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Abstract: To investigate the feasibility of preparing
Ca0-Si0,—Al,05 inorganic fibers with melting-separated
red mud, the properties of the melting-separated red
mud were analyzed by X-ray fluorescence, X-ray diffrac-
tion, and differential thermal-thermogravimetric analyses.
The composition of the melting-separated red mud satis-
fied the requirements for the composition of inorganic
fibers. During the melting of the melting-separated red
mud, tetrahedral skeleton fracture reactions occurred at
1,234°C, anionic group reverse hinding occurred at 1,250°C,
and there was no other obvious reaction peak during
the whole melting process, which lasted for 51 min. The
minimum suitable fiber forming temperature of the melting-
separated red mud melt was 1,433°C, which was 83°C greater
than its crystallization temperature, 1,350°C. Within this tem-
perature range, the activation energy of particle movement
in the melt was 1008.65kJ-mol™, and the melt exhibited
good fluidity. Considering the temperature distribution cor-
responding to the melting properties of the melting-separated
red mud, CaO-Si0,—Al,05 inorganic fibers could be prepared
when the melting-separated red mud was subjected to com-
ponent reconstruction by increasing the silicon content,
reducing the aluminum content, and adding a moderate
amount of calcium. Quartz sand and light burnt dolomite
were used as modifying agents and inorganic fibers were
prepared under laboratory conditions. The fibers prepared
from the modified melting-separated red mud by adding dif-
ferent amounts of melting-separated red mud had smooth
surfaces and were arranged in a crossed manner at the
macroscopic level. Their color was grayish-white, and small
quantities of slag balls were doped inside the fibers. With an
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increase in the amount of melting-separated red mud from 50
to 100%, the average fiber diameter increased from 5.5 to 8.0
pm, and their slag ball content increased from 2.9 to 6.0%.
Overall, under laboratory conditions, when the amount of
melting-separated red mud added was 50%, dolomite was
22.5% and quartz sand was 27.5%, the performance of the
fiber was the best.

Keywords: melting-separated red mud, property, CaO-
Si0,-Al,05 inorganic fiber, feasibility

1 Introduction

Red mud is the waste residue produced during alumina
processing. Its name is based on the red color derived
from its high iron oxide content [1-4]. The unit output
of red mud is affected by the ore grade, production
method, and technical level [5-7], with 1.0-1.8t red
mud being the byproduct of the production of 1t of alu-
mina [8,9]. Red mud contains many useful minerals and
its main components are Si0O,, Al,03, CaO, Fe,05;, MgO,
and small amounts of potassium, sodium, titanium alu-
minum, rare earth elements, and other elements [10]. At
present, the applications of red mud mainly include the
extraction of valuable elements [11-13]. For example, red
mud contains up to 50% iron oxides, which can be
extracted using many methods, mainly pyrometallurgical
methods [14-16]; a large amount of titanium, aluminum,
and rare earth elements can also be extracted by hydro-
metallurgical methods [17]. Inorganic fibers are prepared
from silicates by melting and fibrillation processes. They
have a specific chemical composition range: 36—42 wt%
Si0,, 28-47 wt% CaO, 3-12 wt% MgO, and 9-17 wt% Al,Os.
High-quality inorganic fiber products have excellent thermal
and sound insulation characteristics and are widely used
in aviation applications, automobiles, shipbuilding, elec-
tronic technology, the chemical industry, construction,
agriculture, medicine, and other fields [18-20]. Melting-
separated red mud is the residue when the iron is removed
from Bayer red mud based on direct reduction and melting,
and its main components are Al,Os, SiO,, CaO, and MgO.

8 Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International

License.


https://doi.org/10.1515/htmp-2022-0272
mailto:longyue@ncst.edu.cn

2 —— PeipeiDuetal.

