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Abstract

With the growth of the industrial aluminum smelting sector, and the increasing proportion of incineration treat-
ment in the field of waste management and disposal, there has been a corresponding increase in the production

of secondary aluminum dross (SAD) and municipal solid waste incineration fly ash (MSWIFA) annually. In this research,
ceramsite is prepared using SAD, MSWIFA, and municipal solid waste incineration bottom ash (MSWIBA) as raw
materials. This study explores the impact of various factors on the mechanical properties of ceramsite and their
mechanisms under different conditions, including sintering temperature, raw material ball particle size, raw material
silica-alumina ratio, and sintering time. Single-factor experiments demonstrate that the compressive strength of cer-
amsite initially follows a non-linear ascending trend with increasing sintering temperatures. Additionally, the strength
is enhanced with reductions in particle size of the raw material balls, prolongation of the sintering time, and a reduc-
tion in the silica-to-alumina ratio of the raw materials. Orthogonal experiments reveal the ideal preparation conditions
for ceramsite as follows: a preheating temperature of 400 °C, a preheating duration of 20 min, a sintering temperature
of 1270 °C, and a duration of 30 min. Under these conditions, the optimal composition ratio of ceramsite is Si:Al=3,
and the ideal particle size is 0.5 cm. Analysis through X-ray diffraction and scanning electron microscopy revealed

the formation of new mineral phases such as sodium feldspar and potassium feldspar in the ceramsite, which

display a dense structure under microscopic observation. These contribute positively to the mechanical properties

of the ceramsite. Fourier-transform infrared spectroscopy analysis indicates that at a sintering temperature of 1260 °C
or when the raw material ball size is 2 cm, the [SiO,] tetrahedral bands shift to higher wavenumbers, enhancing

the degree of polymerization of the glass network in the ceramsite, thereby strengthening its compressive strength.
As the silica-alumina ratio of the raw materials decreases and the sintering duration extends, the [SiO,] tetrahedral
bands continue to shift to higher wavenumbers, further enhancing the compressive strength of the ceramsite.
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1 Introduction

Aluminum dross, a secondary ash byproduct, is pro-
duced during the aluminum processing and is classified
as a hazardous waste. It is generally divided into primary
aluminum dross (PAD) and secondary aluminum dross
(SAD). PAD, a non-melting slag, forms on the surface
of molten aluminum during the electrolysis process as
a result of exposure to air. It is white in color and com-
monly referred to as white ash. SAD, in contrast, is the
residual ash byproduct resulting from the recycling and
processing of PAD and waste aluminum materials. It is
black in color and is also termed black ash [1]. In recent
years, global aluminum production has consistently
risen, reaching approximately 68 Mt in 2022, with China
accounting for 40 Mt [2] or 59% of the global total. The
Primary and secondary aluminum industries generate
3-5 and 10-15% of PAD and SAD, respectively, per ton
of molten aluminum produced [3]. This suggests that
China’s current annual aluminum dross emissions can
amount to as much as 6 Mt. PAD is recycled due to its
high aluminum content, whereas SAD is typically dis-
posed of through landfilling [4]. However, the release
of chemical components (NHj, chlorides, soluble alu-
minum) during landfilling can have a significant envi-
ronmental impact [5-7], highlighting the urgent need for
developing effective SAD treatment methods in the alu-
minum smelting sector.

SAD resource utilization processes generally both
employ wet and pyrometallurgical methods. The wet pro-
cess uses solutions such as sodium hydroxide, hydrochlo-
ric acid, sulfuric acid, and sodium carbonate as mediums
to recover active Al,O5 from SAD through pressurized
leaching [8—-10]. However, this method generates harm-
ful gases that pose significant environmental risks, and is
associated with low efficiency and high production costs.
The pyrometallurgical process involves mixing SAD with
various additives and sintering at high temperatures to
produce refractory insulation materials like magnesium
aluminate spinel [11], refractory bricks [12], and ceram-
ics [13, 14]. Given that SAD is primarily composed of
Al,O; and SiO,, it can sinter these materials under differ-
ent experimental conditions, thus meeting industrial pro-
duction requirements with reduced production costs and
significant economic benefits. During calcination, the
pyrometallurgical process can convert AIN into Al,O,
and N,, convert Al,C, into Al,O5; and CO,, and Al into
Al, O, thus reducing the reactivity of SAD. Furthermore,
it can yield other high-value-added products such as
ceramsite, ceramics and ceramic glass. As a method for
resource regeneration of SAD, pyrometallurgical process-
ing has gained popularity by mitigating the air pollution
and safety risks associated with ammonia gas production
in the wet process. To achieve higher economic gains and
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minimizing environmental impacts, greater emphasis
should be placed on the pyrometallurgical processing of
SAD.

