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Abstract

There has been a focus on environmental protection and the recycling of solid waste resources, particularly fly ash and
aluminum dross. Efforts to utilize fly ash efficiently have increased. In this paper, a process is introduced for producing
alumina-rich slag and ferrosilicon alloy through aluminothermic reduction of fly ash with aluminium dross. Scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) confirm the formation of spherical ferrosilicon alloy
encased in a loose, porous alumina matrix during the aluminothermic reduction process. Thermodynamic calculations
indicated that the reduction temperature of SiO, and mullite decreases in the presence of Fe,O,. Under conditions of 1673
K, a specific aluminium dross to fly ash ratio (A/F), and a reduction time of 20 minutes, the magnetic fraction contains
85.89% ferrosilicon, while the non-magnetic fraction has an alumina content of 79.42%. This process offers a solution with

potential environmental and economic benefits for the application of fly ash and aluminum ash.
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1. Introduction

By 2024 fly ash production in China was
approximately 925 million tons. About 70% of fly ash
is utilized for paving, filling, and soil improvement
applications [1-4]. Nevertheless, approximately 30%
of the remaining fly ash is either discarded or
stockpiled due to inadequate management practices.
Hazardous heavy metals can be leached when fly ash
is stockpiled for long periods and soaked in alkaline
water. Dry ash is easily dispersed by wind, causing
air pollution, especially for residents living near
disposal sites. On the other hand, fly ash is an
important secondary resource which consists of
AlLO,, SiO,, FeO, Fe,0,, and CaO [5]. Under these
circumstances, the continued generation of fly ash
highlights the need for economic and green utilization
technology are desired [6].

Fly ash presents a promising opportunity for the
production of alumina, alloys, and other high-value-
added products. To date, a lot of methods have been
proposed on the extraction of alumina from fly ash
including [7] acidic methods, alkali sintering
methods, acid-alkali methods, electrochemical
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reduction methods, etc. The typical methods for
extracting AL,O, from fly ash are soda-lime sintering
and acid leaching. The sintering method is the most
established technology for alumina extraction from
fly ash, having been studied extensively [8]. This
process enables a complete decomposition of mullite
in fly ash, thereby facilitating the easy separation of
alumina and silica [9]. Studies employing limestone
sintering have demonstrated efficient alumina
extraction, while also generating substantial volumes
of silica slag [8, 10]. To improve utility, it would be
advantageous to convert silica in fly ash into high-
value products during the alumina extraction process.
In contrast, the acid leaching method effectively
reduces waste residue and operates at lower reaction
temperatures with a simplified process [11, 12].
Despite these advancements, challenges remain
particularly regarding low alumina extraction
efficiency and the stringent requirements for acid-
resistant equipment in industrial production [13]. To
address these issues, pressurized leaching and
microwave activation techniques have been employed
to enhance extraction efficiency [14], but specialized
equipment is required [15]. Both the sintering and
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acid leaching methods face significant hurdles in
terms of industrialization due to the high silica content
in fly ash [16], which leads to the production of
substantial silica-containing slag. If the silica could be
extracted as high-value products with recycled
aluminum  simultaneously, economic and
environmental benefits for the process would
increase.

Besides these two typical methods, many more
methods have been investigated to improve extraction
efficiency. Xu proposed a novel method for extracting
AL O, from fly ash by NH,HSO, roasting technology
[17], which includes roasting process, aluminum
precipitation, alkali dissolution, carbonation
decomposition and calcination. In the alumina
extraction process of high-alumina fly ash, alkali
could be used to remove amorphous silica and then
recovered through causticization. Focusing on the
causticization process, the coupling control of CO,*
conversion and CaCO, crystallization is important to
secondary-pollution reduction and high-value
utilization [18]. Pre-desilication is a key procedure
during the elevation of Al/Si weight ratio. However,
traditional desilication cannot satisfy this demand
because of its low desilication ratio and the presence
of abundant impurities.

