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Synergistic extraction and separation of valuable elements from
high-alumina fly ash with carbochlorination method
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Abstract: A novel process was proposed for synergistic extraction and separation of valuable elements from
high-alumina fly ash. A thermodynamic analysis revealed that to achieve effective carbochlorination, it is crucial to
conduct carbochlorination of the fly ash within the temperature range from 700 to 1000 °C. The experimental results
demonstrated that under the optimal conditions, the carbochlorination efficiency for Al, Si, Ca, Ti, and Mg exceeded
81.18%, 67.62%, 58.87%, 82.15%, and 59.53%, respectively. The XRD patterns indicated that Al and Si in the mullite
phase (Al6Si2013) were chlorinated during the carbochlorination process, resulting in the formation of mullite
mesophases (Als 75511250963 and Al;s3Si1.0804355). After the carbochlorination process, Al was accumulated as AICl3 in
the condenser, while SiCly and TiCly were enriched in the exhaust gas, and CaCl,, MgCl,, and unreacted oxides
remained in the residue for further recycling.
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of high-alumina fly ash had led to significant
ecological contamination [5]. However, from a
resource perspective, high-alumina fly ash contains
abundant resources, including aluminum, silicon,
gallium, lithium, scandium, and other elements.
Therefore, it can be considered a significant “urban

1 Introduction

Given its high alumina content of nearly 50%,
high-alumina fly ash is a significant alternative
resource to bauxite [1]. High-alumina coal is
primarily found in Shanxi, Inner Mongolia, and
Ningxia in China. The proven resources of high-
alumina coal are 50 billion tons, with prospective
resources exceeding 100 billion tons [2]. Burning
high-alumina coal can potentially produce utilization level. The primary mineral components
approximately 14 billion tons of high-alumina fly of high-alumina coal include kaolinite, quartz,
ash [3] . The annual discharge of high-alumina fly ~ pyrite, and other minerals [7,8]. A phase
ash has exceeded 60 million tons, with the transformation of kaolinite occurs during the
accumulated stock surpassing 300 million tons [4]. combustion process of high-alumina coal as the
From an environmental perspective, the accumulation combustion temperatures vary [9] :

mineral” resource [6].
The mineral composition in high-alumina fly
ash is closely associated with the comprehensive
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550 °C: Al05-2510,-2H,0 (kaolinite)—

Al>03-2810; (metakaolin)+2H,O (1)
850 °C: AlL0O3-2S810,—

Al>03-Si0O; (sillimanite)+SiO; 2)
950 °C: AL,O3°Si0,—

SiOx+y- AlLO3 3)
1000—1100 °C: 3A1,03-2810,—

3A103-28i0; (mullite) (4)

High-alumina fly ash is classified as
circulating fluidized bed fly ash (referred to as CFB
fly ash) or pulverized coal furnace fly ash (referred
to as PC fly ash) based on the different types of
combustion furnaces used [10]. The combustion
temperature range of a circulating fluidized bed is
850950 °C. Additionally, the predominant phases
in CFB fly ash are amorphous silicon, alumina,
sillimanite, and a minor proportion of mullite [11].
However, the combustion temperatures of pulverized
coal furnaces range from 1250 to 1450 °C, and the
phases in PC fly ash include mullite, corundum,
quartz, and other crystalline minerals [12]. In
addition, the aluminum, silicon, gallium, lithium,
scandium, and other elements in the PC fly ash are
encapsulated within spherical glass particles [13].
The complex phase structure and the spherical
shells in PC fly ash pose challenges for
extraction [14].

The utilization methods for fly ash can be
categorized into alkali and acid methods [15,16].
The alkali process primarily comprises lime
sintering, alkali lime sintering, and prior
desiliconization alkali lime sintering [17]. The lime
sintering method is not cost-effective due to the
high energy consumption, low alumina dissolution
rate, and slag  production. By
incorporating sodium carbonate into the limestone
sintering process, the alkali lime sintering method
reduced the energy consumption and minimized
waste residue discharge [18]. However, this method
also led to augmented alkali consumption and
diminished alumina extraction efficiency, resulting
in a suboptimal economic benefit. In the prior
desiliconization process, sodium hydroxide was
reacted with the amorphous silica in the high-
alumina fly ash, thereby enhancing the aluminum—
silicon ratio of the fly ash. Then, alkali lime
sintering was used to extract the alumina from the
prior desiliconization residues. After several years

excessive

of industrial operation, this method was ultimately
discontinued due to its exorbitant operating cost.

