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Abstract: The co-utilization of Rewaga sludge (SO e
multi-source solid waste is a ' o

promising approach for sustain-
able industrial development.
This study aims to incorporate
Fe-rich sewage sludge, fly ash,
and brine sludge into sintered cer-
amsite. With sewage sludge as
the predominant constituent,
the influence of fly ash and brine
sludge as regulatory con-
stituents on the mechanical and
physical properties of the sin-
tered ceramsite is investigated,
and the mechanism is eluci-
dated through a comprehensive
analysis of phase transformation
and microstructure. The ceramsite with 90% sewage sludge and 10% fly ash exhibits a particle compressive strength of 7.13
MPa and an apparent density of 1280 kg m=3. The mineral composition of sintered ceramsite is mainly quartz, anorthite,
hematite, and pyroxene. The addition of brine sludge promotes the melting of quartz and hematite, leading to increased pyrox-
ene formation and enhanced compressive strength. Adding 15% brine sludge can convert almost all of the hematite into pyrox-
ene, and the specific strength of ceramsite increases from 5.6 x 1073 to 7.8 x 103 MPa m3 kg~'. Furthermore, the ceramsite
made from sewage sludge, fly ash, and brine sludge exhibits a minimal risk of heavy metal leaching. The findings provide a refer-
ence for the performance optimization of sludge-based ceramsite.
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1. Introduction

Sewage sludge is a solid waste generated during sewage treat-
ment. According to the China Urban Construction Statistical
Yearbook 2022, China's dry sewage sludge generation was
15.75 million tons in 2022, with a disposal rate of 99.31%!,
However, prevailing disposal methods are conventional, i.e.,
landfill and incineration, which can adversely affect the envi-
ronment and human health, and the overall utilization effi-
ciency remains low[23l, In addition to its abundance of
organic matter, sewage sludge also comprises inorganic con-
stituents such as Al,03, SiO,, Ca0O, and Fe,03, which are valu-
able for recycling in the production of construction
materialst*5l. It is thought that the production of lightweight
sintered ceramsite is a promising approach to utilizing
sewage sludge, with the pore-forming effect of organic mat-
ter in pyrolysis, and heavy metals can also be solidified dur-
ing the sintering process to reduce pollution and environmen-
tal damage®. Moreover, the cost of ceramsite preparation is
comparable to, and even lower than, that of shale ceramsite,
fly ash ceramsite, and clay ceramsitell.

The fabrication of lightweight porous ceramsite is a
straightforward process that utilizes sewage sludge and the
gasification of organic matter. In addition to adequate pore-
forming ability, pore structures also need to be considered,
as they significantly affect the properties of lightweight ceram-
site and are related to phase transformations during sinter-
ing. It can be concluded that the sludge ceramsite belongs to
the SiO,-Al,O5-flux system(8l, The presence of SiO, and Al,O;
as the main skeleton components substantially influences
liquid-phase viscosity, thereby impacting the efficacy of pore
trapping!. Flux ingredients, including CaO, MgO, Na,0, K,0,
and Fe,0;, affect the formation of pore structures by altering
the eutectic point and the yield of liquid phasel®'011, The
ideal scenario is for the formed pores to be efficiently cap-
tured by the liquid phase during the melting of inorganic
oxides, with these pores distributed evenly within the matrix.
According to the Riley triangle theory, the appropriate ranges
of SiO,, AlLO; and flux are 53%-79%, 10%-25%, and
13%-26%, respectively. However, this ingredient is not feasi-
ble to prepare sludge ceramsite. Tsai et al.l®! claimed that in
consideration of the bloating performance, the suitable ratios
of SiO,, AlLO;, and flux were 35%-44%, 10%-26%, and
36%-44% for sewage sludge ceramsite, respectively. Xu et
all'? found that Al,O; contents between 18% and 26% and
SiO, between 30% and 45% were beneficial for the strength
of wastewater ceramsite with densified surfaces. For sewage
sludge with unsatisfactory inorganic components, supplemen-
tary materials, such as clay, fly ash, waste glass powder, river
sediment, blast furnace slag, and red mud, are generally used
to regulate the skeleton and flux components, thereby improv-
ing the quality of ceramsites>8913-151, The concurrent utiliza-
tion of multiple solid waste sources is gaining popularity to
optimize ceramsite production efficiency.