Recent efforts have aimed at converting the silica
in fly ash into silicon alloys. For instance, Yu et al.
[19] explored the preparation of aluminum-silicon
alloys through a carbothermal reduction process using
fly ash at a high reduction temperature of 2473 K.
Similarly, they [20] employed a comparable method to
produce Al-Si-Fe alloys, which also necessitated a
reduction temperature of 2373 K. Yu et al. [21-23]
proposed a cost-effective approach for fabricating
silicon-iron alloys and vacuum carbothermic
reduction for alumina enrichment, utilizing iron oxide
or CaO as an additive, which significantly lowered the
reduction temperature while facilitating silica
utilization. The simultaneous extraction of alumina
during silicon-iron alloy production could greatly
enhance the feasibility of industrial alumina recovery
from fly ash. Furthermore, the resulting ferrosilicon
alloy serves as an effective deoxidizer in steelmaking
without harming the environment. The reduction
process currently takes several hours, highlighting the
pressing need to develop more economical and
efficient methods to further reduce costs. They [24]
soon found that the aggregation of Fe-Si alloy
particles was enhanced efficiently in the presence of
Na,SO, during vacuum carbothermic reduction of
coal fly ash. Besides, Al-Si alloy can be obtained by
molten salt electrolysis of aluminum-silicon oxide

Table 1. Chemical composition of fly ash

Composition ALO, SiO, Fe,O,

TiO

extracted from coal fly ash [25]. Fu [24] thought there
are the formation and decomposition of SiC and
AlLC,. The carbothermic reduction process of fly ash
is in stages. The existence of Fe reduces the starting
temperature of the Al-Si alloy formation, and helps
destroy the carbide in the process of carbothermic
reduction of fly ash.

Aluminum dross is a hazardous waste produced in
aluminum smelting process, especially in the fields of
electrolysis of alumina, casting and regeneration of
aluminum [26]. Aluminum dross poses challenges in
disposal and treatment. Currently, its use in
construction and pavement fails to maximize its
value. Aluminum dross contains valuable components
like metallic aluminum and alumina. Aluminothermic
reduction offers advantages over carbothermic
reduction including lower reaction temperatures, and
reduced carbon emission. Additionally,
aluminothermic reduction of fly ash occurred at
atmospheric pressure, and no caustic substance was
added. This paper presents a combined process of
aluminothermic reduction and magnetic separation.
Aluminum dross serves as the reducing agent, and
iron oxide is added as an additive. The product is
separated by magnetic separation to produce magnetic
ferrosilicon alloy and nonmagnetic alumina-rich slag.
To optimize the aluminothermic reduction reaction,
we explored various experimental parameters,
including reaction temperature, reaction time, and
dosage ratios. The optimal conditions ensures
efficient and environmentally utilization of these solid
wastes.

2. Experimental
2.1. Materials

Fly ash used is from a coal-burning company in
Gongyi, Henan Province, China. The chemical
composition of fly ash changes over a wide range and
depends on many factors like type of combusted fuel
(coal, lignite, biomass), particle size of combusted
fuel, temperature, and time of combustion and
construction of the hearth. The main chemical
components of fly ash shown in Table 1 are SiO,,
ALO,, Fe,0,, CaO, and unburnt carbon. Additionally,
the secondary components are present in fly ash in the
form of MgO, Na,O, K,O, TiO,. Iron oxide is
analytical pure reagent. The XRD pattern (Figure 1)
reveals that the predominant crystallized mineral
phases are mullite (ALSi,0,,) and quartz (SiO,). A
notable peak in the diffraction pattern between 20°
and 30° suggests the presence of vitreous materials
within the amorphous phase of the fly ash.