The acid process primarily involves the use of
sulfuric acid and hydrochloric acid to separate the
aluminum and silicon in fly ash [18]. However,
these methods cannot effectively disrupt the
intricate phase structure of the aluminum-—silicon in
fly ash. Therefore, an external field is often applied
to improving the extraction process [19,20].
Another key challenge in the acid method arises
from the  purification, evaporation, and
crystallization of aluminum chloride [21]. The acid
method facilitates efficient utilization of multiple
elements from high-alumina fly ash more than the
alkali method [22,23]. However, the evaporation
and crystallization of aluminum chloride consumes
a substantial amount of energy and the alumina
products fail to meet the quality requirements for
aluminum electrolysis [24].

In conclusion, these conventional methods are
plagued by environmental contamination and
exorbitant operating expenses. The carbochlorination
method presents a promising approach for high-
alumina fly ash, with advantages such as enhanced
conversion efficiency, minimal residue discharge,
and utilization of multiple elements [25—29]. The
carbochlorination of fly ash generally involves two
procedures: carbochlorination and purification. The
carbochlorination process involves the conversion
of aluminum, silicon, and other oxides into chloride
phases. After the carbochlorination process,
washing is implemented to recover valuable
chlorides such as CaCl,, MgCl,, and LiCl. The
unreacted oxides are blended with the raw materials
and reintroduced into the carbochlorination process,
ensuring "zero waste" discharge. The purification
process is a mature technique for refining AlCIs,
SiCls, and other metal chlorides. AICl; is widely
used as a catalyst in various synthetic organic
processes. SiCly plays a crucial role in the
production of high-purity silicon and ethyl silicate.

This study employed the carbochlorination
method to extract valuable metals from PC fly ash.
A thermodynamic analysis was employed to
estimate the carbochlorination principles of the fly
ash. The objective of the single-factor experiments
was to determine the optimal conditions and
elucidate the mechanism for the fly ash
carbochlorination.
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2 Experimental

2.1 Materials

The fly ash and carbon used in this study were
sourced from a thermal power plant in Inner
Mongolia, China. The contents of Al,O;, SiOs,
MgO, TiO,; and CaO were analyzed by ICP
(Optima 8300DV, PE, USA), and the chemical
components are presented in Table 1. The blended
gas consisted of nitrogen (N2 > 99.9%) and chlorine
(Cl2>99.8%).

Table 1 Chemical composition of high-alumina fly ash
used in this study (wt.%)

Al O3 Si0; MgO TiO; CaO Others
48.39 38.73 0.40 1.74 2.65 8.09
2.2 Methods

2.2.1 Carbochlorination

A schematic diagram of the experimental
setup for carbochlorination process is provided in
Fig. 1.

The fly ash, carbon, and binder were mixed
in a particular ratio and pelletized to a specific
size with a disk granulating machine (Zhengzhou
Machinery Manufacturing, Zhengzhou, China). The
fine pellets were dried at 90 °C for 24 h. The dried
pellets were arranged within a packed bed reactor
(TJZ, Tianjin Zhonghuan Furnace Corp., China),
which was equipped with a separation apparatus for
the carbochlorination product. The carbochlorination
experiment was conducted at a predetermined
temperature for a specific duration, employing
various nitrogen and chlorine gas compositions.
2.2.2 Water leaching

The carbochlorination residues were leached

Pellet feed inlet
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with a liquid-to-solid ratio of 5:1, a temperature of
60 °C, and time of 1 h. The leaching residues were
subsequently separated with a circulating water
vacuum pump (SHZ-DIIIL, Henan Yucheng apparatus,
China) and analyzed by ICP. The carbochlorination
efficiency () for the major constituents in the fly
ash was determined with Eq. (5):

n=(1-m1/mo)*x100% %)

where mo and m; are the mass of elements in the
pellet before carbochlorination and in the residues
after carbochlorination, respectively.