Ceramsite, a high-value product of high-temperature
sintering, is widely used in construction, agriculture,
and environmental protection [15-17] due to its excel-
lent physical and chemical properties such as corrosion
resistance, impact resistance, and low density [18, 19].
Traditionally, the primary raw materials for ceramsite are
clay-based, which are processed by adding binders and
pore-forming agents followed by high-temperature sin-
tering. Currently, the solid wastes used for ceramsite pro-
duction mainly include sludge [19], fly ash [20], and metal
tailings [21]. The use of solid waste to produce ceramsite
has become a recent hot topic. Secondary aluminum ash,
rich in Al,O; resources, serves as a potential precursor
for ceramsite. It can be combined with municipal solid
waste incineration fly ash (MSWIFA), which is rich in
CaO, and municipal solid waste incineration bottom ash
(MSWIBA), which is rich in SiO,, to form a beneficial
"Al,05-Si0,-CaO" ternary system. After municipal solid
waste (MSW) is incinerated, the reduction efficiency can
exceed 80%. The incineration residue contains of 80—90%
MSWIBA and 10-20% MSWIFA. Both can be collected
from MSW incineration plants, which reduces costs and
provides economic benefits. Some studies indicate that
both SAD and MSWIFA can serve as basic raw materi-
als for producing ceramsite that meets relevant stand-
ards. Ceramsite derived from aluminum dross exhibits a
crushing efficiency of only 5.3-8.4% under a closed pres-
sure of 35-52 MPa [22]. Additionally, high-temperature
heat treatment can also remove dioxins from MSWIFA
[23].

However, the specific factors influencing the com-
pressive strength of ceramsite derived from SAD and
their underlying mechanisms remain unclear. In this
study, ceramsite is produced using SAD, MSWIFA, and
MSWIBA as raw materials. The primary objective is to
examine the effects and mechanism of various factors
such as sintering temperature, raw material ball particle
size, sintering time, and raw material silicon-aluminum
ratio on the compressive strength of the ceramsite.

2 Materials and methods

2.1 Materials

In this study, SAD, MSWIFA, and MSWIBA are used
as raw materials. All the three materials were sourced
from an environmental protection technology company
in Zhejiang. The SAD has a gray-black appearance and
fine particle size. The MSWIFA is white and powdery,
while the MSWIBA is granular with a brownish-yellow
appearance.
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The chemical composition of the raw materials is
presented in Table 1, and their phase composition is
shown in Fig. 1. The high Al,O5 content in SAD influ-
ences the crystallization process of ceramsite. There-
fore, the addition of MWSIFA and MWSIBA, which
increase the silicon content, is necessary to enhance
the compressive strength of the ceramsite [24]. The flux
components (Na,O+MgO+K,0+CaO+Fe,O3) in
MWSIFA and MWSIBA constitute 55 and 36% of their

Table 1 Main chemical constituents of the raw materials (Wt%)
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total content, respectively, thereby reducing the sinter-
ing temperature of ceramsite and energy consumption.
Furthermore, AIN present in SAD generates gas dur-
ing heating, making it an effective pore-forming agent.
Based on preliminary experimental results and analysis
of the ternary phase diagram for the mixed raw mate-
rials, the sintering temperature of the ceramsite was
controlled between 1230 and 1270 °C. This range may

Components Sio, AlLO, Na,O MgO K,0 CaO Fe,0, Cl S

SAD 5.95 624 1.74 6.89 034 3.05 249 1.57 072
MWSIFA 5.59 2.58 6.17 1.24 5.81 40.1 248 19.3 2.73
MWSIBA 343 845 4.02 249 293 208 6.01 1.29 083

MWSIFA Municipal solid waste incineration fly ash, MWSIBA Municipal solid waste incineration bottom ash
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Fig. 1 XRD patterns of raw materials: a SAD; b MSWIFA; ¢ MSWIBA. (MWSIFA: municipal solid waste incineration fly ash; MWSIBA: municipal solid

waste incineration bottom ash)
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differ from the sintering temperatures required for cer-
amsite derived from different raw material bases [25].

2.2 Preparation of ceramsite

First, SAD, MSWIFA, and MSWIBA were placed in an
oven and dried at 105 °C for 24 h, with repeated weighing
to ensure stable mass. Subsequently, the three raw mate-
rials were crushed using a grinder, and the resulting pow-
ders were sieved through a 0.15 mm mesh. The sieved
materials were then stored in glass jars. The components
SAD, SWIFA, and MSWIBA are weighed according to
their respective ratios, with the weighed masses detailed
in Table 2. A 10 mg sample of mixed raw materials with
varying silicon-to-aluminum ratios was weighed and
placed in separate crucibles. Each crucible was sequen-
tially loaded into the STA 449 F3 Simultaneous Thermal
Analyzer manufactured by Netzsch, Germany. Standard
air was used as the ambient atmosphere. The tempera-
ture of the mixed raw materials was increased from 50 to
1400 °C at a heating rate of 10 °C min™".