High strength is generally contradictory to the porous
structure of ceramsite. However, a relative balance between
high strength and light weight can be achieved by optimiz-
ing the phase constituents, thereby enhancing the matrix in
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the sintered ceramsite. The matrix consists of a vitreous
binder with embedded crystalline phases, and the typical crys-
talline phases include Na-Ca feldspar, hematite, and
mullitel’6-18], Anorthite is a particularly promising phase in
ceramsite, with the potential to yield superior perfor-
mancel'6.19.20] |n addition, it has been demonstrated that diop-
side, as a target phase, contributes significantly to the
strength of lightweight ceramsite2', With the presence of
Fe,03, complex crystalline phases with greater diversity
form(22, Some studiesi2324! reported that the transformation
of Fe,03 into pyroxene or diopside improves the mechanical
properties of ceramsite. This provides an idea for the high-
strength ceramsite from Fe-rich raw materials. However, in
this case, it should be noted that appropriate regulation of
CaO content is necessary to maintain electrical neutrality
within silicate networks for phase formation(22],

Brine sludge is an industrial waste material from the
chlor-alkali industry. In China, the annual output of brine
sludge is approximately 3.5 million tons(25l, Due to the pres-
ence of harmful or toxic substances, such as heavy metals,
landfill disposal requires large areas of land and causes soil,
water, and air pollution[26-28, Hence, it is important to
explore safe approaches to brine sludge recycling. The chemi-
cal composition of brine sludge is typically dominated by
CaCOs;, with smaller amounts of Mg(OH), and NaCl293%, Brine
sludge can be used as a raw material for cement production,
a desulfurization agent in thermal power plants, an adsor-
bent for sewage treatment, and a filler for artificial stone, rub-
ber, and paper productionB%, Despite its extensive range of
applications, these uses frequently necessitate complex pre-
treatment processes, which limit the comprehensive utiliza-
tion of brine sludge due to technical and cost constraints. For
instance, brine sludge can be used on a large scale as an alter-
native raw material to limestone in cement production. How-
ever, to eliminate the adverse effects of chlorine, the brine
sludge must be purified, which in turn increases investment
in technology and equipment. As reported by previous stud-
ies[131431] CaCOj; can be used as a pore-forming agent and cal-
cium source in the fabrication of porous sintered ceramsite.
Therefore, from a chemical composition perspective, it is feasi-
ble to use brine sludge to produce sintered ceramsite, but rele-
vant research remains very limited.

This study utilizes Fe-rich sewage sludge as the main raw
material to prepare sintered ceramsite. By incorporating fly
ash and brine sludge, pyroxene is considered the target
phase to enhance the strength of sintered ceramsite. Fly ash
is used to adjust the initial SiO, and Al,O; content of ceram-
site. On this basis, the study focuses on the effects of the
replacement ratio of brine sludge for sewage sludge on the
physical and mechanical properties, phase transformation,
and microstructure of sintered ceramsite. The findings are
expected to serve as a reference for the co-utilization of solid
wastes and the preparation of high-strength ceramsite.

2. Materials and methods

2.1. Materials
The raw materials employed in this study included sewage
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sludge (SS), brine sludge (BS), and fly ash (FA), all of which
were collected from Kaifeng, China. The chunky sewage
sludge and brine sludge were ground in a ball mill for 3 h to
obtain a powder with particle sizes below 75 um. The chemi-
cal compositions of the raw materials are listed in Table 1,
and their particle size distributions are shown in Fig. 1. SS has
a high content of Fe,0Os. FA has higher SiO, and Al,O; con-

Table 1. Chemical compositions of raw materials.
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tents than SS, and BS is rich in CaO. The minerals in the raw
materials were determined by XRD analysis, as illustrated in
Fig. 2. The mineralogical analysis revealed that SS and FA had
similar mineral compositions, including quartz, calcite, and
albite. Notably, the presence of hematite in FA was character-
ized by its strong diffraction intensity. Furthermore, the XRD
analysis revealed that the chemical composition of BS is
CaCo;, existing in two crystalline forms: calcite and aragonite.
The SEM images of the raw materials are also provided in Fig. 2,

Chemical composition 55 (%) FA (%) BS (%) illustrating the presence of microbeads in FA and the observa-
Sio; 3391 4447 1.67 tion of a hollow structure in some of them.
Fe,0; 18.05 10.26 0.29
Cao 17.17 9.89 86.69 eSS
AlLO; 12.70 26.70 0.39 8r ——FA
S0, 482 2.73 045 ——BS
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Fig. 2. XRD patterns and SEM images of raw materials: (a, b) BS, (c, d) FA, and (e, f) SS.
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2.2. Preparation of sintered ceramsite