SEM (SU-8010, Japan) was employed to
examine the morphologies of the carbochlorination
residues and the products. The phase compositions
of the residues and the products were examined by
XRD (PW3040/60, Philips, Netherlands).

3 Results and discussion

3.1 Carbochlorination principle of principal
components in fly ash

The melting points, boiling points, and vapor
pressures of the carbochlorination products are
illustrated in Fig. 2.

In Fig. 2, the melting points, boiling points,
and vapor pressures of the carbochlorination
products confirmed the viability of separating
the carbochlorination products via condensation.
Moreover, it is imperative to assess the viability of
using carbochlorination of the primary constituents
in fly ash. Based on the use of 1 mol Cl in
the carbochlorination reaction, the potential
carbochlorination reactions and standard Gibbs free
energy changes are presented in Table 2 and Fig. 3.

In Fig. 3, the standard Gibbs free energy
changes for the potential reactions of the principal
components in the fly ash were negative at temperatures
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Fig. 1 Schematic diagram showing experimental setup for carbochlorination
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Fig. 2 Melting points and boiling points (a), and vapor pressures (b) of carbochlorination products

Table 2 Potential reactions and standard Gibbs free energy changes for carbochlorination of fly ash

AG®/(kJ-mol ™)

No. Potential reaction of M (M= Al, Si, Ti, Mg, Ca)-O—ClI system

600 °C 900 °C
1 1/13A16S12015+Cly(g)+1/2C=1/2C0x(g)+6/13A1CIx(g)+2/13SiCla(g) ~92.43 ~108.79
2 1/13Al6Si1,015+Cl(g)+C=CO(g)+6/13AICL(g)+2/13SiCly(g) ~83.63 ~126.26
3 1/3AL05+Cly(g)+1/2C=1/2C0x(g)+2/3AICI5(g) —91.22 ~111.683
4 1/3AL,05+Cly(g)+C=CO(g)+2/3AlCI(g) -82.43 ~129.16
5 1/2Si0,+Cly(g)+1/2C=1/2COx(g)+1/2SiCls(g) -95.15 -102.27
6 1/28i0,+Cly(g) +C=CO(g)+1/2SiCl(g) ~86.35 ~119.74
7 1/2TiOx+Cla(g)+1/2C=1/2COx(g)+1/2TiCli(g) ~133.42 ~141.95
8 1/2TiOx+Cla(g)+C=CO(g)+1/2TiCli(g) ~124.62 ~159.42
9 MgO+Cly(g)+1/2C=1/2COx(g)+MgCl ~194.67 ~190.49
10 MgO+Cly(g)+C=CO(g)+MgCl ~185.88 -207.97
11 CaO+Cly(g)+1/2C=1/2COx(g)+CaCl, ~317.59 ~309.75
12 CaO+Cly(g)+C=CO(g)+CaCly ~308.80 ~327.23

30 of 200—1000 °C, which showed that these reactions

0r proceeded in the forward direction. The standard

=50t Gibbs free energies for carbochlorination of other

T 100k compounds were relatively insignificant compared

E 150l to those for chlorination of MgO and CaO, indicating

< a higher priority for the carbochlorination reactions

@£<D] 2007 of MgO and CaO over those of AlsSi,Oi3, Al,O3,

=2501 Si0;, and TiO». The standard Gibbs free energies of

~300 e AleSi2013 and Al,Os were relatively positive over

3s0f o the temperature of 0—737 °C compared to that of

(') 2(')0 4(')0 6(|)0 860 10'00 Si0,, indicating that higher temperatures drove the

Temperature/°C carbochlorination reactions of AlsSi,013 and ALLOs.