Different proportions of mixed raw materials were
weighed into beakers, followed by the addition of
pure water at a liquid-to-solid ratio of 5:1. The mix-
ture was then stirred thoroughly with a glass rod to
ensure uniform consistency. The resulting mixture is
then formed into spherical particles with diameters of
0.5, 1.0, 1.5, and 2.0 cm as required. The resulting par-
ticles are then weighed and placed in a corundum cru-
cible (100x40%x20 mm) before being transferred to a
KJ-T1600-L8010WQ type 1600 degree tube furnace.
One end of the tube furnace was connected to a stain-
less steel cylinder containing standard air, which was
injected into the furnace at a flow rate of 1.5 L min~%.
The temperature was gradually increased at a rate of
10 °C min ™" until reaching 400 °C, followed by a preheat-
ing period of 20 min. The opposite end of the tube fur-
nace was connected to a water tank containing a dilute
mixture of nitric acid and hydrogen peroxide to pre-
vent exhaust gas from polluting the environment. Then,

Table 2 Different silicon to aluminum ratio components
weighing raw material mass

Raw material silicon-  SAD (g) MSWIFA (g) MSWIBA (g)
aluminum ratio

1 123 3 39

15 6.4 3 39

2 35 3 39

25 1.9 3 39

3 08 3 39

MWSIFA Municipal solid waste incineration fly ash, MWSIBA Municipal solid
waste incineration bottom ash
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the dried ceramsite is sintered at various temperatures
determined by the experimental design (1230,1240,
1250, 1260, 1270 °C), with the heating rate maintained
at 10 °C min~'. Upon reaching the target temperature
specified in the experimental design, the ceramsite is sin-
tered for the duration set in the experiment (10, 20, 30,
40 min). Afterward, the ceramsite is removed from the
tube furnace and allowed to cool to room temperature,
thus completing the sintering process of the ceramsite
product. To investigate the effects and mechanisms of
various factors on the compressive strength of ceramsite,
single-factor experimental schemes as shown in Table 3
are employed to conduct sintering treatments on the cer-
amsite. Furthermore, Table 4 presents a designed orthog-
onal experimental table, aimed at identifying which
factors significantly affect the compressive strength of
ceramsite through a limited number of experiments, in
order to determine the optimal sintering conditions.

2.3 Determination of ceramsite properties

The compressive strength of the ceramsite is determined
using a Universal Testing Machine. The experiment was
conducted with three parallel sample groups, and the
arithmetic mean of the values from these three groups
was taken as the final experimental result. The compres-
sive strength (S) is calculated using Eq. (1) [26]

_ 2.8P,

7 D? D

where P, denotes the load at which the ceramsite frac-
tures, and D represents the diameter of the ceramsite.

Table 3 Single factor experimental design of ceramsite

No Silicon- Ball particle  Sintering Sintering
aluminum size (cm) temperature time
ratio (°C) (min)

1 1 2 1260 20

2 1.5 2 1260 20

3 2 2 1260 20

4 2.5 2 1260 20

5 3 2 1260 20

6 2 0.5 1260 20

7 2 1 1260 20

8 2 1.5 1260 20

9 2 2 1230 20

10 2 2 1240 20

1 2 2 1250 20

12 2 2 1270 20

13 2 2 1260 10

14 2 2 1260 30

15 2 2 1260 40
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Table 4 Orthogonal experimental design and properties of
ceramsite

No Sintering Ball particle  Sintering Silicon-
temperature size (cm) time (min) aluminum
(°C) ratio

1 1230 0.5 10 1

2 1230 1 30 2.5

3 1230 15 20 1.5

4 1230 2 20 3

5 1230 1 40 2

6 1240 0.5 20 2.5

7 1240 1 20 1.5

8 1240 15 40 3

9 1240 2 10 2

10 1240 1 30 1

Il 1250 0.5 40 15
12 1250 1 10 3

13 1250 15 30 2

14 1250 2 20 1

15 1250 1 20 25
16 1260 0.5 30 3

17 1260 1 20 2

18 1260 15 20 1

19 1260 2 40 25
20 1260 1 10 1.5
21 1270 0.5 20 2

22 1270 1 40 1

23 1270 15 10 2.5
24 1270 2 30 1.5
25 1270 1 20 3

Scanning electron microscopy (SEM; HITACH]I,
$4800) is employed to examine the distinct morphology
of the ceramsite, while X-ray diffraction (XRD; Nasdaq:
BRKR, D8 ADVANCE) is utilized to investigate altera-
tions in the ceramsite’s phase composition. Additionally,
Fourier-transform infrared spectroscopy (FTIR; TIAN-
JIN GANGDONG SCL&TECH CO., FTIR650) is applied
to analyze the ceramsite’s microstructure.