CaO MgO K,0 Na,O C Other

Content (Wt%) 26.4 51.14 4.95

1.06

3.35 0.86 2.39 0.65 5.6 3.6
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Figure 1. XRD pattern of fly ash Figure 2. XRD pattern of aluminium dross
Table 2. Chemical composition of aluminum dross
Composition Al AlLO, AIN MgAlLOQ, SiO, Si Fe NaFeO, Other
Content (wt%) 46.55 13.59 11.44 8.05 3.57 4.48 2.48 1.21 8.63

Aluminum dross used is from an aluminum
smelter in Gongyi, Henan Province, China. It was
pretreated by drying at 378 K for 4 hours to remove
moisture. No salt removal process was applied as the
initial salt content was low. The material was then
ground and sieved to obtain particles below 150 um
for homogeneity. XRD analysis (Figure 2.) of
aluminum dross reveals a complex phase
composition, including Al, ALO,, aluminum nitride
(AIN), magnesium aluminum spinel (MgAl,O,), SiO,,
Si, sodium iron oxide (NaFeO,), and additional
components. Compositions are shown in Table 2.
Aluminum dross predominantly exists as metallic
aluminum, alumina, aluminum nitride, and
magnesium aluminum spinel. The significant
presence of metallic aluminum makes its potential as
an effective aluminothermic reducing agent.

2.2. Experimental setup and procedures

Fly ash, along with aluminum dross, was
grounded and mixed to achieve homogeneity. The
resultant mixture was compressed into cylindrical
pellets (@10%20 mm) under a pressure of 6 MPa and
subsequently dried in an electrothermal drier to
remove moisture. The obtained bulk materials was
sintered in a MoSi, chamber furnace (BR-18HM-2,
Bona Therm) under argon. Alumina crucibles were
used. The heating rate was 10 K min!. A B-type
thermocouple placed adjacent to the sample crucible
was used for control and measurement. The furnace
has a constant temperature volume zone of
120%120x130 mm with a uniformity of #3 K. The
holding time begins after the setting temperature. Ater
the experiment, the products were ground and
subjected to magnetic separation using a magnetic

separator tube with a magnetizing current of 0.6 A to
obtain magnetic ferrosilicon alloy and non-magnetic
alumina-rich slag. The experimental schematic is
illustrated in Figure 3.

2.3. Characterization and analysis

The inorganic oxide content was determined using
an X-ray fluorescence spectrometer (XRF, RIGAKU
ZSX Primus) and chemical analysis. Scanning
electron microscopy with an energy dispersive
spectrometer (SEM-EDS: TESCAN, MIRA) was
used to examine microstructure and elemental
composition of the reduced products. X-ray
diffraction (XRD, RIGAKU, SMARTLAB SE) were
used to investigate the crystalline phases and
composition of the samples. AIN was determined
using oxygen-nitrogen-hydrogen analyzer (LECO
ONH-836, LECO, USA). MgAL:Os content was
determined according to MgO content measured by
EDTA complexometric titration method [27]. ALO,
and total Al contents were measured by fluoride salt
displacement EDTA complexometric titration method
[27]. Calculation of the mass fraction of metallic
aluminum was based on the volume of hydrogen gas
obtained from the reaction between aluminum metal
and sodium hydroxide [28]. Individual ALO, was
calculated by subtracting AL,O, in MgAlLO,, Al in
AN, and metallic Al from the total Al content.
Inductively coupled plasma optical emission
spectrometer (ICP-OES) technique was adopted to
measure element content of the magnetific portion.
On the basis of reactions (1), (3), and (5), the
theoretical ratio of aluminum dross to fly ash ratio
(A/F) 0.8228:1 was obtained and labled as 1.0.
Experimental conditions were optimized to maximum
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Figure 3. Schematic diagram of the mixing and sintering process

the content of ferrosilicon and alumina in magnetic
portion and nonmagnetic one.

3. Thermodynamics analysis

Physical and chemical properties of fly ash can be
simulated as a mixture of independent components
[29]. Although liquid and solid solutions may form at
elevated temperatures, they have negligible effects on
the final equilibrium components [30, 31]. Existence
state of SiO, is not considered. The valuable
components in aluminum dross are metallic aluminum
and aluminum nitride, which are used as reducing
agent. There is small amount carbon in fly ash. In
view of the fact that the temperature required for
carbothermic reduction is significantly more than that
for aluminothermic reduction, carbon in fly ash is not
considered a reducing agent. According to Table 1 and
2, possible components in fly ash and aluminium

dross to be reduced are Fe,O,, NaFeO,, SiO,, CaO,
and MgO. Meanwhile, some reduction products may
continue to react. The thermodynamic data were
calculated using the HSC Chemistry 6.0 software
package. Chemical reactions and the relationship
between Gibbs free energy and temperature at
standard state were summarized in Table 3.

