reduction roasting of
kaolinite with Fe,Os.

The possible reactions were listed in Egs. (1)—(6)
between kaolinite and Fe,O; with carbon as reductive
agent, while those were described in Egs. (7)—(11) when
roasting kaolinite alone. In convenience of comparison,
the stoichiometric coefficient of SiO, was normalized
to be 2.

ALO;-28i0,-2H,0+0.5F¢,05+0.5C—
FeALO,+28i0,+0.5CO(g)+2H,0(g) )

ALO;-28i0,-2H,0+2.5F¢,05+2.5C—
FeALO4+2(2Fe0-Si0,)+2.5CO(g)+2H,0(g)  (2)

3FeALO,+2Si0,+3C=3A1,0;-28i0,+3Fe+3CO(g) (3)

4FeALO,+2Si0,—2(2Fe0-Si0,)+4AL0; ()
2Fe,05+28i0,+2C=2(2Fe0-Si0,)+2CO(g) 5)
2(2Fe0-Si0,)+2C—=4Fe+28i0,+2CO(g) (©)
AlL,05-2Si0, 2H,0—
1/3(3A1,05-28i0,)+4/3Si0,4+2H,0(g) (7)
AL,O;-28i0,-2H,0—A1,03+28i0,+2H,0(g) (8)
ALO;2Si0,=1/3(3A1,05-2Si0,)+4/3Si0, 9)
AlLO3-2Si0,—A1,03+2Si0, (10)
3A1,05+25i0,=3A1,0;-2Si0, (11)

The calculated relationships between standard
Gibbs free energy change AG}9 and temperature 7 were
plotted for the reactions between kaolinite and Fe,O; in
presence of carbon in Fig. 2, in which the
thermodynamic data were derived from literature [23]
and the calculations were based on the data of quartz and
y-AlL,O; for SiO, and ALO;. Thermodynamic data of
kaolinite at 700—1600 K were as AG~=1.077-4119.53
and R*=1.00 calculated by linear equation, which were
extrapolated according to the relevant data at
298.15-700 K [23].

From Fig. 2(a), it can be known that the conversion
of kaolinite to mullite can occur readily in roasting
process because of the small AG}9 for Reaction (7), but
Reaction (1) is likely to proceed prior to Reaction (7)
thermodynamically. Thus, reduction roasting of kaolinite
in the presence of Fe,O; generates hercynite and may
prevent kaolinite from forming mullite. The hercynite
might be spontaneously formed either through Reaction
(1) for low Fe,03/Al,0; molar ratio or Reaction (2) for
high Fe,05/Al,0; molar ratio, but the former reaction can
occur more readily than the latter thermodynamically due
to its more negative value of AGy . That is to say,
fayalite formation can be avoided by kaolinite reacting

with Fe,O; (Reaction (2)) in the case of theoretical Fe,0;
dosage according to Reaction (1), while the
transformation of kaolinite to hercynite can be completed.
Moreover, mullite can be formed by Reaction (3) when
the temperature exceeds 1288 K, suggesting that
relatively low temperature is required in reduction
roasting process to prevent the hercynite from further
converting to mullite.
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Fig. 2 Relationships between AG? and T for Egs. (1)—(11)

Although hercynite and free silica generated by
Reaction (1) are unable to react to form fayalite
according to Reaction (4) due to the positive AG;a , the
fayalite can be produced by reaction of Fe,O; with free
silica through Reaction (5), meaning that excessive
Fe,O; dosage is conducive to fayalite formation.
Considering appropriately excessive Fe,O; dosage being
inevitable for completing the solid-state conversion of
kaolinite to hercynite, the fayalite will be generated
unavoidably and can be further converted to metallic iron
and free silica by Reaction (6) in the presence of
sufficient carbon dosage.