As detailed in Table 2, two series of the material constituents
of ceramsite were designed. After deducting the mass loss
caused by pyrolysis determined from the TG results of raw
materials, the chemical composition of the designed ceram-
sites is calculated based on the XRF results and is also listed
in Table 2. C1, C2, and C3 ceramsites contain 20%, 15%, and
10% FA, respectively. The partial replacement of SS with FA
increases the SiO, and Al,0O3 content in ceramsite but does
not influence the mass ratio of CaO to Fe,05 (0.95). Based on
the C3 constituent, BS is added to replace SS with ratios of
5%, 10%, 15%, and 20% to obtain the material constituents
of the ceramsites with ternary components. As the BS replace-
ment ratio increases, more CaO results in a higher total flux,
with the ratio of CaO to Fe,0O; increasing from 0.95 to 2.13.
The dry raw materials were subjected to a pellet mill, fol-
lowed by the addition of water until complete pelletization
was achieved. The water-to-solid mass ratio (w/s) for differ-
ent groups is listed in Table 2. The obtained wet pellets were
left in the ambient environment for 24 h and then dried at
105 °C until a constant weight was achieved. Afterward, they
were placed in a muffle furnace to prepare the sintered
ceramsite.

The thermal behaviors of the raw materials are shown in
Fig. 3a—c. The total weight losses of SS, FA, and BS between
25 °C and 1000 °C are 36.2%, 7.5%, and 37.5%, respectively. In
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contrast, SS exhibits the most complex weight loss process
among the raw materials. The weight loss of SS can be subdi-
vided into three stages, as evidenced by the TG and DTG
curves. Between 25 and 200 °C, the weight loss is primarily
attributed to the removal of free and absorbed water. Dou-
ble endothermic peaks between 200 and 600 °C are
attributed to the combustion of organic matter32, A further
weight loss period is observed between 600 and 800 °C,
attributable to the decomposition of CaCO;. The weight
changes of FA between 25 and 200 °C and 600 and 800 °C
are similar to those of SS, which are primarily attributable to
the evaporation of free and absorbed water and the decompo-
sition of CaCOs, respectively. Beyond 800 °C, a continuous
weight loss for SS and FA may be associated with Fe,O; and
sulfate decomposition!’>3334], The decomposition of CaCO;
exerts a predominant influence on the weight loss of BS at
temperatures ranging from 600 to 800 °C. At the same time,
the endothermic peak is shifted to a higher temperature in
comparison with that of SS and FA, which may be because
the presence of Fe,0; and SiO, has a promoting effect on the
decomposition of CaCO5B5],

Thermal behavior between 25 and 1300 °C is conducted
on the raw ceramsite of C1, C3, and C7. As presented in
Fig. 3d-f, due to the predominant content of SS, the TG and
DTG curves of these mixtures are analogous to those of SS
between 25 °C and 1000 °C, and the relative proportions of

Table 2. Material constituents and main chemical composition of ceramsites.

Ceramsite notation SS:FA:BS SiO, (%) Al,05 (%) Ca0 (%) Fe,05 (%) Total flux (%) CaO/Fe,03 wi/s
c1 80%:20%:0% 36.7 16.4 15.2 16.0 46.9 0.95 0.63
(@) 85%:15%:0% 36.0 15.5 15.7 16.5 48.4 0.95 0.61
a3 90%:10%:0% 353 14.6 16.2 17.0 50.0 0.95 0.61
c4 85%:10%:5% 338 14.1 19.4 16.2 52.1 1.20 0.56
a5 80%:10%:10% 323 135 22.7 153 54.2 1.48 0.58
c6 75%:10%:15% 30.8 12.9 26.0 14.5 53.6 1.79 0.50
Cc7 70%:10%:20% 29.3 12.3 29.2 13.7 58.3 213 0.50

100 0.15 100 100
(a)ss (b) FA (c)BS
0.02 1.0
0.10
95F
80 80
005 S 000 5 05 @
© 0.00 E Y E © §
60 ° —o,oza 60 F °
{-00s sk 00
0.10 ~0.04 ’sv_’—\f—\r
40 80 40 - - L L -0.5
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
Temperature (°C) Temperature (°C) Temperature (°C)
100 0.15 100 0.10 100 02
@c (ec3 ey
0.10
0.05 o1
80 80 80
005 5 ] o
z ;?i g 0.00 :.E g ZE
2 0.00 E ° g - o E
60 60
4-005
1-01
40 L L L L L L 0.10 40 L L L - L L 0.10 40 - - - L L L
200 400 600 800 1000 1200 200 400 600 800 1000 1200 200 400 600 800 1000 1200