Iron oxide exists in the form of Fe,O, and NaFeO,.
SiO: exists as quartz, mullite, and amorphous glass in
fly ash. Possible aluminothermic reduction reactions
are the reactions (1) - (8). The relationship between
standard Gibbs free energy change (AG°) and
temperature is illustrated in Figure 4(a). With
increasing temperature, the standard Gibbs free
energy variation of reactions (2) and (4) shows a
decreasing trend, while an opposite tendency is found
for that of reactions (1), (3), and (5)-(8). However,
AG® for these reactions are much less than zero. It is
evident that these reactions are thermodynamically

Table 3. Possible reactions between fly ash and aluminium dross

Component Number Reaction equations AG® (kJmol)
(1) 1/2Fe,0, + Al = Fe + 1/2A1,0, -434.309+0.036T
2) 1/2Fe,0, + AIN = Fe + 1/2A1,0, + 1/2N,(g) -111.002-0.078T
3) NaFeO, + Al =Fe + 1/2A1,0, + 1/2Na,O -339.345+0.014T
4 NaFeO,+AIN= 1/2Fe+1/2A1,0,+1/2Na,0+1/2N (g) -16.040-0.100T

Fe,0,, NaFeO, 2 - 273 2 2

®) 3/48i0, + Al = 3/4Si + 1/2A1,0, -159.053+0.029T
(6) 3/8A181,0,,+Al=13/8A1,0,+1/2Si -168.756+0.042T
@) 1/38i0,+5/18Fe,0,+Al=1/9Fe,Si,+1/2A1,0, -341.216+0.034T
8) 3Al1Si,0,,+5Fe,0,+18Al=2FeSi,+18A1,0, -345.529+0.039T
©) Si+C=SiC -77.553+0.015T
(10) Fe+Si=FeSi -80.746+0.006T
(11) Fe+2Si=FeSi, -97.998+0.033T

SiC, Si, Fe (12) Fe+1/3Si=1/3Fe,Si -36.911-0.005T
(13) Fe+3/5Si=1/5Fe,Si, -52.639+0.002T
(14) 2/9SiC+1/9Si0,+Fe=1/3Fe,Si+2/9CO(g) 55.899-0.037T
(15) 2/58iC+Si0,+Fe=1/5FeSi,+2/5CO(g) 114.419-0.074T




Qixiang Su et al. / J. Min. Metall. Sect. B-Metall. 62 (1) (2026) 1 -12 5

(@)

—a—(1)
——(2)
—A—(3)
—v— (@)
—4=(5)
—— (6)
——(7)
——(8)

-100 +

-200 4

AG°/kJ-mol!

-300 4

-400 |

SERBDRSeS

T T T 1 1 1 1 1 T T T 1 T 1
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

T/K

—a—(9)
—e— (10)

(b)\\

40 4

AG°/kJ-mol!

-40 -

T T T T T T T T
800 1000 1200 1400 1600 1800 2000 2200

T/K

T T T
200 400 600

Figure 4. Diagrams of the AG° -T for possible reactions: (a) reactions (1)-(8); (b) reactions (9)-(15)

favorable (AG°® < 0) within the investigated
temperature range. The aluminothermic reduction
reaction of mullite and quartz phase can occur at
experimental temperatures as shown in Figure 4 (a).
However, it is interesting to find that when there is
Fe,O, in the reduction system, the standard Gibbs free
energy variation of aluminothermic reduction mullite
and quartz reduces 200 kJmol'. Consequently, the
existence of Fe,O, can efficiently reduce the
aluminothermic reduction temperature of mullite and
quartz from the thermodynamics perspective.