Therefore, melting-separated red mud is a source of high-
quality silicate materials that satisfy the conditions for pre-
paring inorganic fibers. European scientists have prepared
slag wool from slag that was directly obtained during the
melting of red mud, and the process has passed a pilot plant
[21]. However, the preparation of inorganic fibers with
melting-separated red mud, as the main material has rarely
been reported [22-27]. Preparation of high-quality CaO-
Si0,—Al,05 inorganic fiber from melting-separation red
mud is based on the extraction of the valuable element,
iron, from red mud to realize the deep and high-value
utilization of the tailings. It not only realizes the full-scale
resource utilization of red mud but also increases the value
of red mud products, and achieves good economic profits
and social benefits. It is a new process that can realize high
added value and the large-scale utilization of red mud,
providing a practical and effective approach for the full-
scale resource utilization of red mud. It is necessary to
assess the feasibility of preparing Ca0-SiO,~Al,05 inor-
ganic fibers using melting-separated red mud. In this
article, the composition, melting performance, viscosity,
and crystallization performance of melting-separated red
mud are deeply analyzed. Based on these properties of the
melting-separated red mud, the differences between the
preparation of raw materials of melting-separated red
mud and Ca0-SiO,-Al, 03 inorganic fibers are analyzed.
At the same time, the feasibility of preparing inorganic
fibers from melting-separated red mud is confirmed by
combining the experiment of preparing inorganic fibers
from modified melting-separated red mud. The purpose
of this study is to form the basic theory of directivity of
preparing inorganic fibers from melting-separated red mud
and provide theoretical guidance for the modification of
melting-separated red mud and the preparation of high-
quality inorganic fibers. It is of great environmental signifi-
cance and scientific value to truly realize the full resource
utilization of melting-separated red mud with high added
value and further expand the field of comprehensive utili-
zation of melting-separated red.

2 Materials and methods

2.1 Experimental raw material analysis

Melting-separated red mud, which is the residue that
remains after red mud, is produced by the Bayer process
and undergoes direct reduction and melting to remove
iron, which was provided by the Aluminum Corporation
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of China. Its original particle size ranged from 3 to 5 mm,
and it was crushed to less than 74 pm for use in this
study.

The chemical composition of the melting-separation
red mud was analyzed by using a RIGAKU ZSX Primus II
X-ray fluorescence spectrometer. Samples were mixed
evenly with boric acid and pressed into a solid sheet of
20 mm diameter and 4 mm thickness, and tablets were
pressed. The mineral phase composition of the melting-
separated red mud was analyzed by using a RIGAKU
D/MAX X-ray diffraction spectrometer (XRD), in which
the current was 40 mA, the voltage was 45 kV, the scan-
ning speed was 5°min~", and the scanning angle was from
10 to 90°. The sample structure of the melting-separated
red mud was analyzed by using a Bruker vertex 70 infrared
spectrometer; 0.9 mg of the sample and 80.0 mg of KBr
were fully crushed, mixed, and then pressed into tablets
using the KBr tablet pressing method. The spectrum was
measured at room temperature with 64 scans over a test
range of 400-4,000 cm™. The physical and chemical changes
in the melting-separated red mud during remelting were
analyzed by using a NETZSCH STA449F3 high-temperature
simultaneous thermal analyzer. The temperature was increased
from 50 to 1,000°C at a heating rate of 30°Cmin~ and then to
1,500°C at a heating rate of 20°Cmin™ under an air atmo-
sphere, and the reference material was a-A1,03. The melting
process of the melting-separated red mud was visually
observed using an Rds-04 fully-automatic slag melting
point-melting rate tester developed by the Institute of
Ironmaking, Northeastern University. The melting-sepa-
rated red mud (crushed to less than 74 um) was evenly
mixed with alcohol and then extruded into ®3mm x
3 mm cylindrical standard samples for analysis. The visc-
osity change of the melting-separated red mud during
cooling was analyzed using an RTW-13 high-temperature
melt physical property tester developed by Northeastern
University. The melting-separated red mud (100 g) was put
into a 50 mm x 240 mm corundum crucible, which was
subsequently placed into the melt physical property tester
for analysis. The temperature was increased to 1,500°C for
30 min and then slowly cooled at a 3°C-min~" cooling rate.
The crystallization behavior of the melting-separated red
mud melt during cooling was simulated by the equilb
module and phase diagram module of Factsage 7.1
thermodynamic software. The FToxid database and
Scheil-Gulliver cooling mode are used in the simulation.
The SiO,—Al,05—Ca0-Na,0-TiO, slag system, a five-com-
ponent slag system, was analyzed in the simulation, and
the simulation temperature range was 1,000-1,500°C.
The crystallization behavior of the melting-separated red
mud melt was investigated using a laboratory thermal
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simulation test. A program-controlled energy-saving high-
temperature resistance furnace was used to remelt the
melting-separated red mud. The temperature was main-
tained for 30 min to ensure that the slag was fully melted
after the temperature reached 1,500°C, cooled to a specific
temperature near the theoretical crystallization tempera-
ture within the furnace, and finally, quenched. The melting-
separated red mud melt was subjected to water quenching
at different temperatures, and the morphology of the sam-
ples was analyzed using a Hitachi S4800 field emission
scanning electron microscope and a scanning electron
microscope (SEM). The surface of the sample was sprayed
with gold before observation.