In order to better understand the mullite formation,
the possible reactions in roasting kaolinite are
thermodynamically analyzed and the results are drawn in
Fig. 2(b), in which the influence of 7 on AG}9 for
Reaction (3) is also shown to enable a visual comparison.
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Figure 2(b) obviously shows that the decomposition of
kaolinite can occur thermodynamically through either
Reaction (7) or Reaction (8), forming free silica
accompanying mullite or free alumina respectively. In
fact, metakaolinite might be generated preferentially due
to dehydration of kaolinite and consequently decomposes
according to Reactions (9) and (10). It should be noted
that, the difference of AGY(:J at any calculation
temperature is very small either between Reactions (7)
and (8) or between Reactions (9) and (10), the AG;) of
reactions for forming mullite (Reactions (7) and (9)) has
even a little smaller value than that for forming free
alumina (Reactions (8) and (10)) when roasting
temperature exceeds 767 K. Meanwhile, even if free
alumina and free silica are generated, they would react
further to form mullite through Reaction (11) at above
760 K. Hence, mullite formation is also unavoidable
thermodynamically in roasting kaolinite alone even at
very low temperature. Because higher temperature is
required for mullite formation in reduction roasting
process (Reaction (3)) than that in roasting kaolinite
alone, the reduction roasting process favors avoiding
mullite formation and thus converting the silica in
kaolinite into free silica as much as possible.

In one word, thermodynamically, the formation of
both mullite and fayalite could be avoided by reduction
roasting process instead of roasting kaolinite alone,
through calibrating ingredients in raw meal including
kaolinite, ferric oxide and carbon as well as adjusting
appropriate roasting temperature. In order to verify the
thermodynamic results, the corresponding reduction
roasting experiments were conducted.

3.2 Reactions of raw meal of kaolin and ferric oxide
in reduction roasting process

3.2.1 Effect of roasting time

Firstly, the influence of roasting time on reactions of
kaolin and ferric oxide with coal powder as reductive
agent was investigated experimentally. Raw meal was
prepared by mixing kaolin, ferric oxide and coal powder
with Fe,03/A1,0;3/C molar ratio of 1.0:2.0:1.0, and then
roasted at 1373 K for 30, 60 and 120 min, respectively.
XRD patterns of the obtained clinkers are presented in
Fig. 3. The XRD pattern of the clinker for 30 min
indicates that the quartz solid solution and hercynite
emerge in the clinker, accompanying the formation of a
little metallic iron shown in the XRD pattern of partial
enlargement. When the raw meals are roasted at 1373 K
for longer than 60 min, the typical diffraction peaks of
both cristobalite solid solution and mullite appear in the
XRD pattern of clinkers, meanwhile the diffraction
apices are enhanced with increasing roasting time. In
addition, the diffraction apex of metallic iron at 26 of
44.8° increases significantly with increasing roasting

time, e.g. the intensities are 65, 119 and 212 for roasting
time of 30, 60 and 120 min, respectively. The results
mentioned above indicate that hercynite can be readily
formed by Reaction (1) and consequently react with free
silica to generate mullite and metallic iron by Reaction (3)
under this condition, which coincides with the results of
the previous thermodynamic analyses.
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Fig. 3 XRD patterns of clinkers prepared by roasting raw meals
at 1373 K for different time (< —Hercynite; o—Metallic iron;
e — Quartz/quartz solid solution; 4 — Cristobalite solid
solution; ¥ —Mullite)

Besides, the weak diffraction peaks of hercynite and
quartz solid solution with duration of 30 min mean that
amorphous phases still exist in the clinker, which
suggests that the phase conversions do not proceed
completely. Meanwhile, accompanied by the decrease of
hercynite diffraction apices, the diffraction apices of
mullite in the clinker by roasting raw meal for 120 min
are obviously stronger than those for 60 min. Hence,
roasting time of 60 min is appropriate to fully convert the
silica in kaolinite into free state.