Aluminothermic reduction reaction products may
interact among themselves or with some components
in fly ash and aluminium ash continuously. As shown
in Fig 4 (b), there is a significant decrease in the
standard Gibbs free energy variation of the reactions
(14) and (15) with increasing temperature, and the
initial reaction temperature can be obtained as
1408.163K and 1560.264K, respectively. A slight
increase in standard Gibbs free energy variation of
reactions (9) — (11) is found except a slight decrease
for the reactions (12) and (13). It is noted that there
are distinct inflection points for reactions (9), and (11)
— (14), implying a decrease of possibility of reactions
occurrence after inflection points. However, standard
Gibbs free energy variation of reactions are below
zero in the temperature range of 1546.2-2073.15K,
which means these reactions may occur
spontaneously.

On the whole, thermodynamic analysis shows that
standard Gibbs free energy variation of
aluminothermic reduction of Fe,O,, NaFeO,, and SiO,
with aluminum nitride is much higher than that of
metallic aluminum (Figure 4 (a)), which means that
metallic aluminum serves as an effective reducing
agent at a lower temperature than aluminum nitride.
CaO and MgO cannot be reduced by aluminum or
aluminum nitride. Iron reduced in the presence of iron
oxide more easily combines with silicon to form a
trace liquid phase, which further reduces the activity
of Si and promotes the reaction to the right. In

addition, the Gibbs free energy changes of reactions
(10) — (13) prove that when the generated Si and Fe
exist, reaction products such as FeSi, Fe,Si and
Fe,Si, can be produced at experimental temperatures.

4. Results and discussion
4.1. Effect of temperature

Experiment of aluminothermic reduction of fly
ash using aluminum ash in the temperature range of
1473 K - 2073 K was made. The X-ray diffraction
(XRD) patterns of the reduction products were shown
in Figure 5.

It is observed that the primary component in the
reaction products is Al,O,, along with FeSi, SiC,
MgALQO,, SiO,, and Fe,Si,. No mullite was found,
indicating that mullite has been completely
decomposed. The decomposition of mullite is
favorable for the separation and extraction of silica
and alumina. At 1473 K, SiO, is present in the
product. However, as the temperature increases, the
characteristic peak intensity of SiO, becomes weaken
due to the reduction by aluminum according to Eq(5).
This observation promotes the production of
ferrosilicon alloy. The intensities of the characteristic
peaks for SiC increases with increasing temperature,
meaning that Si obtained reacts with the residual
carbon in fly ash by reaction (9).

Meanwhile, a lot of iron and silicon are obtained
and reacts to produce Fe Si, by reaction (13), which is
in agreement with the increase of diffraction intensity
of Fe,Si,. MgAlLO, spinel was also found in the
product because the reaction between MgO and Al,O,
can occur at relatively low temperature [32].

The melting point of ferrosilicon is generally
between 1683 K and 1733 K. When the temperature
exceeds 1773 K, ferrosilicon alloy becomes liquid at
high temperatures. Fluidity of the molten slag is poor.
During the process of aluminum thermal reduction of
fly ash, reactions (2) and (4) will also occur. Under the
action of N, gas, it will separate from the alloy phase.
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Figure 5. XRD patterns of reduction products in range of 1473-1873K

When the temperature is more than 1873K, notable
changes in the products are observed. The product
develops a distinct layered structure, namely slag
layer and metal layer, which provides convenience
for the separation of ferrosilicon from slag. Figure
6(a) and (b) present the X-ray diffraction (XRD)
patterns of the upper slag and bottom alloy in the
temperature range of 1973K-2073K, respectively. As
shown in Figure 6(a), the detection of Mg,SiO,
signifies the occurrence of a reaction between MgO
and SiO,. MgAlLO, was absent from the slag layer.
MgO preferentially reacts with AlLO, to form
MgAl,O, with a volume expansion, following by a