2.2 Preparation of inorganic fibers

Inorganic fibers were prepared by the centrifugal method
under laboratory conditions. The experimental device
included a 100 kg DC electric arc furnace, a four-roll cen-
trifuge, and fiber collection equipment. A diagram of the
experimental equipment and fiber-forming process is
shown in Figure 1. For fiber formation, 40 kg of the mix-
ture was added to the electric arc furnace and heated to
1,500°C until it was completely homogenized. After the
raw material was melted, sampling for water quenching
treatment was done at an interval of 15min, and the
macro morphology of the water-quenched samples was
analyzed to determine the holding time. If the surface of
the sample was smooth and glassy, it indicates that the
raw material is fully melted and homogeneous, and the
holding time before fiber forming was appropriate. Then,
the slag slowly flowed out of the electric arc furnace to
the four-roll centrifuge to form fibers, which were col-
lected. The rotating rated speeds of rollers #1, #2, #3,
and #4 were 4,060, 4,640, 5,220, and 5,800 rpm, respec-
tively. The speed of the centrifuge for fiber forming and
the fan of the fiber collecting room were 2,800 and
1,800 rpm, respectively.

2.3 Properties of inorganic fibers

The macromorphology and micromorphology of the fibers
were observed by stereomicroscope and SEM, respectively.
The method to measure the diameter of a fiber was as
follows: first, an appropriate amount of the fibers was
weighed and sorted. Next, 1cm bundles of fibers of equal
length were cut and placed flat on a glass slide. Then, an
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Figure 1: Schematic diagram of the experimental device and fiber-
forming process.

appropriate amount of immersion solution was added to
the fibers, and a needle was used to evenly sort the fibers,
and ensure that they were close to one another and
arranged in a single layer. The width of 100 fibers was
measured by an optical microscope, and the average fiber
diameter was obtained by a simple calculation. The slag
ball content was measured with a slag ball content mea-
suring instrument: the fiber and slag ball were separated
by their buoyancy in water, and the slag ball content of the
fiber was obtained using the following equation:

wo .

My’ oy

where w is the slag ball content (%), m is the mass of the
slag ball with a particle diameter greater than 0.25 mm as

fiber (g), and mg is the mass of the fiber (g).

3 Results and discussion

3.1 Physicochemical property analysis of
the melting-separated red mud

The chemical composition of the melting-separated red
mud is affected by the raw materials, aluminum prepara-
tion process, and melting-separation process of red mud.
The chemical composition of the melting-separated red
mud in this experiment is shown in Table 1, and the
apparent photos are shown in Figure 2 (grain sizes were
less than 74 pm).