Fig. 3 Standard Gibbs free energy changes for carbo-
chlorination of fly ash corresponding potential reactions
in Table 2 at 0—1000 °C

Furthermore, within the temperature of 737—
1000 °C, the standard Gibbs free energy changes for
all compounds in the fly ash exhibited significantly
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more negative values when CO was produced as a
reaction product rather than CO,. The thermo-
dynamic analyses suggested that the temperatures
of 700—1000 °C are crucial for optimizing the
carbochlorination efficiency.

3.2 Carbochlorination
alumina fly ash

Carbochlorination experiments with fly ash
were conducted to evaluate the impacts of the gas
flow rate, time, carbon content, temperature, and
proportion of Cls in the blended introducing gas.
3.2.1 Effect of gas flow rate

The effect of the gas flow rate was
investigated with gas flow rates ranging from 0.10
to 0.35 L/min, a temperature of 950 °C, a time of
60 min, pellet diameters ranging from 4 to 6 mm,
chlorine proportion of 100%, and a carbon content
of 27.0 wt.%. The carbochlorination efficiency and
XRD patterns of fly ash at various flow rates are
illustrated in Fig. 4.

As shown in Fig. 4(a), the gas flow rate had a
significant influence on the carbochlorination
efficiency of Al, Si, Ca, Ti, and Mg in fly ash. The
results showed an increasing trend as the gas flow
rate increased from 0.10 to 0.35 L/min. The optimal
carbochlorination processes for Al, Si, Ca, Ti, and
Mg were achieved with a gas flow rate of
0.35 L/min, and the efficiencies were 69.65%,
54.55%, 76.02%, 73.44%, and 49.46%, respectively.
In Fig.4(b), the carbochlorination residues
contained a mullite mesophase (Als7551125093),
alumina (Al,Os3), and silica (SiO;) at gas flow rates
of 0.10 and 0.20 L/min. The carbochlorination
residues primarily consisted of a mullite mesophase
(A11A33Si1_0304_85), alumina (A1203), and silica (SlOz)
when the gas flow rate reached 0.30 L/min. With
increased gas flow rates at 0.30 and 0.35 L/min, the
amount of the mullite mesophase (Als.s56S11.4409.72)
diminished. In contrast, a new mullite mesophase
(Al 83Si1080455) emerged, offering a potential
explanation for the improved carbochlorination
outcome for aluminum and silicon.

However, the pellets were pulverized when the
gas flow rate exceeded a certain threshold. Rapid
pulverization of the pellets deteriorated the gas—
solid reaction conditions and led to the discharge of
fly ash from the reaction zone with the gas flow.
Hence, a suitable gas flow rate of 0.30 L/min was
used in the subsequent experiments.
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Fig. 4 Carbochlorination efficiency (a) and XRD patterns

(b) of fly ash at various flow rates

3.2.2 Effect of time

The effect of time on the carbochlorination
efficiency and XRD patterns of fly ash are shown in
Fig. 5, and the following conditions were used: time
of 15 to 120 min, temperature of 950 °C, carbon
content of 27.0 wt.%, pellet diameters ranging from
4 to 6 mm, and gas flow rate of 0.30 L/min with a
chlorine proportion of 100%.

The carbochlorination reactions of Al, Si,
Ca, Ti, and Mg in the fly ash exhibited increasing
efficiency with increasing reaction time from 15 to
120 min. The optimum carbochlorination efficiency
was realized after 120 min, resulting in efficiencies
of 79.31%, 63.89%, 82.76%, 81.61%, and 54.99%,
respectively (Fig. 5(a)). The carbochlorination
efficiencies of Al, Ca, and Ti were significantly
superior to those of Si and Mg with the extended
carbochlorination time. The principal phases
observed in the carbochlorination residues were
mullite mesophase (A14,7ssi1,2509,63, A11,83Si1_0804_85),
alumina (Al;Os), and silica (Si0O;), as shown in
Fig. 5(b). The mullite phase in the fly ash was
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transformed from AlsSi>O13 to Al;s3Si1080485 with
extended carbochlorination time from 15 to 120 min.
The intensities of the peaks at 16.35°, 26.18°, and
40.75° for the mullite mesophase exhibited significant
decrease, indicating that the carbochlorination
process continuously disrupted the crystal structure
of the mullite phase in the fly ash.