Moreover, the characteristic diffraction peaks
observed in the XRD patterns of clinkers are similar to
those of quartz and cristobalite. The quartz-type structure
was defined as quartz solid solution [20] for the entrance
of Fe*" into the open spaces of silicon oxygen tetrahedra
caused by replacement of Si*' by AI’" to render the
structure electrically neutral, while the cristobalite-type
structure can be similarly defined as cristobalite solid
solution. In addition, both quartz solid solution and
cristobalite solid solution are readily soluble in dilute
alkali solution under atmospheric pressure, which is
quite different from that of quartz and cristobalite. It
should also be noted that the characteristic diffraction
peaks of quartz in kaolin (Fig. 1) and quartz solid
solution in clinkers substantially overlap at 26 of 26.6°.
Considering the relatively low content of quartz in kaolin,
it is believed that the peak is mainly contributed by
quartz solid solution. Besides, amorphous silica might
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exist in clinkers according to the researches on roasting
kaolin alone [14,16,17].
3.2.2 Effect of Fe,O3/Al,05; molar ratio

As Fe,05 dosage has an important effect not only on
the phase conversion of raw meal in reduction roasting
process but also on the economics of pre-treating high
silica bauxite to produce alumina, the effect of
Fe,05/Al,03 molar ratio on the phase conversion was
examined. Figure 4 shows the XRD patterns of the
clinkers prepared by roasting raw meals at 1223 and
1373 K for 60 min with different Fe,O3/Al,0O3; molar
ratios. From Fig. 4, it can be known that the formation of
mullite strongly depends on Fe,03/Al,0; molar ratio in
raw meal, i.e. low Fe,03/Al,0; molar ratio favors the
formation of mullite. The XRD pattern indicates that
mullite even exists in the clinker by roasting the raw
meal at 1373 K for 60 min with Fe,03/Al,0; molar ratio
of 1.0:2.0, while the silica in the clinker presents in the
form of quartz solid solution and cristobalite solid
solution. When Fe,03/Al,0; molar ratio is above 1.2:2.0,
the characteristic diffraction peaks of both mullite and
quartz solid solution cannot be observed in the XRD
pattern of clinkers, meanwhile the diffraction apices of
hercynite and cristobalite solid solution increase
significantly with increasing Fe,O3/Al1,0; molar ratio. In
addition, the metallic iron diffraction apexes in the XRD
patterns of clinkers increase consistently with increasing
Fe,03/Al,03 molar ratio. Figure 4 also shows that
fayalite can be detected only in the clinkers prepared by
roasting high Fe,0;/Al,0; molar ratio (>1.4:2.0) raw
meal at relatively low temperature (1223 K), otherwise
fayalite cannot be found in the clinkers under other
conditions. This variation tendency of fayalite can be
explained by reduction of fayalite to silica and metallic
iron by Reaction (6) as discussed in Section 3.1, although
there exist differences in temperature and Fe,03;/Al,0;
molar ratio between thermodynamic analyses and
experiments.

Therefore, considering the existence of mullite in
the clinker prepared by roasting raw meal with
theoretical Fe,03;/Al,O; molar ratio of 1.0:2.0, the
Fe,03/Al,0; molar ratio of 1.2:2.0 is appropriate in order
to guarantee both the minimum Fe,O; dosage and
complete conversion of silica in kaolinite into free silica.
3.2.3 Effect of roasting temperature

As roasting temperature has a marked impact on
phase conversion of raw meal during reduction roasting
as discussed in Section 3.1, the effect of temperature on
roasting reactions was experimentally investigated in
detail. XRD patterns are presented in Fig. 5 for the
clinkers prepared by roasting raw meals with various
Fe,0;/AL,0; molar ratios at different roasting
temperatures.