Considering the potential harmfulness of K, Cr, and
other trace elements, the forms of the elements should be
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Table 1: Main chemical components of the melting-separated red mud
Composition ALO; SiO, Ca0 Fe,03 Na,O TiO, MgO Zr0, SOs K,0 Cr,03 MnO P,0; Cl
Content (wt%) 32.311 27.261 10.616 7.558 11.159 7.234 2.140 0.295 0.709 0.297 0.193 0.131 0.084 0.013
strictly controlled in the process to treat melting-sepa- 100
rated red mud and in the target products. Table 1 shows I NaAlSiO,
that the main elements in the melting-separation red wl 2 CaliO;
mud were Al, Si, and Ca, followed by Fe, Na, Ti, Mg, 3 (Mg, Fo),Si0,
and small amounts of Zr, S, K, Cr, and Mn. In addition, £ R
it contained trace amounts of P and Cl. Since the Cl con- E 60F \
tent in the melting-separated red mud was extremely low B i,
(only 0.024%), this harmful element was ignored. Con- % e ‘3‘
sidering the safety of the chemical composition, it was =& | 4 2
feasible to prepare inorganic fibers from the melting- | 4
separated red mud. o I Miy MMM

Table 1 shows that the main components of the roh 2 4 Ml

L Al it Mmgo iy

melting-separated red mud were Al,Os, SiO,, Fe,03, CaO,
Na,0, Ti0,, and Mg0, which collectively account for more
than 98% of the total components, and the chemical com-
position was similar to that of inorganic fibers. This result
is consistent with the requirements of inorganic fibers in
terms of raw material composition studied by Zhao and Li
[25,28]. In addition, the red mud fiber is the product of the
melt quenching treatment and it has an amorphous glass
structure. According to irregular network theory, the main
components of the melting-separated red mud are a pri-
mary network of SiO,, an exterior network of CaO and
Na,0, and network intermediates of Al,O;, TiO,, and
MgO. Therefore, this melting-separated red mud satis-
fies the conditions for preparing inorganic fibers in
terms of their chemical composition.

Figure 2: Melting-separated red mud.

20
2-theta /degrees

Figure 3: XRD pattern of the melting-separated red mud.

The XRD spectrum of the melting-separated red mud
in Figure 3 shows that the phase composition of the
melting-separated red mud mainly contained NaAlSiO,,
CaTiOs, Mg,AL,0,, and (Mg, Fe),Si0,. The results are con-
sistent with the XRD results for molten slag reported by
Wang et al. [29]. NaAlSiO,, the main crystalline phase,
was a hexagonal framework of silicate, with short hexa-
gonal columns and thick plate-like crystals, and the
aggregates were granular or dense blocks [30].

The Fourier transform infrared spectroscopy (FTIR)
spectrum of the melting-separated red mud is shown in
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Figure 4: FTIR spectrum of the melting-separated red mud.
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Figure 5: DT-TGA curves of the melting-separated red mud (in air).

Figure 4. The absorption band at 983.37 cm™* in the low-
frequency region was attributed to the stretching vibration
of Si-0 bonds in silica tetrahedra (SiO,). This absorption
band was generally asymmetric, which was attributed to
the replacement of some of the Si by Al in the silica tetra-
hedron. The absorption band at 694.95 cm ™ was attributed
to the vibrations of Si—-O bonds and Al-O bonds, which
were coupled with the vibrations of the tetrahedra (AlQ,,
Si0,) around the aluminum oxygen tetrahedron [31,32].
The absorption bands at 466.61 and 516.55cm™" were
attributed to the bending vibration of the Si—O bond and
the stretching vibration of the Si-O-Mg bond, respec-
tively, and these vibrations were coupled with the transla-
tions of the Mg-O bond and the O-H bond [33]. The
absorption bands at 3436.51 and 2357.51 cm ™" were attrib-
uted to the stretching vibration and bending vibration of
water molecules, respectively [34]. Different vibrational
frequencies of 466.61/516.55, 694.95, and 983.37 cm ™! roughly
correspond to the absorption peaks of the structural units Q°,
Q, and @, respectively. Q" denotes the tetrahedral structure,
and n, with possible values 0, 1, 2, 3, and 4, represents the
number of bridges in each tetrahedral structural unit; a
larger n value represents a lower nonbridging oxygen con-
centration in the structure and a higher degree of network
polymerization [35-37]. Therefore, although the melting-
separated red mud has a tetrahedral skeleton structure
suitable for inorganic fibers, its overall structure is not
stable, and the network polymerization degree is not
high. Comparison with the results of Chang [23] shows
that it is necessary to perform composition reconstruction
when preparing inorganic fibers.