1-ALO.
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volume shrinkage due to the production of Mg,SiO,.
Additionally, the presence of an AILON diffraction
peak and the concurrent decrease in ALO, intensity
imply that AIN reacts with AL,O, to form ALLON [33].
Correspondingly, presence of ALLONN will lead to the
loss of Al,O, in alumina-rich slag. Various diffraction
peaks of ferrosilicon alloy including FeSi, and FeSi at
1973 K are found in Figure 6(b), which is probably
caused by a higher production of silicon by reaction
(5). This observation means FeSi, and FeSi, not Fe,Si
and Fe,Si,, are major products at higher temperature.
Appearance of Al-Si-Fe alloy at 2073 K means the
decrease of aluminum content in the slag phase,
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Figure 6. XRD patterns of the reduction products in range of 1973-2073K
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which is against the recovery of alumina-rich slag.
Taking these factors into consideration, it is
recommended that the optimal holding temperature
this process is 1673 K.

4.2. Effect of time

Effect of time on the reduction of fly ash was
examined in a range of 5 - 30 minutes, with a
temperature of 1673 K and theoretical addition of
aluminum ash. Figure 7 presents the X-ray diffraction
(XRD) patterns of the reduction products.

The diffraction peaks remain nearly identical
across different reaction times. The phases identified
include ALO,, FeSi, SiC, MgAlO,, FeSi,, and SiO,,
but the intensity of diffraction peaks varies throughout
the time range. The diffraction peak of mullite in fly
ash disappears in 5 minutes, indicating that the
decomposition of mullite into SiO, and Al,O, occurs.
The XRD patterns show that the SiO, phase remains
detectable in 5 - 10 minutes, but the intensity of its
diffraction peaks gradually decrease due to the
reaction (5). By the time 20 minutes, the characteristic
peak of SiO, disappears and is replaced by spinel
phase. SiC is formed in the initial stage of
aluminothermic reduction process and subsequently
reacts with silicon dioxide and iron to produce a
ferrosilicon alloy by reactions (14) and (15).
Similarly, intensity of the characteristic peak for SiC
declines over time. However, SiC cannot be fully
consumed due to the insufficient Fe. In light of the
reduction of SiO, and SiC, the optimal holding time is
proposed to be 20 minutes.

1200

800

400

Intensity(counts)

4.3. Effect of aluminium dross

On the basis of reactions (1), (3), and (5), the
theoretical ratio of aluminum dross to coal fly ash
ratio (A/F) was obtained and labled as 1.0. Effect of
aluminium dross addition with different ratios of
aluminum dross to fly ash (A/F) at a temperature of
1673K and in 20 minutes was investigated. XRD
analysis of the reduction products is shown in Figure
8. It is evident that the phases of the reaction products
remain consistent within the ratio range of 0.8 - 1.2.
The primary phases identified are Al,O,, FeSi, SiC,
MgAlO,, and Fe,Si,. Neither mullite nor SiO, is
present indicating a complete decomposition of
mullite and deep involvement of SiO, during the
aluminothermic reduction process. Consequencely,
diffraction peaks intensity of silicon-containing
phases such as SiC, Fe,Si, and Fe,Si increase. The
characteristic peak intensity of SiC initially decreases
and then increases with the lowest peak strength at a
ratio of 1.0. Taking into account the participation of
Si0, in the reaction and the corresponding response of
SiC, the optimal A/F value is established at 1.0.

4.4. Separation of ferrosilion alloy and
alumina-rich slag

Aluminothermic reduction of fly ash experiment
was made under optimal conditions. The reaction
products obtained were grounded and subjected to
magnetic separation to obtain the magnetic and non-
magnetic materials shown in Figure 9(a) and (b).
Magnetic portion is dark black, and the nonmagnetic
one is lighter than the former.

T
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Figure 7. XRD patterns of reduction products in different times
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Figure 9. Physical map of product: (a) magnetic materials;
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Figure 10. XRD patterns of product: (a) Magnetic
materials; (b) Nonmagnetic meterials

XRD patterns of magnetic and non-magnetic
materials are presented in Figure 10. There is still
some ALO, in the the magnetific materials due to the
incomplete separation. Consequently, a small amount
ferrosilicon alloy such as Fe,Si, and Fe,Si stays in the
non-magnetific materials shown in Fig 10.