3 Results and discussion
3.1 Change of mechanical properties of ceramsite
under the action of single factor

In this study, raw materials with significant amounts
of flux components were incorporated to effectively
lower the sintering temperature. As the temperature
increases, the compressive strength of the ceramsite
shows a pattern of initial increase, followed by a decrease,
and finally an increase again within the 1260-1270 °C
range. The increase in compressive strength within the
1230-1240 °C range reaches 22%. At 1250 °C, gaps form
between particles, reducing the compressive strength to
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its lowest point (1.09 MPa). As the sintering tempera-
ture increases to 1260 °C, numerous mineral phases melt
into a liquid state and fill the gaps, making the ceram-
site denser and enhancing its compressive strength. The
maximum compressive strength (5.94 MPa) is ultimately
achieved at 1270 °C.

As the particle size of the raw material balls increases,
the compressive strength of ceramsite initially decreases
and then increases. The increase in pore size and porosity
within the ceramsite leads to a decrease in compressive
strength, which reaches its maximum value(8.11 MPa) at
a particle size of 0.5 cm. When the particle size ranges
from 1.5 to 2 cm, the compressive strength increase is
most pronounced at 40%.

The most substantial increase in ceramsite compres-
sive strength occurs between 10 and 20 min of sinter-
ing time, with a less noticeable increase between 20 and
30 min. The maximum compressive strength (4.65 MPa)
is reached at a sintering time of 30 min, possibly due to
the ceramsite’s foaming material having mostly expanded
after 20 min, leading to a stable internal structure [27].
After 30 min, excessive liquid phase generation within
the ceramsite makes it difficult to maintain a spherical
shape.

Variations in the silicon-aluminum ratio also affect the
mechanical properties of ceramsite. When silicon-alu-
minum ratio equals 1 and 1.5, the ceramsite cannot form
effectively. This is attributed to the increasing AIN con-
tent as the SAD content increases. During sintering, sub-
stantial gas generation from intense reactions makes it
difficult for ceramsite to maintain its spherical shape. Fig-
ure 2¢ shows that as the silicon-aluminum ratio increases
from 2 to 3, the compressive strength of ceramsite con-
tinuously declines. This is due to the high SiO, content in
the mixed raw materials and the relatively large silicon-
aluminum ratio. The liquid phase in the raw material ball
exhibits low viscosity, preventing a significant amount of
gas from being encapsulated, which escapes by break-
ing through the surface melting layer, thereby affecting
the foaming effect of the raw materials. The diminished
expansion performance contributes to a reduction in the
compressive strength of ceramsite [28]. The compres-
sive strength of ceramsite reaches its maximum value
(4.65 MPa) when silicon-aluminum ratio equals 2.

3.2 Change of mechanical properties of ceramsite
under the action of multiple factors

To further refine the preparation conditions, four factors
were considered: sintering temperature, raw material ball
particle size, sintering duration, and silicon-aluminum
ratio. The sintering temperature and silicon-aluminum
ratio had five levels, while the other two factors had
four levels each. The ceramsite’s compressive strength
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Fig. 2 The effect of single factor conditions on the compressive strength of ceramsite: a sintering temperature; b raw material ball particle size; ¢

silicon-aluminum ratio; d sintering time

was used as the evaluation criterion. The pseudo-level
method from orthogonal experimental design was used
to set up the orthogonal table for this study. Initially,
the 125 (5'6) orthogonal table, the closest match, was
selected, and the columns for non-existent factors 5 and 6
were removed. In the remaining table, levels that showed
effective results in single-factor experiments were used to
replace the factors and levels not discussed in this study.
This approach allowed for the creation of an orthogonal
table specific to our research needs.

The results of the orthogonal test analysis are pre-
sented in Table 5. The k-value represents the mean of
the experimental outcomes for each level of a factor. A
higher k-value indicates a greater influence of that level

on the experiment among all levels of the same factor.
The range value (R) indicates the difference between the
maximum and minimum k-values for the same factor. A
larger R-value suggests that the factor is more significant
and has a greater impact on performance.

As shown in Fig. 3, the particle size of raw material
balls has the greatest impact on the compressive strength
of ceramsite. As the particle size increases from 0.5 to
1.5 cm, the average compressive strength decreases from
13.2 to 3.54 MPa. When the particle size increases from
1.5 to 2 cm, the compressive strength increases by 16%.
As shown in Table 5, a raw material ball particle size of
0.5 cm is the optimal level. The silicon-aluminum ratio
of raw materials also has a significant impact on the

Table 5 Extreme difference value of each level and the average value of K

Name Factors Sintering temperature Ball particle size Sintering time Silicon-
aluminum
ratio

Average value of K 1 352 13.20 4.80 1.35

2 7.19 4.69 6.59 2.78
3 437 3.54 7.55 740
4 7.21 4.09 4.67 761
5 7.92 - - 11.05
Best Factor 5 1 3 5
R 393 10.65 3.18 8.68




He et al. Sustainable Environment Research (2025) 35:2

(a

e

=

S ©
T T

)
T

— (=
T

Compressive strength (MPa)