3.2 Melting property analysis of the
melting-separated red mud

To better understand the physical and chemical changes
in the melting-separated red mud during remelting, this
process was analyzed using differential thermal-thermo-
gravimetric analysis (DT-TGA). The results are shown in
Figure 5.

The thermogravimetric (TG) curve in Figure 5 shows
inconspicuous continuous mass loss in the temperature
range of 100-900°C because the binding state and firm-
ness of the bound water in the sample are different, and
the bound water gradually evaporates with increasing
temperature. There is an obvious mass loss of approxi-
mately 0.3%, in the TG curve in the temperature range of
900-1,250°C, and there is an obvious exothermic peak in
the differential thermal analysis (DTA) curve at 1,234°C
and an endothermic peak at 1,250°C. When the tempera-
ture exceeded 1,250°C, the TG curve did not significantly
change, and the DTA curve had no obvious thermal
effect.

The melting performance analysis results of the melting-
separated red mud are shown in Figure 6. The temperature
was 589°C, which is the initial state of the melting-separated
red mud sample after it entered the furnace, and the sample
height, h, was approximately 265 mm. When the solid-phase
reaction occurred (equation (2)), the gas was released, the
adsorbed water was removed, and the sample expanded.
When the furnace temperature increased to 1,095°C, the
expansion degree of the sample was maximal, and the
height increased by h/10. The bound water and compounds
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Figure 6: Melting process of the melting-separated red mud.

in the system are basically completely separated and decom-
posed (equations (3) and (4)), and the system generated gas,
as determined by area A in Figure 6. With the interaction
between SiO, and the other components, the Si-O sinter
and low-temperature eutectic liquid phase formed, and the
sample height gradually decreased. When the furnace tem-
perature increased to 1,231°C, which is the denaturation tem-
perature of the melting-separated red mud, the sample
height was approximately 5/6h, and the formation of silicate
in this system ended. With a further increase in temperature,
the sample height more rapidly decreased, the reaction
phase of the system changed to the solid phase and liquid
phase, and the solid phase continuously melted to become
the liquid phase, which indicates that the system entered the
melt formation stage. This process ended when the system
was completely converted into the liquid phase and reached

(2)

3.0

25 F

2.0

Viscosity/Pa.s

15
1.314

1 L 1
1460 1480

1.0 . L
1420 1433 1440

Temperature/°C

1500

DE GRUYTER

equilibrium. The sample height was h/2, and the system
temperature was 1,236°C, which indicates that this was the
melting temperature of the melting-separated red mud.
However, chain scission and decomposition of the tetrahe-
dral skeleton in this system occurred when the temperature
was approximately 1,234°C during this process. The entire
melting process of the melting-separated red mud lasted
51 min, while the stage from raw material melting to silicate
formation was 49 min, and the stage from the deformation
temperature to a freely flowing melt was only 2 min. There-
fore, the duration of the formation stage of silicate during the
melting process of the melting-separated red mud should be
decreased to reduce energy consumption. In Figure 6, the
endothermic peak at 1,250°C indicates that the reverse com-
bination of anionic groups occurred due to the increase in
the number of degrees of freedom of the slag system caused
by the increase in temperature. Overall, considering the
thermal analysis and melting process of the melting-sepa-
rated red mud, an insulation treatment should be carried out
at approximately 1,234°C during the remelting process to
ensure that the system fully melts:

N32C03 + CaC03 - CaNaz(C03)2, (2)
CaCOs; — CaO + CO,, (3)
CaNaZ(CO3)2 + 28102 e Nazsi03 + CaSIO3 + 2C02 (4)

3.3 Viscosity and fluidity analysis of the
melting-separated red mud melt

Viscosity reflects the resistance to fluid convection.

Convective movement occurred in the melt during fiber for-
mation, so the melt viscosity influenced the fiber formation.