Chemical composition of the magnetic portion
was presented in Table 4. The ferrosilicon alloy
contained 63.84 wt% Fe, 22.05 wt% Si, 7.28% Al, and
3.24 wt% C. A Fe/Si of 2.9 indicates that reduction
amount of iron oxide is more than that of alumina.
Alumina content in nonmagnetic portion is 79.42% by
chemical analysis. Alumina-rich slag with a alumina
content of 10% is obtained, which can be used as a
raw material for extracting alumina. Solid wastes are
transformed into valuable substances. Accordingly,
amount of fly ash and aluminum dross will be reduced
greatly when aluminum, silicon and iron are fully
extracted.

4.5. Morphology of reduction products

Products were analyzed using scanning electron
microscopy (SEM) and energy dispersive
spectroscopy (EDS). Figure 11(a) shows the
morphology of the sample after grinding. In Figure
11(a), spherical particles are evident, accompaning by
irregularly-shaped materials. Figure 11(b) presents a
magnified view of the area indicated in Figure 11(a).
Figure 11(c) shows the cross-sectional morphology of
the sample, which reveal the circular white areas
alongside the irregularly-shaped gray regions. The
black areas in the samples represent pores formed
during the reaction; these voids are attributed to the
formation and escape of gases throughout the
aluminothermic reduction process. A spherical Fe—Si
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Table 4. Chemical composition of magnetic portion

Element Fe Si Al C

Mass (Wt%) 6384 | 22.05

7.28

composed of a ferrosilicon alloy. The elemental
composition at point 2 is O 47.04 wt.%, Al 48.70
wt.%, Si12.71 wt.%, and Fe 1.55 wt.%, suggesting that
the irregular material is characterized as loose and

L 2

Figure 11. SEM images of sample powder: (a) morphology; (b) morphology of the selected area; (c)cross-section
morphology; (d) cross-section morphology of the selected area

Element (wt.%)

O Al Si Fe
6.04 271 26.79 64.47

@l - |

Figure 12. EDS patterns: (a, b) EDS spectra at points 1 and 2 in Figure 11(d); (c) composite elemental map; (d-g)
elemental distribution maps for O, Al, Si, and Fe, respectively

particle embedded in a porous alumina matrix is
found in Figure 11(d). Point and surface scanning
using energy dispersive spectroscopy (EDS) is shown
in Figure 12. Figures 12(a) and 12(b) correspond to
points 1 and 2 in Figure 11(d), respectively. The
elemental composition at point 1 is O 6.04 wt.%, Al
2.71 wt%, Si 26.79 wt.%, and Fe 64.47 wt.%,
indicating that the white circular area is mainly

Element (wt.%)

O Al Si Fe
47.04 48.70 2.71 1.55

porous alumina. Due to the incomplete separation,
small amount of alumina and ferrosilicon alloy stays
in the magnetic materials and nonmagnetic materials,
respectively.

Si and Fe are concentrated in the white circular
regions in Figures 12(d) - (g), whereas O and Al are
found in the gray irregular regions and along the
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periphery of the circular areas in Figure 11 (c), such as
pink portion. This distribution indicates that Al and Si
originally combined in mullite, are influenced by Fe.
During aluminothermic reduction process, these
elements are spatially separated at a microscopic
level, leading to the reduction of iron and silicon and
the formation of liquid phase micro-regions within a
specific compositional range. These liquid phase
areas ultimately converge in the voids of the sample,
resulting in the growth of ferrosilicon alloy particles.
Furthermore, the decomposition of mullite yields
alumina, which remains in solid form due to its high
melting point. Consequently, solid alumina is retained
in its original position, manifesting as loose, porous,
and irregularly shaped particles. This structural
characteristic is essential for facilitating the
subsequent physical separation of ferrosilicon alloy
and alumina-rich slag. By grinding and magnetic
separation, ferrosilicon alloy and alumina-rich slag
can be obtained. Meanwhile, there are a lot of tiny
spherical ferrosilicon alloy particles shown in figure
12(c). Small amount of ferrosilicon alloy is found in
the alumina-rich slag due to the incomplete
separation.