[S]
T

1 1 1 1 1

(=]

1230 1240 1250 1260 1270
Sintering temperature (°C)

(c

—

4

2
T

(=]
T

Compressive strength (MPa)

(S}
T

0 1 1 1 1 1

1.0 1.5 2.0 25 3.0
Rilicon-aluminum ratio

Page 7 of 17

(b

N—’

=

58 o ® o B
— 1 1 1T 7T

Compressive strength (MPa)

[S]
T

1 1 1
0.5 1.0 1.5 2.0
Raw material ball particle size (cm)

(=

(d

—

=

S ©
T T

Compressive strength (MPa)
(=2}
T

%
T

IS
T

(S}
T

1 1 1 1
10 20 30 40
Sintering time (min)

(=1

Fig. 3 The effect of multiple factors on the compressive strength of ceramsite: a sintering temperature; b raw material ball particle size; ¢
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compressive strength of ceramsite. The silicon-aluminum
ratio is crucial in the formation of ceramics and also
influences their internal crystallization processes. As the
silicon-aluminum ratio increases from 1 to 3, the com-
pressive strength increases from 1.35 to 11.05 MPa, with
a silicon-aluminum ratio of 3 being the optimal level.

The effect of sintering temperature on the compressive
strength of ceramsite follows this pattern: as the sintering
temperature increases, the average compressive strength
first increases, then decreases, and finally increases again.
It reaches its lowest value (4.37 MPa) at 1250 °C and its
highest value (7.92 MPa) at 1270 °C.

In contrast, time has the least effect on the compressive
strength of ceramsite. As the sintering time increases,
the melting process completes within the first 30 min. A
longer sintering duration results in a greater liquid phase,
eventually making it difficult to maintain the spherical
shape and leading to a decrease in compressive strength.
Based on the orthogonal test findings, to produce high-
strength ceramsite, the optimal preparation conditions
are a silicon-aluminum ratio of 3 for raw materials, which
are kneaded into spherical particles with a diameter of
0.5 cm. The particles are then preheated in a tube furnace
at 400 °C for 20 min, with a heating rate of 10 °C min™*
and a standard airflow rate of 1.5 L min~. The tempera-
ture is subsequently increased to 1270 °C for 30 min of
sintering, after which the ceramsite is removed and
allowed to cool.

3.3 Influence mechanism of mechanical properties
of ceramsite under the action of typical factors

3.3.1 Sintering temperature

The XRD patterns of ceramsite with a diameter of
2 cm and a silicon-aluminum ratio of 2, sintered at
various temperatures (1230, 1240, 1250, 1260, and
1270 °C) for 20 min are shown in Fig. 4. The analy-
sis reveals that quartz (PDF#00-046-1045-Quartz-
Si0O,), albite (PDF#00-041-1480-Albite-(Na,Ca)
Al(Si,Al)30g), microcline (PDF#01-076-1238-Micro-
cline-K(AlSi;)Og), and augite (PDF#00-041-1483-Au-
gite-Ca(Mg,Fe,Al)(Si,Al),O;) are the primary phases
formed during sintering. Comparing the XRD curves
at different temperature gradients, it was observed that
the proportions of quartz and albite phases remained
almost constant, accounting for approximately 50 and
18% of the total, respectively, at temperatures between
1230 and 1250 °C. As the temperature increased, the
proportion of the albite phase rose to 20% at 1260 °C
and to 23% at 1270 °C, whereas the proportion of the
quartz phase decreased to 43%. This decrease in the
quartz phase may be attributed to its dissolution into
liquid phases formed by other components. Through-
out the process, the proportions of microcline and
augite phases remained relatively constant, accounting
for approximately 13% of the total. The dense mineral
aggregate formed by quartz, albite, and potassium feld-
spar phases had a robust pore skeleton structure. As the
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temperature increased, the glass phase grew, enhancing
the compressive strength of the ceramsite.

Figure 5 illustrates the infrared spectra of sintered cer-
amsite at different temperatures. With an increase in sin-
tering temperature, the spectral bands associated with

26 ()

[SiO,] tetrahedra in the range of 800—1300 cm™! shifted
towards lower wavenumber region until the temperature
reached 1250 °C. However, when the temperature con-
tinued to rise to 1260 °C, the spectral bands shifted back
towards higher wavenumber region. These observations
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Fig. 5 Infrared spectra of ceramsite at different sintering temperatures
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indicate that the degree of glass network polymeriza-
tion in ceramsite decreases at 1250 °C but increases at
1260 °C. The compressive strength of ceramsite initially
decreases at 1250 °C and then increases with further tem-
perature rise.