The above statement explains the
carbochlorination efficiency of the fly ash as a
function of increasing carbochlorination time. Due
to the continuous consumption of carbon in the
pellets, the limited amount of carbon inhibited
carbochlorination of the fly ash with extended
time. Therefore, the subsequent carbochlorination
experiments were run for 60 min.

3.2.3 Effect of carbon content

The effect of carbon content was investigated
with the following conditions: temperature of
950 °C, time of 60 min, pellet diameter ranging
from 4 to 6 mm, gas flow rate of 0.30 L/min with a
chlorine proportion of 100%, and carbon contents
of 20.4, 23.9, 27.0 and 29.9 wt.%. The effects of

Long WANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3737-3748

carbon content on the carbochlorination efficiency
and XRD patterns of fly ash are shown in Fig. 6.

Carbochlorination of the fly ash was
significantly affected by the carbon content in the
pellets, as shown in Fig. 6(a). The carbochlorination
efficiency for Al, Si, Ca, Ti, and Mg in the fly ash
exhibited rapid increase from 50.86%, 27.58%,
9.84%, 52.09% and 15.04% (20.4 wt.% carbon
content) to 81.19%, 67.62%, 58.88%, 82.15%
and 59.53% (27.0 wt.% carbon), followed by
subsequent decrease with increase of carbon content
from 27.0wt.% to 29.0 wt.%. The incomplete
reactions with low carbon constituted suboptimal
efficiency. Carbochlorination of the fly ash reached
the maximum efficiency with a carbon content of
27.0 wt.%, where it approached the theoretical
carbon requirement. A thermodynamic analysis
revealed that a high carbon content elevated
the partial pressures of CO and CO> while
simultaneously reducing the partial pressure of
Cl,. This inhibited carbochlorination of the primary
components in the fly ash.
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As shown in Fig. 6(b), the carbochlorination
residues primarily consisted of a mullite mesophase
(Al4_758i1,2509,63), alumina (A1203), and silica (SlOz)
with a carbon content of 20.4 wt.%. A higher
carbon content in the pellets resulted in
disappearance of the diffraction peaks associated
with the mullite mesophase (Als75S11.2509.63), While
a new mullite mesophase (Al;83S11.0s04.85) emerged,
which explained the improved carbochlorination
efficiency of the fly ash.

3.2.4 Effect of temperature

The effect of temperature was determined with
temperature ranging from 800 to 950 °C, reactions
time of 60 min, pellet diameter ranging from 4 to
6 mm, gas flow rate of 0.30 L/min with a chlorine
proportion of 100%, and carbon content of
27.0 wt.%. The results are shown in Fig. 7.

The carbochlorination efficiency of Al Si, Ca,
Ti, and Mg in the fly ash increased as the
temperature increased, as depicted in Fig. 7(a). The
carbochlorination efficiencies for Al, Si, Ca, Ti, and
Mg in the fly ash increased from 50.22%, 34.39%,
28.04%, 40.36% and 8.79% at 800 °C to 81.18%,
67.62%, 58.87%, 82.15% and 59.53% at 950 °C,
respectively, which was consistent with the
thermodynamic predictions. The XRD patterns for
the carbochlorination residues produced at various
temperatures are illustrated in Fig. 7(b). The new
phase appearing in the carbochlorination residues
after heating at 800 °C was identified as MgSiOs,
indicating that some of the MgO and SiO, were
converted into MgSiOs at this temperature. The
diffraction peaks for the mullite mesophase
(Al 83Si1.0s04585) were observed for the residues
produced at a carbochlorination temperature of
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900 °C. The increased carbochlorination temperature
from 900 to 950 °C resulted in diffraction peaks for
the mullite mesophase (Al s3Si1080455) in the
residues, indicating that aluminum and silicon were
extracted from the mullite phase (AlgSi2O;3) in the
fly ash during carbochlorination. Hence, subsequent
experiments were conducted at 950 °C.
3.2.5 Effect of Cl, proportion in

introduction gas

Figure 8 shows the effect of Cl, proportion in
the introduced gas ranging from 60% to 100%
under conditions of temperature of 950 °C, time of
60 min, pellet diameters of 4—6 mm, gas flow rate
0of 0.30 L/min, and carbon content of 27.0 wt.%.