Temperature (°C)

Temperature (°C)

Temperature (°C)

Fig. 3. Thermal behaviors of raw materials and raw ceramsites: (a) SS, (b) FA, (c) BS, (d) C1 ceramsite, (e) C3 ceramsite, and (f) C7 ceramsite.
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the raw materials are found to have no significant influence
on the thermal behaviors of the compounds. The endother-
mic peaks in the DTG curves, which appear at temperatures
higher than 1000 °C, are indicative of the formation of the
liquid phasel3¢l. It is suggested that the sintering tempera-
ture for the sludge ceramsite typically varies from 1000 °C to
1200 °CB7L, In terms of the Ca0-SiO,-Al,O; system, a sinter-
ing temperature around 1150 °C is satisfactory for the forma-
tion of anorthitel'¥, The study conducted by Liu et al.2" indi-
cates that ceramsite with diopside as the target phase can
achieve high strength at temperatures between 1150 °C and
1160 °C. Accordingly, the sintering temperature of 1155 °C is
set to form anorthite as the control phase and to investigate
the influence of chemical composition on the phase transfor-
mation in different ceramsites. The sintering process can be
summarized as follows: i) the ceramsite body was heated
from ambient temperature to 300 °C over a period of 155 min
and then maintained at this temperature for 10 min; ii) the
temperature was increased to 1155 °C over a duration of
280 min; iii) the ceramsite was sintered at 1155 °C for 25 min;
iv) a cooling process was initiated, during which the tempera-
ture was first reduced to 1000 °C over 45 min and then to
room temperature at a rate of 2.8 °C min~".

2.3. Test methods

The ultimate load of a single porous ceramsite was tested
using a compression tester, and the compressive strength
was calculated by Equation (1), which has been widely used
in previous studies591516], The dimensions of the ceramsite
were measured with a vernier caliper. Thirty particles were
tested for each ceramsite.

F=2.8P/nX’ (1)

where, F is the particle compressive strength of ceramsite,
MPa; P is the ultimate load under compressive loading, N; X is
the distance between two contact points of a porous ceram-
site, mm.

The dried ceramsites were soaked in water for 24 h and
then wiped with a wet towel. Water absorption was calcu-
lated as the difference in weight between water-saturated
and dried ceramsites. The volume of the water-saturated sam-
ple was determined using an electronic hydrostatic balance,
and the apparent density of the ceramsite was calculated as
the dry mass divided by the volume.

The shrinkage of the ceramsite before and after sinter-
ing was evaluated using image processing. As shown in Fig. 4,
after obtaining images of the ceramsite before and after sinter-
ing, the ceramsite particles were first highlighted. Then the
area, perimeter, and Feret diameter were measured using an
image analysis software. The roundness, as a shape factor,
was calculated using Equation (2).

Roundness = (Perimeter’)/(4 x T x Area) (2)

The sintered ceramsites are crushed and ground to pre-
pare powder samples with particle sizes smaller than 75 pm
for thermal behavior and mineral constituent tests. The ther-
mogravimetric (TG) analysis of raw materials and green ceram-
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Fig. 4. Morphology analysis of the ceramsite before and after
sintering.

site was conducted using a simultaneous thermal analyzer
(SDT650) with a heating rate of 10 °C min~'! in the N, atmo-
sphere. The test temperature ranges are 25-1000 °C and
25-1400 °C, respectively. The main mineral constituents of
raw materials and sintered ceramsite were analyzed by an X-
ray diffraction (XRD) analyzer. The XRD test was performed
using an XRD diffractometer (Bruker D8-Advance, Cu Ka) with
a scanning range of 5°-70° a scanning rate of 10° min~', and
a step length of 0.02°. Using the fragment samples, the
microstructure of the sintered ceramsite was observed by scan-
ning electron microscopy (SEM, Zeiss Sigma 300), and the ele-
ment composition of the crystalline phases was analyzed by
energy dispersive X-ray spectroscopy (EDS).

The leaching of heavy metals is generally of concern for
the ceramsite prepared from industrial solid waste. The leach-
ing tests for heavy metals, such as Cr, Cu, Zn, Pb, and Hg,
were conducted with the sulphuric acid & nitric acid method
specified in the standard HJ/T 299-2007. The concentrations
of Cr, Cu, Zn, and Pb in the leaching solution were detected
using an inductively coupled plasma mass spectrometry (ICP-
MS NexION 1000G), and the concentration of Hg was deter-
mined using an atomic fluorescence spectrometry (AFS-933).