0.80

[ (b)

0.70 -

1/n

1430 1440 1450 1460 1470 1480 1490 1500

0.25
1420 1510

Temperature/°C

Figure 7: Flow property analysis of the melting-separated red mud melt: (a) viscosity—temperature curve and (b) fluidity—temperature curve.



DE GRUYTER

The viscosity—temperature curve of the melting-separated
red mud melt in Figure 7(a) shows that the viscosity of the
melt gradually increased with decreasing temperature, and
there was no obvious turning point, which is characteristic
of a long slag. The suitable viscosity range of the melt
during the formation of an inorganic fiber is 1-3 Pa-s [38].
Therefore, the temperature of the melting-separated red
mud melt during the preparation of the inorganic fiber
should not be less than 1,433°C.

The reciprocal of viscosity, ¢ = 1/n (n is the visc-
osity), is used to characterize the mobility of the slag
and is called the fluidity of slag. Greater fluidity corre-
sponds to better slag mobility. The fluidity—temperature
curve of the melting-separated red mud melt in Figure 7(b)
indicates that in the high-temperature zone with a visc-
osity range of 1-3 Pa-s, the melt fluidity increased with
increasing temperature, which is consistent with the slag
viscosity analysis results.

In the appropriate fiber-forming temperature range,
the particles in the melting-separated red mud melt are
bonded to adjacent particles. Only when the particles have
sufficient energy to overcome this barrier can they effec-
tively move, which shows macro fluidity. With increasing
system temperature, the particle ([SiOs],, [SiO,], [AlO,])
energy increased, and the number of particles that could
overcome the force of adjacent particles increased. The
thermal vibration of the particles increased, and the com-
plex ions (low-molecular-weight polymers formed by short
chains of silicon tetrahedra) underwent bond breaking
and disintegration. The relationship between melt visc-
osity and temperature is characterized by the following
equation [39]:

n = nyexp (AE/RT), (5)

where AE is the activation energy of the particle move-

ment in the melt, J-mol™; 1, is a constant related to the

melt composition; R is the gas constant, J-mol K *; and T

is the absolute temperature, K. After taking the logarithm
of both sides of equations (5), Eq. (6) was obtained:

AE 1

logn =lo + —=. 6

gn Mo RT (6)

According to equation (6), there is a linear relation-

ship between log n and %, and the slope of the straight line

(k) is %. In the high-temperature zone with a viscosity of
less than 3 Pa:s, the fitting relationship between log 1 and
% of the melting-separated red mud melt is as shown in
Figure 8, where R? is the coefficient of determination.

In the high-temperature zone with a viscosity of less
than 3 Pa-s, there is an obvious linear relationship between

Preparation of Ca0-Si0,-Al,05 inorganic fibers = 7

log n and % for the melting-separated red mud melt.

Therefore, the anionic groups Sixoi’, which play a major
role in the viscosity of the system, are not associated but
are instead in a freely flowing state with irregular arrange-
ments of small groups. The melt fluidity is good; in this
temperature range, according to equation (6), with a slope
of k = 0.12132 (as obtained from Figure 8) and the constant
R = 8314]-mol LK, the particle movement activation
energy of the melting-separated red mud melt was calcu-
lated to be 1008.65 kJ-mol .

3.4 Crystallization property analysis of the
melting-separated red mud melt

The main components of the melting-separated red mud
are SiO,, Ca0, Al,O;, Na,0, and TiO, as shown in Table 1;
the influence of the above five main oxides on the melting-
separated red mud phase was considered in the simulation
calculations. The Si0,—Al,0;—CaO-Na,0-TiO, phase dia-
gram is drawn with the phase diagram module of the ther-
modynamic software FactSage 7.1, as shown in Figure 9.

As shown in Figure 9, the area of the melting-sepa-
rated red mud in the phase diagram was determined
according to the melting-separated red mud composition.
The carnegieite, nepheline, CaTiO;, and melilite were
generated during the crystallization process.