The carbochlorination efficiencies for Al, Si,
Ca, Ti, and Mg in the fly ash exhibited increasing
trends and reached the maximum efficiency of
81.18%, 67.62%, 58.87%, 82.15%, and 59.53%,
respectively, when the proportion of Cl, was 100%,
as shown in Fig. 8(a). The XRD patterns of the
carbochlorination residues produced with varying
chlorine gas proportions are presented in Fig. 8(b).
The main constituents in the residues included
mullite mesophase (Al4,75811,2509,63, A11,83Si1_0804_85),
alumina (Al>O3), and silica (SiO;). However, with
increased proportions of Cl, in the introduced
gas, diffraction peaks for the mullite mesophase
(Als75Si1250963) became indiscernible, whereas
those for the mullite mesophase (Al;83S11.0804.35)
were apparent. The increased proportion of Cl,
improved the carbochlorination efficiency, thereby
facilitating the recovery of valuable metals from the
fly ash. Subsequent experiments showed that it was
advisable to maintain a Cl, proportion of 100% in
the introduced gas.
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Fig. 7 Carbochlorination efficiency (a) and XRD patterns (b) of fly ash at various temperatures
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3.3 Morphologies of carbochlorination residues

The morphologies of the carbochlorination
residues were examined by SEM to investigate
carbochlorination of the fly ash for different
time.

Figure 9(a) shows image of the residue
surfaces after carbochlorination for 15 min. The
residues exhibited textured surfaces containing
crevices and holes. It is worth noting that
carbochlorination of the fly ash was not completed
and predominantly occurred on the surface of the
fly ash, which was consistent with both the
carbochlorination efficiency of the fly ash and the

Long WANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3737-3748

XRD results after 15 min. The roughness of the
particle surfaces increased as the time increased
from 15 to 60 min, as shown in Figs. 9(b) and (c).
The carbochlorination reaction of the fly ash
progressed from the surfaces toward the interiors
of the particles. The carbochlorination residues
produced at 120 min exhibited incomplete spherical
particles with hollow spherical shell structures,
as shown in Fig. 9(d). Together with the
carbochlorination efficiency and XRD results of
the fly ash, the SEM image indicated that
carbochlorination of the fly ash was completed
within 120 min.
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Fig. 9 SEM images of carbochlorination residues produced with different carbochlorination time: (a) 15 min; (b) 30 min;

(c) 60 min; (d) 120 min
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3.4 Mechanism for fly ash carbochlorination

Based on the analysis presented above, a
mechanism for carbochlorination of the fly ash is
depicted in Fig. 10.

As shown in Fig. 10, the chlorine gas initially
contacted the fly ash and carbon in the pellets. The
aluminum and silicon in the mullite phase
(Al6Si2013) underwent chlorination reactions,
resulting in the formation of AICl;3 and SiCls and
the mullite mesophase (Als 75S11.2509.63). The mullite
mesophase  (Als75S11250963) Wwas  subsequently
chlorinated to form a new mullite mesophase
(A11_83Si1,0804,85). A1203, SiOz, CaO, TiOZ, and MgO
in the fly ash were chlorinated to form AICIs, SiCls,
CaCl,, TiCls, and MgCl, respectively. MgCl,,
CaCl,, and unreacted oxides remained in the
residues for further recycling treatment. AlCIs,
SiCls, and TiCls were carried out of the furnace by
the flowing gas. Most of the AICl; was efficiently
collected in the condenser, while SiCls and TiCls
were enriched in the tail gas flow due to the
relatively low melting and boiling points. The
mechanism for carbochlorination of the fly ash can
be expressed as follows:
Al6S12013(s)+C(8)+Cla(g)—Als 75511 2509 63(s)+