3. Results and discussion

3.1. Macroscopic morphology

The sintering process is accompanied by a series of reactions,
including mineral decomposition and phase transformations.
These phenomena induce alterations in the mass and appear-
ance of ceramsite. As shown in Fig. 5a-g, the ceramsites are
effectively fabricated from the designed material con-
stituents at 1155 °C. During the sintering process, the ceram-
sites preserve predominantly spherical morphologies. As illus-
trated in Fig. 5h, the influence of varied material constituents
on ceramsite mass loss is negligible, yet a significant effect
on ceramsite particle size is observed. In comparison with C3
ceramsite with 10% FA, C2 ceramsite with 15% FA exhibits a
higher degree of area loss. However, as the FA content
increases from 15% to 20%, the area loss decreases. With the
content of FA fixed at 10%, replacing BS with SS induces signifi-
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Fig. 5. Mass and shape changes of sintered ceramsites.

cant shrinkage, particularly at replacement ratios greater than
10%. The shrinking trend is strongly correlated with the pore
structure observed in the cross-sections of ceramsites. The
pores in C3, which exhibit a moderate size, are uniformly dis-
tributed on the cross-section of ceramsite. However, with an
increase in FA content, pore size tends to decrease, resulting
in a denser structure, and the pores exhibit a non-uniform dis-
tribution. A 5% BS content results in a significant increase in
the pore size, but when the BS content exceeds 10%, the
cross-section of ceramsite becomes densified with a limited
number of pores. At a 20% BS content, the ceramsite surface
becomes irregular with visible open pores. In addition, a BS
content above 5% results in a shift in the color of sintered cer-
amsites from black to brown, which can be attributed to the
chemical states of Fe,O,.

3.2. Physical-mechanical properties

The physical-mechanical properties of the sintered ceram-
sites are outlined in Fig. 6. The relationships between load
and displacement during the compression test for ceramsite
particles are plotted in Fig. 6a. It can be seen that all the pre-
pared ceramsites exhibit brittle characteristics and similar stiff-
nesses. Fig. 6b illustrates the particle compressive strength, cal-
culated from the ultimate load. The particle compressive
strength of C3 ceramsite containing 10% FA is 7.13 MPa, and
the compressive strength of the particles undergoes a
decline as the FA content increases. Based on C3 ceramsite,
replacing SS with 10% and 15% BS significantly improves the
compressive strength of the ceramsite. The most effective
replacement ratio is 15%, which results in a 141.5% increase
in compressive strength compared to C3. However, an exces-
sive replacement ratio (i.e.,, 20%) has a detrimental effect on
the particle compressive strength.

Fig. 6¢c shows the apparent density of ceramsites with dif-
ferent material constituents. C3 ceramsite has the lowest
apparent density of 1280 kg m~3. Increasing the content of
either FA or BS increases apparent density, with the effect of
the latter being more pronounced. At a BS content of 15%,
the apparent density reaches a maximum of 2196 kg m=3. It is

noteworthy that the influences of FA and BS on the appar-
ent density are consistent with those on the size changes of
ceramsites in Fig. 5h, thereby demonstrating the densifica-
tion effect of different material constituents. However, the
compressive strength is not totally decided by the compact-
ness of ceramsite. C6 ceramsite has the highest specific
strength of 7.8 x 10~3 MPa m3 kg~', which may be attributed
to the formation of high-strength phases with the optimum
combination of 75% SS, 10% FA, and 15% BS. The water
absorption of ceramsite is shown in Fig. 6d. Water absorp-
tion is a property associated with open porosity, which is
affected by the stability of the liquid phase formed on the sur-
face layer. As shown in Figs. 5 and 6, the surface state of ceram-
site is closely related to its water absorption capacity. For
C1-C5 ceramsites, a compact surface results in low water
absorption. When the BS content exceeds 10%, the ceram-
site surface becomes rougher due to the formation of more
open pores, leading to a significant increase in water
absorption.

3.3. Mineral constituents

The phase transformation of ceramsite with different mate-
rial constituents is analyzed based on the XRD patterns
shown in Fig. 7. As demonstrated in Fig. 7a, the crystal
phases of ceramsites prepared from SS and FA comprise
quartz, anorthite, hematite, augite, diopside, hedenbergite,
cristobalite, magnetite, and fluorapatite. In the binary system
of SS and FA, quartz, anorthite, and hematite have relatively
intense diffraction peaks, which are responsible for the com-
pressive strength of the ceramsitel'938], Additionally, the pres-
ence of magnetite in the ceramsites with SS and FA may be
the primary reason for their black appearance.