The simulation results of the Factsage thermody-
namic software are shown in Figure 10. When the melt
temperature decreased to 1,350°C, the carnegieite phase
first precipitated in the melt, so this was the crystallization

0.6
0.5
04 -
<2
£ 2
& R*=0.99229
(=3 .
003 £=0.12132
0.2
01l
T T T T T T T T T
66.5 67.0 67.5 68.0 68.5 69.0 69.5 70.0 70.5

1/1/ (10°5K™)

Figure 8: The fitting curve of log n vs 1/T of the melting-separated
red mud melt.
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Figure 9: Phase diagram of SiO,—Al,05-Ca0-Na,0-TiO, (wNa,0 =
11.159 mass%, wTi0, = 7.234 mass%) obtained using FactSage 7.1.

temperature of the melting-separated red mud melt. When
the temperature decreased to 1,220°C, the phase precipita-
tion reached thermodynamic equilibrium, and the amount
of crystal precipitation did not change with decreasing
temperature. Based on phase equilibrium theory, in the
low-temperature zone below 1,220°C, the thermal energy
of the melt molecular groups was not sufficient to over-
come the required potential barrier for crystallization.
Therefore, no crystal phase precipitated in the low-tem-
perature zone after the melting-separated red mud melt
was molded. In the temperature range of 1,220-1,350°C,
when the temperature decreased to 1,330°C, the carne-
gieite phase began to transform to the carnegieite phase,
and the carnegieite phase precipitated. When the tempera-
ture decreased to 1,320°C, all the carnegieite phases trans-
formed into the carnegieite phase. The CaTiO; phase and
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Figure 10: Simulation results for the crystallization behavior of the
melting-separated red mud melt during cooling.

melilite phase precipitated from the melt at 1,260 and
1,230°C, respectively. The nepheline phase had the highest
precipitation content (72.528 g/100 g), followed by the CaTiO;
phase (13.907 g/100 g).

To verify the correctness of the Factsage simulation
results, the micromorphology of the water-quenched sam-
ples was analyzed by SEM. Figure 11 shows the SEM results
where only a few crystals were present in the sample when
the melt was subjected to water quenching at 1,350°C. At
1,220°C, there were many orderly arranged crystals in the
sample, and the crystallization of the melt was complete.

In conclusion, the melting temperature of the melting-
separated red mud was 1,236°C, and the minimum suitable
fiber-forming temperature and crystallization temperature
of the melting-separated red mud melt were 1,433 and
1,350°C, respectively. The minimum suitable fiber-forming
temperature of the melting-separated red mud melt was 83°C
higher than its crystallization temperature, which was much

Figure 11: Effect of the melt temperature during water quenching on the microscopic morphology of the water-quenched samples at

(a) 1,350°C, (b) 1,300°C, and (c) 1,220°C.
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Figure 13: Effect of the holding time before fiber forming on the macroscopic morphology of the water-quenched samples. (a) The amount of
the melting-separated red mud added was 50% and the holding time was 15 min; (b) the amount of the melting-separated red mud added
was 50% and the holding time was 30 min; (c) the amount of the melting-separated red mud added was 70% and the holding time was
15 min; (d) the amount of the melting-separated red mud added was 70% and the holding time was 30 min; (e) the amount of the melting-
separated red mud added was 100% and the holding time was 15 min; and (f) the amount of the melting-separated red mud added was

100% and the holding time was 30 min.

Figure 14: Photographs of Ca0-Si0,-Al,05 inorganic fibers: (a) The
amount of the melting-separated red mud added was 50%; (b) the
amount of the melting-separated red mud added was 70%; and (c)
the amount of the melting-separated red mud added was 100%.

increase in the calcium content, the melting-separated
red mud, dolomite (with a composition of 47.06% CaO
and 34.16% MgO), and quartz sand were used as raw
materials to prepare inorganic fibers including modifying
and fiber forming process; the proportions of the three
additives, experimental parameters, and fiber properties
are shown in Table 2. The effect of the holding time before
fiber forming on the macroscopic morphology of the
water-quenched samples is shown in Figure 13, and it
can be seen that the modified melting-separated red
mud was completely melted and homogeneous when
the holding time was 30 min when different amounts of
melting-separated red mud were added.