3.3.2 Raw material ball particle size

The XRD patterns of ceramsite with particle sizes of 0.5,
1, 1.5, and 2 ¢cm and a silicon-aluminum ratio of 2, sin-
tered at 1260 °C for 20 min, are presented in Fig. 6. The
analysis indicates that the quartz, albite, microcline, and
augite phases within the ceramsite did not change signifi-
cantly as the particle size of the ceramsite increased. This
observation suggests that changes in the particle size of
raw material balls do not affect the phase composition of
ceramsite, and that compressive strength is not related to
the phase. The porosity of the ceramsite was determined
for all four samples, and it was observed that the poros-
ity increased with an increase in the particle size of raw
material balls. Consequently, the compressive strength of
the ceramsite decreased.

Figure 7 displays the infrared spectra of sintered ceram-
site with different particle sizes. The spectral bands asso-
ciated with the [SiO,] tetrahedron in the range of 800 to
1300 cm™! did not exhibit significant changes as the par-
ticle size increased from 0.5 to 1.0 cm. As the particle size
increased from 1.0 to 1.5 c¢cm, the spectral band shifted
towards lower wavenumbers, and it became similar to
the previous one. As the particle size increased from 1.5
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to 2 c¢m, the spectral band shifted towards higher wave-
numbers, indicating that the degree of glass network
aggregation in ceramsite first increased in the particle
size range of 0.5 to 1.5 cm, then decreased, and finally
increased again at 2 cm [29]. Considering the porosity of
ceramsite, as mentioned above, the compressive strength
of ceramsite decreased as the particle size increased in
the range of 0.5 to 1.5 cm and then increased again in the
range of 1.5 to 2 cm.

3.3.3 Raw material silicon-aluminum ratio

Figure 8 shows the XRD patterns of three types of
ceramsite with a particle size of 2 cm and silicon-alu-
minum ratio of 2, 2.5, and 3, sintered at 1260 °C for
20 min. The analysis indicates that the quartz phase
increases continuously with an increase in the silicon-
aluminum ratio of the raw materials. However, the
albite phase in the ceramsite remains around 20% in all
three silicon-aluminum ratios. In the ceramsite with a
silicon-aluminum ratio of 3, the proportions of augite
and microcline phases is significantly lower than the
other two, indicating that excess SiO, cannot be con-
verted into other crystal phases under the conditions
of a sintering temperature of 1260 °C, a particle size of
2 cm for the raw material ball, and a sintering time of
20 min, suggesting that the conversion has reached sat-
uration. The ceramsite with a silicon-aluminum ratio of
3 also exhibited a relatively loose and clear needle-like
structure after sintering. As illustrated in Fig. 9, with

1 1-Si0,
2-(Na,Ca)Al(Si,Al),O;
3-Ca(Mg,Fe,Al)(Si,Al),O,
0.5 cm
2 2
I : Ul
1
:‘:\ J 1cm
S 2 2 3 3 ]
< I ]L A2 U
‘B
=
2
RS
—1.5cm
2 2 3 301
l_/\ IL/'\____,/\-A I »
5 5 3 . 2 cm
15 20 25 30 35 40
20 (°)

Fig. 6 XRD patterns of ceramsite with particle sizes ranging from 0.5 to 2 cm
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Fig. 8 XRD patterns of ceramsite under Si:Al ratios
the increase of the silicon-aluminum ratio, the cer- Figure 10 depicts the infrared spectra of sintered

amsite changes from smooth and dense to rough and ceramsite samples with varying silicon-aluminum
loose, resulting in a decrease in compressive strength. ratios. Within the 800 to 1300 cm™! range, the bands
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associated with [SiO,] tetrahedra display a downward
shift in wavenumber when the Si:Al ratio reaches 1.5
and an upward shift when the silicon-aluminum ratio
reaches 2.0. However, further changes in the silicon-
aluminum ratio do not significantly affect the bands,
indicating that the degree of glass network aggrega-
tion within the ceramsite initially decreases at a sili-
con-aluminum ratio of 1.5, then increases again at
2.0, and remains stable thereafter without significant
changes [30].

3.3.4 Sintering time

Figure 11 illustrates theXRD patterns of ceramsite par-
ticles with a particle size of 2 ¢cm and a silicon-alu-
minum ratio of 2 sintered at 1260 °C for 10 and 20 min.

The internal phases of the ceramsite remain mostly
unchanged as the sintering time increases. Specifically,
the quartz phase accounts for approximately 50%, the
albite phase for approximately 20%, the microcline phase
for approximately 12%, and the augite phase for about
15%. Prolonged sintering time does not facilitate the
transformation into another phase.