As illustrated in Fig. 7b, the addition of BS has no influ-
ence on the mineral types of the sintered ceramsite but signifi-
cantly changes the yield of different crystalline phases. It is
clearly seen in Fig. 7c that when the addition of brine sludge
exceeds 5%, the diffraction intensities of the characteristic
quartz and hematite peaks decrease significantly. In contrast,
the diffraction peak intensities at 29.9° and 35.1° are
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Fig. 6. Mechanical and physical properties of the sintered ceramsite: (a) load-displacement curves, (b) particle compressive strength, (c) appar-

ent density and specific strength, and (d) water absorption.

enhanced, indicating an increase in the yield of augite, diop-
side, and hedenbergite. As shown in Fig. 7d, the diffraction
peak intensities of augite, diopside, and hedenbergite in C6
are about 9 times those of C3. These results suggest that the
addition of brine sludge promotes the dissolution of quartz
while providing sufficient CaO to transform hematite into
iron-containing crystalline phases such as augite, diopside,
and hedenbergite. In addition, when the brine sludge con-
tent exceeds 15%, CaO exceeds the demand of the solid-
phase reaction, resulting in no further increase in the yields
of augite, diopside, and hedenbergite.

3.4. Chemical bonds

As shown in Fig. 8, the FTIR spectra provide further insight
into the phase transformation behavior of the ceramsite dur-
ing sintering. The chemical bonds are analyzed in accor-
dance with the preceding studiesi2439-411, The band observed
at approximately 1040 cm~' is indicative of the stretching
vibration of Si-O bonds in amorphous silicon dioxide. The
vibrations of Si-O-Al at 530 cm~, 757 cm~', and 936 cm~! indi-
cate the formation of aluminosilicate. The principal distinc-
tions between the FTIR of different ceramsites become evi-
dent within 500-700 cm~!, where C3 ceramsite exhibits a
broad absorption band. However, an increase in the BS con-
tent splits the broad band into three peaks. The broader

band indicates higher structural disorder, mostly due to the vit-
reous phasel23l. The peak at 566 cm~" is characteristic of Fe-O
vibration, and the intensifying peak at 680 cm~! is attributed
to the stretching and deformation vibrations of Si-O-Fe in
diopsidel232441.42 Notably, diopside can form a complete
solid solution series with hedenbergite and augite. This fur-
ther verifies that Fe,O5 participates in the solid-phase reac-
tions to form crystalline phases.

3.5. Microstructure

As shown in Fig. 9, the microstructures of the ceramsites are
observed at different magnifications. It is evident that C1 and
C3 ceramsites, which contain differing FA content, possess a
high number of pores formed from the gasification of the
decomposable components. The microstructural images in
Fig. 9b, ¢, e, and f illustrate that the pore walls of both C1 and
C3 ceramsites are also characterized by porous structures,
formed through particle packing. However, in the case of C3
ceramsite, the particles are bonded more tightly by a more vit-
reous phase. This is beneficial for the strength of the ceram-
site. The addition of BS significantly influences the microstruc-
ture. As shown in Fig. 9g-1, C6 and C7 ceramsites, in compari-
son to C1 and C3 ceramsites, have fewer internal pores and
exhibit denser pore walls comprising vitreous phases. This sug-
gests that incorporating BS enhances the liquid phase, lead-
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Fig. 8. FTIR spectra of the sintered ceramsite.

ing to pore filling and structural densification. Furthermore,
the presence of fibrous crystals in C6 and C7 ceramsites,
which are not observed in C1 and C3 ceramsites, suggests
that these crystals may enhance the strength of the ceram-
site matrix through their intertexture.

The elemental composition of the crystalline phases
present in various ceramsites is determined using EDS. As

shown in Table 3, the element composition of Al, Si, and Ca
at Spots 1, 3, and 4 is close to that of anorthite (CaAl,Si,Og),
and P is rich in Spot 2, which belongs to fluorapatite as demon-
strated by the XRD results. In comparison to the granular crys-
tals in the C1 sample, the fibrous crystals in the C6 and C7
samples exhibit more complex element composition.
Nevertheless, the fibrous crystals tend to contain more Ca
and Fe, with slight decreases in Si and significant decreases
in Al. In conjunction with the XRD analysis, it can be deduced
that the fibrous crystals predominantly associate with augite,
diopside, and hedenbergite, and the addition of BS pro-
motes the transformation of anorthite into augite, diopside,
and hedenbergite.