The macromorphology of the inorganic fibers is shown
in Figure 14. The fibers had smooth surfaces and were
arranged in a crossed manner at the macroscopic level;
their color was grayish-white, and small quantities of
slag balls were doped inside the fibers. In addition, with

the increase in the added amount of the melting-separated
red mud from 50 to 100%, the average fiber diameter
increased from 5.5 to 8.0 pm. When the added amount of
the melting-separated red mud was 50 and 70%, the
average fiber diameter was less than 6 um, which met
the requirements of GB/t11835-2016. At the same time, it
is superior to the properties of the slag cotton made by
Balomenos et al. [40]. With the increase in the added
amount of the melting-separated red mud from 50 to
100%, the slag ball content increased from 2.9 to 6.0%.
The content of all of them was less than 7%, meeting the
requirements of GB/t11835-2016. The average fiber dia-
meter and slag ball content of the fiber prepared with the
melting-separated red mud could be effectively reduced and
the fiber quality could be significantly improved when the
melting-separated red mud was subjected to a modifying
treatment with the principle that an increase in the silicon
content, a decrease in the aluminum content, and a mod-
erate increase in the calcium content. This shows that the
modifying principle in the process of preparing the inor-
ganic fiber with melting-separated red mud is correct.

4 Conclusions

1) The main components of the melting-separated red
mud were ALO; SiO,, Fe,0;, CaO, Nay,O, TiO,, and
MgO, which satisfied the basic composition conditions
required to prepare inorganic fibers with amorphous glass
structures. The phase composition of the melting-sepa-
rated red mud that underwent natural cooling in the air
included NaAlSiO,, CaTiOs;, Mg,SiO4, and (Mg, Fe),SiO,.
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2) The decomposition reaction occurred in the tempera-
ture range from 900 to 1,250°C during the melting pro-
cess of the melting-separated red mud. The melting
time of the melting-separated red mud was 51 min,
while the required time for the silicate formation pro-
cess was 49 min. Therefore, the formation of the
eutectic phase should be considered during compo-
sition reconstruction to shorten the silicate formation
process during the inorganic fiber preparation pro-
cess. Furthermore, the raw materials should be sub-
jected to sufficient heat preservation at 1,250°C to
reduce energy consumption during production.

3) The melting temperature of the melting-separated red
mud was approximately 1,236°C, and the minimum
suitable fiber-forming temperature and crystallization
temperature of the melting-separation red mud melt
were 1,433 and 1,350°C, respectively. This indicates
that there is a big difference between the temperature
for fiber formation and the upper limit crystallization
temperature of the melt. In the high-temperature region
with a suitable fiber formation viscosity, the melt had
good fluidity. From the perspective of the temperature
distribution of melt properties, the preparation of inor-
ganic fibers from the melting-separated red mud is
feasible.

4) It is feasible to prepare inorganic fibers from the
melting-separated red mud but the composition should
be reconstructed. The melting-separated red mud was
subjected to component reconstruction with the prin-
ciple that an increase in the silicon content, a decrease
in the aluminum content, and a moderate increase in
the calcium content. The melting-separated red mud
was subsequently combined with two modifying agents
(quartz sand and light burnt dolomite) and was used to
prepare CaO-SiO,—Al,05 inorganic fibers under labora-
tory conditions. The fibers prepared from modified
melting-separated red mud by adding different amounts
of melting-separated red mud have smooth surfaces and
are arranged in a crossed manner at the macroscopic
level. Their color is grayish-white, and small quantities
of slag balls are doped inside the fibers. With the
increase in the amount of melting-separated red mud
from 50 to 100%, the average diameter of the fibers
increases from 5.5 to 8.0 pm, and the slag ball content
increases from 2.9 to 6.0%. When the melting-separated
red mud was modified with the principle that an
increase in the silicon content, a decrease in the alu-
minum content, and a moderate increase in the cal-
cium content, both the average diameter and slag
ball content of the fibers increase, and the fiber quality
could be significantly improved.

Preparation of Ca0-Si0,-Al,05 inorganic fibers = 11
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