Figure 12 presents the infrared spectra of sintered cer-
amsite samples with varying sintering durations. Within
the 800 to 1300 cm™* range, the bands associated with
[SiO,] tetrahedra exhibit a continuous and slight upshift
in wavenumber as the sintering duration increases. This
suggests that a longer sintering duration leads to a grad-
ual increase in glass network aggregation within the cer-
amsite, thereby enhancing its compressive strength.
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Fig. 10 Infrared spectra of ceramsite under different Si:Al ratios
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Fig. 12 Infrared spectra of ceramsite sintered for 10-40 min

3.4 Sintering mechanism analysis of creamsite

3.4.1 Thermal analysis of the individual raw material

Figure 13 presents the Thermogravimetric (TQG)
and Derivative TG (DTG) graphs of three different

materials heated from room temperature to 1200 °C at
a heating rate of 10 °C min~!. The TG curve for SAD
exhibits a trend opposite to those of MSWIFA and
MSWIBA. The TG curve for SAD shows distinct stages
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Fig. 13 a TG, (b) DTG graphs of SAD, MSWI FA, and MSWI BA. (MWSIFA: municipal solid waste incineration fly ash; MWSIBA: municipal solid waste

incineration bottom ash)

of thermal reaction. The first stage, from 0 to 570 °C, is
characterized by a mass loss of 3.5% due to the volatili-
zation of moisture and gaseous products such as NH,,
NO,, and N, [31]. The second stage, spanning 570 to
1200 °C, exhibits a mass gain of approximately 19.1%.
The DTG curve reveals two prominent peaks in the
mass gain rate, occurring at 730 and 980 °C, indicating
that Al and AIN react with O, to form aluminum oxide
AL Os.

The TG curves of MSWIFA and MSWIBA are rela-
tively similar, with the first stage between 50 and
400 °C primarily involving the loss of free and bound
water. The second stage, from 400 to 710 °C, is char-
acterized by the volatilization of low-boiling-point
chlorides in both materials, with CaCIOH in MSWIFA
beginning to decompose. Between 615 and 710 °C,
MSWIBA experiences a significant mass loss. The
third stage, from 710 to 1200 °C, shows no significant
mass loss for MSWIBA, whereas MSWIFA, which con-
tains a high amount of chlorine, tends to produce vola-
tile chlorides at high temperatures, and also includes
the thermal decomposition of CaCO;. The DTG curves
of both are generally similar, with MSWIBA exhibiting
a minor mass loss near 1200 °C, reflected as a weight
loss peak on the DTG curve, possibly due to a phase
change occurring at this temperature.

3.4.2 Thermal analysis of mixed raw materials and ceramsite
Figure 14 illustrates the TG, DTG, and Differential Scan-
ning Calorimetry (DSC) profiles of mixed raw materials

with varying silicon-aluminum ratios, heated at a rate of
10 °C min™' from room temperature to 1400 °C. In gen-
eral, the TG, DTG, and DSC curves of the five mixed raw
materials exhibit similar trends. The TG curves gener-
ally exhibit a downward trend, the DTG curves display
three distinct peaks associated with mass gain and three
distinct peaks associated with mass loss, and the DSC
curves indicate that the overall reactions of the mixed
raw materials are exothermic.

The TG curves indicate that the initial stage of thermal
reactions for the mixed raw materials occurs within the
temperature range of 0-710 °C. Thermal analysis of the
individual raw materials reveals that within the range
of 0-400 °C, water evaporation occurs from the mixed
materials. In the range of 400-710 °C, minerals such as
CaClOH and CaCOg undergo decomposition [32]. Cor-
respondingly, the DTG curves show a significant mass
loss rate peak between 570-710 °C, suggesting that the
decomposition reactions of chloride containing miner-
als and carbonates in fly ash and bottom ash are most
intense within this temperature range.

As the temperature increases, two shoulder-like peaks
appear in the DTG curves of the mixed raw materials at
approximately 750 and 930 °C. These peaks correspond
to the DTG curves of SAD, indicating that the slowed
mass loss and partial mass gain at this stage are caused by
the oxidation of Al and AIN in the secondary aluminum
ash. As the temperature further increases, the mixed raw
material with a silicon-aluminum ratio of 1 continues
to show a trend of weight gain attributable to its higher



He et al. Sustainable Environment Research

(2025) 35:2

Page 14 of 17

a b
(@) (B) s
99
02f
|
96 ‘
~ 0.0
% ] v %
5 E M h" mankbl
Z”» & -02}f : o
= 2
90 | ——Si:Al=1.0 \—\ 2 o4l —SiAl=10
Si:AL= 1.5 p Si:AL= 1.5
——Si:Al=2.0 e~ ——Si:Al=2.0 W
87| Si:Al=25 P iescees 06 Si:Al=2.5 U
Si:Al=3.0 Si:Al=3.0
! ! 1 I I L -0.8 L L L I I 1
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Temperature (°C) Temperature (°C)
(©
45
36
Tt
E
=
E gk ——SiAl=10
9 ——Si:Al= 15
| ——Si:Al=20
9 Si:Al=25
Si:Al=3.0
0

Fig. 14 Graphs of mixed raw materials: a

SAD content. As the silicon-aluminum ratio increases,
the MSWIFA content in the mixed raw materials also
increases, leading to a rise in volatile chlorides [33] and
a corresponding decrease in mass. A higher silicon-alu-
minum ratio corresponds to greater mass loss and the

faster the rate of weight loss.