3.6. Heavy metal leaching

C3 and C6 ceramsites are selected for the heavy metal leach-
ing tests. As presented in Table 4, all detected heavy metals
are at much lower concentrations than the limit values speci-
fied in GB 5085.3-2007, with Zn, Pb, and Hg for both ceram-
sites being below the detection limits of inductively coupled
plasma mass spectrometry and atomic fluorescence spec-
trometry. As pointed out by Xu et al.l?l, high-temperature sin-
tering at temperatures above 1000 °C significantly affects the
solidification and stabilization of heavy metals. The solidifica-
tion/stabilization mechanism of heavy metals is associated
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Fig. 9. SEM images of the sintered ceramsite: (a—c) C1, (d-f) C3, (g-i) C6, and (j-I) C7.
Table 3. Elemental composition of crystalline phases in different ceramsites determined by EDS (wt %).

Element Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 Spot 7 Spot 8 Spot 9
C / / / 9.13 / / / 9.37 /
0} 44.32 45.28 47.90 43.33 24.50 46.60 27.39 42.22 37.19
Na 1.53 / 1.57 1.15 0.32 1.13 1.03 2.03 4.23

Mg / 1.96 / / 3.67 3.98 0.53 248 /
Al 15.62 1.46 13.85 1345 7.50 3.75 1.73 543 2.67
Si 24.09 2.84 23.35 19.83 20.98 17.27 15.35 14.55 17.98
P / 17.16 / / / 6.16 / 4.42
K / / / / / 0.57 2.12 / /
Ca 11.05 28.24 945 9.66 21.58 13.38 36.99 20.02 22.17
Fe 3.38 1.69 3.88 3.46 21.45 13.32 8.70 3.89 7.27
S / 1.36 / / / / / / /
Cu / / / / / / / / 4.08

Table 4. Leaching test results of heavy metals of ceramsite (ug L1).
Sample Cu Zn Cr Pb Hg
C3 ceramsite 31.0 <64 <20 <4.2 <0.04
C6 ceramsite 31.6 <64 27.8 <4.2 <0.04
Limits specified in GB 5085.3-2007 10° 10° 15000 5000 100

with vitreous and crystalline phases during sintering. The
heavy metals are either wrapped by the vitreous phase in a
highly compact manner or entrapped within the crystal struc-
ture by occupying vacancies or replacing other metal

ions[24431, Besides, as claimed by Liu et al.], there exist appro-
priate contents of SiO, and Al,Os for the solidification/stabiliza-
tion of heavy metals, and the leaching content of Cr
increases significantly when the Al,O; content is less than
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15%. The 15% BS replacement ratio for SS reduces the Al,O5
content from 14.6% to 12.3%, which may explain the
stronger Cr leaching tendency in C6 ceramsite than in C3 cer-
amsite. On the other hand, C6 ceramsite has a higher water
absorption than C3 ceramsite, which also facilitates the leach-
ing of heavy metals.

3.7. Discussion

During sintering, the mass losses of SS and BS are similar and
significantly higher than those of FA. In the binary system of
SS and FA, the organic matter present in SS acts as the main
gasifying agent and is the primary source of the formation of
pores in the ceramsite. As the FA content increases from 10%
to 20%, the gas yield from SS decreases, resulting in a reduc-
tion in the porosity of the ceramsite and an increase in its
apparent density. However, due to the reduced flux content
and the decreased amount of vitreous phase, the bonding
between crystals weakens, leading to reduced strength.

Replacing SS with BS has little effect on gas yield, but
increasing the calcium oxide (CaO) content facilitates the
depolymerization of the silicate network 445, and the
increase in flux content lowers the eutectic point, thereby pro-
moting the melting of quartz and hematite, forming a large
amount of low-viscosity liquid phaseB646471 However, the
lower viscosity of the liquid phase limits its ability to trap
pores, causing them to merge into larger ones and allowing
gas to escapel®3. In addition, the decomposition tempera-
ture of calcium carbonate (CaCOs) is higher than that of the
organic matter in SS. As the BS content increases, more gas is
generated in the later stages of sintering, and the greater
expansion force produced makes the gas more likely to pene-
trate the liquid phase and escape.