The process mainly composed of two stages. The
first stage is the formation of ferrosilicon alloys
during the aluminothermic reduction. And the second
one is the separation of alumina and ferrosilicon
alloys by sieving and magnetic separation. Fly ash
and aluminum dross are both waste to be handled. The
process delivered appropriate conditions for the
subsequent utilization in dustry. The residual amount
of waste is greatly shortened when ferrosilicon alloy
and alumina are extracted from fly ash and aluminum
dross. It is suggested that the aluminothermic
reduction and magnetic sepatation may provide an
environmentally friendly means for large-scale
utilization of fly ash and aluminum dross.

5. Conclusions

This study successfully demonstrates a sustainable
metallurgical process for the recovery of ferrosilicon
alloy and alumina-rich slag from fly ash and
aluminum dross through aluminothermic reduction
and magnetic separation. The main findings can be
summarized as follows:

(1) Aluminum dross proves to be an effective
reducing agent. With the addition of Fe,O,, the
theoretical reduction temperatures of mullite and
quartz are greatly reduced. Phases of FeSi and Fe,Si,
are found 1473 K. Ferrosilicon including FeSi, and
FeSi is found at 1973 K. Al-Si-Fe alloy appears at
elevated temperature such as 2073 K. SiC is formed in
the initial stage of aluminothermic reduction process
and subsequently reacts with silicon dioxide to
produce ferrosilicon.

(2) At 1673 K and A/F ratio of 1.0, when the
reaction time is 20 minutes, ferrosilicon and alumina
content both are optimal, yielding a ferrosilicon
content of 85.89% (FesSi and FesSis) in magnetic
portion and an alumina content of 79.42% in
nonmagnetic one. Small amount of aluminum and
carbon is left in the magnetic portion due to
incomplete separation.

(3) Ferrosilicon alloy can be used in steelmaking,
and alumina-rich slag can be used a raw material to
extract alumina. Meanwhile, when silicon, aluminum,
and iron are extracted from fly ash and aluminum
dross, residual amount of these waste reduced greatly.
The prosess offers a solution with potential
environmental and economic benefits for the
application of industrial waste.
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ALUMINOTERMICKI REDUKCIONI PROCES ZA DOBIJANJE
FEROSILICIJUMA I GLINICE IZ LETECEG PEPELA
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Apstrakt

U savremenim istraZivanjima sve veca paznja posvecuje se zastiti Zivotne sredine i reciklazi évrstog otpadnog materijala,
a posebno leteceg pepela i aluminijumske troske. Napori u pravcu efikasnog iskoris¢avanja leteceg pepela znatno su
pojacani u poslednjem periodu. U ovom radu predstavljen je proces dobijanja sljake bogate glinicom i legure ferosilicijuma
putem aluminotermicke redukcije leteceg pepela uz primenu aluminijumske troske. Skenirajuca elektronska mikroskopija
(SEM) i energetski disperzivna spektroskopija (EDS) potvrdile su formiranje sfernih Cestica ferosilicijuma obavijenih
rastresitom, poroznom matricom glinice tokom procesa aluminotermicke redukcije. Termodinamicki proracuni ukazali su
na to da se temperatura redukcije SiO: i mulita snizava u prisustvu Fe:Os. Pri uslovima temperature od 1673 K, odredenom
masenom odnosu aluminijumske troske prema letecem pepelu (A/F) i trajanju redukcije od 20 minuta, magnetna frakcija
sadrzi 85,89% ferosilicijuma, dok nemagnetna frakcija sadrzi 79,42% glinice. Predlozeni proces predstavlja resenje sa
znacajnim ekoloskim i ekonomskim potencijalom u oblasti primene leteceg pepela i aluminijumske troske.

Kljucne reéi: Leteci pepeo; Aluminijumska troska,; Aluminotermicka redukcija; Legura ferosilicijuma
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