When roasting the raw meals at relatively low
temperature (1173 K), mullite can be observed in all
clinkers by XRD analysis, but its characteristic
diffraction peaks fade with increasing Fe,O3/Al,03 molar
ratio. By treating raw meal with Fe,03/A1,0; molar ratio
<1.0:2.0, it can be seen by comparing Figs. 5(a) and (b)
that XRD peaks of mullite in clinkers become more
prominent with increasing roasting temperature,
implying more perfect crystallization morphology;
whereas, by treating raw meal with Fe,03/Al,0; molar
ratios of 1.2:2.0 and 1.4:2.0, diffraction peaks of mullite
disappear in XRD patterns of clinkers obtained at 1273
and 1373 K, respectively, while they emerge again at
1423 and 1473 K correspondingly. As for enough
Fe,O; dosage, hercynite is the most stable phase
thermodynamically according to Reaction (1), but the
local inhomogeneous composition might cause direct
decomposition of kaolinite to form mullite at low
temperatures (<1273 K) through Reaction (7). Moreover,
the reaction of hercynite and silica through Reaction (3)
results in the mullite formation at temperatures higher
than 1423 K.

The existing forms of silica in clinkers are affected
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Fig. 5 XRD patterns of clinkers prepared by roasting raw meals at different temperatures for 60 min: (a) n(Fe,03)/n(Al,05)/n(C)=
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(O —Hercynite; o—Metallic iron; @—Quartz/quartz solid solution; € —Cristobalite solid solution, ¥ —Mullite; A—Fayalite)

not only by Fe,O3/Al,0; molar ratio as mentioned in
Section 3.2.2 but also by roasting temperature. Generally,
increasing roasting temperature (1173—1423 K) can
facilitate the conversion of quartz solid solution to
cristobalite solid solution, represented by the decrease in
diffraction apex at 26 of 26.6° for quartz solid solution
accompanying increase in that at 26 of 22.0° for
cristobalite solid solution. In addition, it is also
deduced from Fig. 5 that the increase of Fe,O3;/Al,03
molar ratio is beneficial to reducing the conversion
temperature. However, the diffraction apices of
cristobalite solid solution and hercynite remarkably
decrease in the XRD patterns of clinkers obtained at
1473 K, which can be attributed to the reaction of
hercynite and cristobalite solid solution to form mullite
by Reaction (3).

Hercynite diffraction apex at 26 of 36.5°, as shown
in Fig. 5, is enhanced significantly with increasing
roasting temperature from 1173 to 1423 K, indicating
that raising roasting temperature can promote hercynite
formation. Furthermore, it can be considered that
excessive Fe,O; dosage can hinder the transformation of
hercynite to mullite at 1473 K by comparing Fig. 5(d)

with Figs. 5(a—c). This result is ascribed to the fact that
the hercynite particles are coarsened under the
connection effect of metallic iron phase formed at high
temperatures by reduction of iron-containing compounds
and thus impede hercynite reacting with cristobalite solid
solution, as shown in Fig. 6.

Fig. 6 SEM image of clinker prepared by roasting raw meal
with Fe,03/A1,05/C molar ratio of 1.4:2.0:1.4 at 1473 K for
60 min (a—Mullite; b—Hercynite; c—Metallic iron)
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In summary, adopting proper roasting temperature
and Fe,03/Al,0; molar ratio in raw meal can achieve
complete conversion of kaolinte into free silica and
hercynite, the optimal condition can be described as
Fe,05/A1,05/C molar ratio of 1.2:2:1.2,
temperature of 1373 K and roasting duration of 60 min.

roasting

4 Conclusions

(1) Thermodynamic analyses and experiments show
that in reduction roasting of the mixture of kaolin, ferric
oxide and carbon, raising temperature favors the
conversion of kaolinite to hercynite and free silica,
whereas excessively high temperature and insufficient
Fe,05 dosage benefit mullite formation.

(2) The free silica in clinkers includes quartz solid
solution and cristabolite solid solution, and the increase
of both roasting temperature and Fe,03/A1,05 molar ratio
facilitates solid solution transforming to
cristabolite solid solution.

quartz

(3) The complete conversion of kaolinite into free
silica and hercynite can be achieved under the following
optimal conditions: Fe,O3/Al,03/C molar ratio of
1.2:2:1.2, roasting temperature of 1373 K, roasting
duration of 60 min.
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