In terms of phase transformations, compared with binary
ceramsite containing SS and FA, the introduction of BS
changes the main crystalline phases from quartz, anorthite,
and hematite to pyroxenes, such as augite, diopside, and
hedenbergite. Due to the high valence and small ionic radius
of Ca2*, it can replace Si4* in the silicate network, forming anor-
thitel2044, The chemical composition of pyroxene group miner-
als can be expressed by the general formula XYZ,0¢ (X = Na*,
Ca2+, Mn2+, Fe2+, M92+, Li'*'; Y = Mn2+, Fe2+’ Mgz+l Fe3+, A|3+,
Cr3+, Ti*t; and Z = Si%*, AI3*). For the prepared ceramsite, reac-
tions described by Equations (3) to (5) can produce Fe in differ-
ent valence states’>22, When the Y site is completely substi-
tuted by Fe, the resulting mineral is hedenbergite. The forma-
tion of anorthite is prioritized over pyroxene minerals!®,
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assuming that CaO first combines with Al,O3; and SiO, to
form anorthite, while the remaining CaO coordinates with
Fe,03 to form hedenbergite. The amount of CaO required for
the formation of anorthite and hedenbergite is shown in
Table 5. It can be seen that the addition of BS can compen-
sate for the insufficient CaO content in binary ceramsite.
When the BS content is 5%, Fe,O; can be completely con-
verted into hedenbergite. However, due to the presence of
other ions such as Na*, K*, and Mg+, in addition to hedenber-
gite, Fe,0; can actually also transform into augite and diop-
side, necessitating more CaO to participate in the solid-phase
reaction. According to XRD analysis, a 15% addition of BS maxi-
mizes pyroxene formation, and a large number of fibrous
pyroxene crystals interweave within the pores, enhancing the
strength of the ceramsite. Accordingly, the mass ratio of
Ca0/(Al,03+Fe,03) may be an effective parameter for the mate-
rial design of ternary ceramsite composed of SS, FA, and BS.

3Fe,0; + CO - 2Fe;0, + CO, (3)
Fe;O, + CO - 3FeO + CO, (4)
6Fe,0; —» 4Fe;0, + O, (5)

4. Conclusions

A multi-source solid waste-based ceramsite is formulated by
incorporating sewage sludge (70%-90%), fly ash (10%-20%),
and brine sludge (0%-20%). With sewage sludge as the pre-
dominant constituent, the influence of fly ash and brine
sludge replacement on the properties, phase transformation,
and microstructure of the sintered ceramsite is investigated.
Based on the experimental results, the following conclusions
are drawn.

1) For the binary ceramsite composed of sewage sludge
and fly ash, the ceramsite with 10% fly ash content has the
highest strength and the lowest apparent density. Based on
the optimized binary ceramsite, the addition of brine sludge
increases the apparent density and significantly enhances the
strength of ceramsite. When 15% of sewage sludge is
replaced with brine sludge, the ceramsite has the maximum
strength, and the specific strength increases from 5.6 x 103
t0 7.8 X 10-3 MPa m3 kg~'.

2) The mineral composition of sintered ceramsite is
mainly quartz, anorthite, hematite, and pyroxene. The addi-

Table 5. Comparison of theoretical and actual CaO amounts in ceramsites.

CaAl,Si,0g CaFeSi,0¢
Sample Theoretical CaO (%) Actual CaO (%) CaO/(Al,03+Fe,03)
ALO; (%)  CaO (%) Fe,05(%)  CaO (%)
@ 16.4 9.0 16.0 11.2 20.2 15.2 0.47
2 15.5 8.5 16.5 11.6 20.1 15.7 0.49
c 14.6 8.0 17.0 11.9 19.9 16.2 0.51
c4 14.1 7.8 16.2 11.3 19.1 19.4 0.64
c5 13.5 74 15.3 10.7 18.1 22.7 0.79
(@) 12.9 7.1 14.5 10.2 17.2 26.0 0.95
c7 12.3 6.8 13.7 9.6 16.4 29.2 1.12
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tion of brine sludge promotes the melting of quartz and
hematite, leading to increased pyroxene formation. Adding
15% brine sludge can convert almost all of the hematite into
pyroxene. In addition, the ceramsites with varied mineral com-
positions have relatively low risks of heavy metal leaching.

3) The compressive strength of ceramsite is correlated
with the formation of fibrous pyroxene. It is feasible to pre-
pare high-strength, lightweight ceramsite with pyroxene as
the target phase. At the same time, the mass ratio of
CaO/(Al,03+Fe,03) can serve as a key parameter in design-
ing the ceramsite with multi-source solid waste.
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