C(s)+Clx(g)+AICI3(g)+SiCls(g)+CO(g)—

Al 83S11.0804.85(s)+AICI3(g)+SiCla(g)+CO(g)

(6)

ALOx(s)+C(s)+Clx(g)—AlCl3(2)+CO(g) (7)
Si0s(s)+C(s)+Cla(g)—SiCly(g)+CO(g) (8)
TiOx(s)+C(s)+Cly(g)—TiCly(g)+CO(g) 9)
MgO(s)+C(s)+Cl(g)—MgCly(s)+CO(g) (10)
CaO(s)+C(s)+Clx(g)—CaCly(s)+CO(g) (11)

3.5 Characterization of carbochlorination products

After the carbochlorination process, a
condensation recovery unit was employed to
separate the carbochlorination products. The
composition of the carbochlorination products in
the condenser was analyzed with XRF, XRD, and
SEM, and the results are presented in Table 3,
Figs. 11 and 12, respectively.

As shown in Table 3, Cl, O, and Al contents in
the product were 70.18%, 13.80%, and 12.19 wt.%,
respectively, which were significantly higher than
the contents of Si, Fe, and Ti. These results
confirmed that Al and Cl were enriched as AlCls.

Figure 11 shows the XRD patterns of the
carbochlorination products removed from the
condenser. The principal phases were anhydrous
aluminum chloride (AlCIs) and aluminum chloride
hexahydrate (AICl3-6H>O). The presence of
AIlCI3-6H,0 was attributed to the absorption of H,O
from the surrounding atmosphere during collection
and analyses.

1
b

mAlL5sSi 5006 | « Mullite phase (AlgSi,0,5)
A Al 5Si; 050485

v Sio, * Carbon
vy, .
AL Megar 120min | o Cl
e b A M e
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v vy .
Ar00 44 60 min
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[] n .
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Fig. 10 Schematic showing mechanism for carbochlorination of fly ash



3746 Long WANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3737-3748

Table 3 Main components of carbochlorination product
(Wt.%)
Cl O Al Si Fe Ti  Other
70.18 13.80 12.19 0.05 070 035 2.73

& AICL+6H,0
v AICI,

A

Wl
Mv,vAVAfM

80 90

0 10 20 30 40 50 60 70
20/(°)

Fig. 11 XRD patterns for carbochlorination products

The SEM image and EDS result for the
products are shown in Fig. 12. The carbo-
chlorination products in Fig. 12(a) exhibited tabular
morphologies due to the condensation conditions.
Additionally, the O, Al, and Cl distributions in the
products indicated the simultaneous accumulation
of these elements in the form of AICl; and
AlCl3-6H-0.

4 Conclusions

(1) The thermodynamic analysis revealed that
to achieve efficient carbochlorination of the fly ash,
it is essential to carry out the carbochlorination
reactions at temperatures of 700—1000 °C.

(2) With the optimal conditions, including
temperature of 950 °C, time of 60 min, pellet
diameters of 4—6 mm, carbon content of 27.0 wt.%,
and gas flow rate of 0.30 L/min with a chlorine
proportion of 100%, the carbochlorination
efficiency for Al, Si, Ca, Ti, and Mg in the fly ash
exceeded 81.18%, 67.62%, 58.87%, 82.15%, and
59.53%, respectively.

(3) The XRD patterns revealed that the
aluminum and silicon in the mullite phase
(AlgS12013) underwent initial chlorination, resulting
in the formation of a mullite mesophase
(Als.75511.2509.63) and subsequent transformation into
a new mullite mesophase (Al;33Sii0804385). These
findings were consistent with the carbochlorination
efficiency of the fly ash and SEM images of the
carbochlorination residues.

(4) After the carbochlorination process, Al was
efficiently collected from the condenser as AlCls,
while SiCls and TiCls were enriched in the exhaust
gas. In contrast, MgCl,, CaCl,, and unreacted oxides
remained in the residues for further recycling.

Fig. 12 SEM image (a) and EDS results (b—d) for products
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