At 1175 °C, an endothermic peak emerges in the DSC
curve of the mixed raw materials, marking the onset of
melting. This peak is prominent due to the early stage of the
melting process. During this process, gases trapped within
the ceramsite are released into the air, resulting in a slight
decrease in mass and a corresponding peak in mass loss
rate observed in the DTG curve. At approximately 1360 °C,
another endothermic peak appears in the DSC curve, indi-

0 200 400

TG; b DTG; ¢ DSC

cating a phase transition in the mixed raw materials.

Figure 15 combines TG and XRD analysis to predict
the sintering mechanism of ceramsite with a silicon-
aluminum ratio of 2, raw material ball particle size of
2 cm, and sintering time of 20 min, as it is heated from
room temperature to 1270 °C. Between 0 and 400 °C,

600 800
Temperature (°C)

1000 1200 1400

During this heating phase, gas production within the
ceramsite leads to the formation of fine pores, which
continues until the temperature reaches 1240 °C, at
which point new mineral phases begin to form. As
shown in Fig. 4, the main phases identified include feld-
spar phases of sodic-calcic feldspar and potassium feld-
spar, and a pyroxene phase of Ca(Mg,Fe,Al)(Si,Al),Oq,
typically derived from diopside. Sodic-calcic feldspar
is generally a solid solution of sodic feldspar and cal-
cic feldspar, while potassium feldspar, being more dif-
ficult to form solid solutions with the others, exists
independently. At 1250 °C, the compressive strength of
the ceramsite decreases, indicating that the ceramsite
has not yet reached the melting phase and remains in
the crystal growth phase, where point-to-point contact
between crystals increases the porosity, thereby reduc-
ing compressive strength. Subsequently, at 1260 °C, the
internal structure of the ceramsite begins to melt, with
the liquid phase entering the ceramsite’s pores, and by
1270 °C, this trend continues.

the primary process is the evaporation of water mixed

in the ceramsite; from 400 to 700 °C, the primary reac-

4 Conclusions

tion is the removal of chlorides from MSWIFA and

MSWIBA at lower temperatures; between 700 and
900 °C, AIN and Al react with oxygen to form Al,Os,

while CaCO, begins to decompose.

(1) Single-factor experiments demonstrated that the
compressive strength of ceramsite initially declines
and subsequently rises with increasing temperature,
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Fig. 15 Sintering mechanism of ceramsite

diminishes with larger raw material particle size,
grows with longer sintering time, and reduces with
a higher silicon-aluminum ratio.

(2) Optimal conditions determined through orthogonal
experiments include a raw material ratio of SAD,
MSWTI FA, and MSWI BA at 7.7, 6.6, and 85.7%,
respectively, and a particle size of 0.5 cm. Sintering
conditions involve preheating at 400 °C for 20 min,
heating to 1270 °C at a rate of 10 °C min~}, and sin-
tering for 30 min.

(3) Analysis of XRD, SEM, and FTIR spectra of the
ceramsite reveals that increasing temperature
promotes the transformation of the ceramsite’s
quartz phase into various crystalline phases. At
1250 °C, the [SiO,] tetrahedron band shifts to
lower wavenumbers, and the degree of network
polymerization decreases. At 1260 °C, the [SiO,]
tetrahedron band moves to higher wavenum-
bers, and the network polymerization degree
increases. The ceramsite’s compressive strength
declines at 1250 °C and then rises with higher
temperatures. The porosity of the ceramsite
grows with larger raw material particle size. In
single-factor experiments, a rise in the silicon-
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aluminum ratio results in SiO, conversion satu-
ration, excessive loose structure, and dimin-
ished compressive strength. Prolonged sintering
time enhances the ceramsite’s degree of network
polymerization, thereby improving its compres-
sive strength, likely due to more liquid phase fill-
ing the gaps and boosting network polymeriza-
tion degree as time progresses.

(4) Thermal analysis of the mixed raw materials reveals
that the weight gain is attributed to the oxidation of
Al and AIN in the SAD, while the weight loss is due
to the decomposition and volatilization of chloride
containing minerals, carbonates, and chlorides in
the MSWIFA and MSWIBA.

In this study, the ceramsite underwent a melting state,
which positively contributes to the stabilization of heavy
metals in hazardous waste, thereby reducing environ-
mental impact. Additionally, future research directions
for alumina ash-based ceramsite include studies on its
other physical properties, life cycle assessment, and eco-
nomic cost evaluation. Globally, there is limited research
on alumina ash-based ceramsite. By analyzing other haz-
ardous waste-based ceramsite studies and considering
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the characteristics of heavy metal pollution from SAD
and chlorine pollution from MSWIFA, investigating the
evolution of heavy metals and chloride during the cer-
amsite production process represents a crucial area for
future research efforts.
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