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Ceramsite was sintered using coal gasification slag, fly ash, construction spoils, and municipal sludge. The influence of the
municipal sludge content on the ceramsite performance was studied by TG-DSC, XRD, MIP, and SEM. The optimal sintering
conditions for the fabrication of ceramsite exhibiting the best performance were obtained through an orthogonal experiment.
The highest cylindrical compressive strength was obtained under the following conditions: a preheating temperature of
500 °C with a preheating time of 30 min, and a sintering temperature of 1100 °C with a sintering time of 20 min. The com-
pressive strength of the ceramsite was higher than 6.5 MPa when the municipal sludge content was 20 % and prepared in
optimal conditions. The porosity and the average pore diameter of the ceramsite increased with an increasing municipal
sludge content, while the strength and apparent density decreased. The average pore diameter of the ceramsite with the 20 %
municipal sludge content increased by 490 nm compared with the ceramsite containing a 5 % municipal sludge. In addition,
the Al,O, content was the factor affecting the strength of the ceramsite. When the Al,O; content exceeded 20.5 %, the main

crystal phase of the ceramsite changed from a quartz phase to kyanite, significantly improving its strength.

INTRODUCTION

Municipal sewage sludge is a type of fluid waste
formed after treatment in a municipal sewage treatment
plant, and its water content is typically 80 %. It is gene-
rally black or dark brown, and its organic content is higher
than 40 %. Municipal sludge contains a large number
of pathogens, parasite eggs, heavy metals, and many
harmful pollutants [1, 2]. With a continuous increase in
industrialisation and urbanisation, the annual output of
municipal sludge continues to increase. For example,
China produced approximately 1.5 million tonnes of
municipal sludge in 2018. Therefore, a reasonable and
effective treatment of municipal sludge has become a
very important topic. In particular, resource treatment
has become one of the most effective ways to treat
municipal sludge [3-5].

The use of municipal sludge to make ceramsite,
ceramic tiles, and insulation bricks is one of the main
technologies for the disposal of municipal sludge [6-8].
In recent years, the main concern regarding municipal
sludge ceramsite has been the sintering and swelling
process of municipal sludge ceramists. For example,
Xu [9] et al. proposed that ceramsite with an excellent
performance could be obtained at sintering temperatu-
res above 1000 °C. Ding et al. [10] showed that the

preheating temperature was the main factor affecting the
swelling of ceramsites. Specifically, optimal expansion
properties of sludge ceramsites were obtained when the
preheating temperature was approximately 400 °C. Liu
[11] et al. demonstrated that the production of gas is the
main reason for the formation of pores in ceramsite.

The strength of ceramsite containing municipal
sludge is generally low, and it has been generally used
in non-load-bearing insulation materials. For example,
Qin [12] et al. used municipal sludge, fly ash, and diato-
maceous earth to sinter ceramsite with a compressive
strength of 4.73 MPa, and the water absorption rate was
as high as 39.03 %. Liu et al. [13] developed ceramsite
sintered from municipal sludge, calcium carbonate,
and sea mud with a compressive strength of 5.35 MPa
and a water absorption rate of 13.34 %. Su et al. [14]
used municipal sludge, fly ash, and bentonite to sinter
ceramsite with a compressive strength of 3.05 MPa.

In addition, researchers have studied the effect of
municipal sludge on the performance of ceramsite while
adding oxides to the mixture. Qin et al [15] showed that
a proper SiO, content was beneficial to the performance
of ceramsite, but a too high or too low SiO, content was
detrimental to its strength. Zuo et al. [16] studied the
content of Fe,O,;, CaO, and MgO on the performance
of ceramsite. The results showed that the porosity of
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ceramsite decreased while the strength increased with
an increasing Fe,0;. In addition, a high CaO and MgO
content were detrimental to the strength of the material.
Xu et al. [17] proved that the (Fe,O;+CaO+MgO)/
(SiO,+AlL0;) ratio greatly determines the properties of
ceramsite. For example, a ceramsite with a higher com-
pressive strength and lower porosity was obtained with
a (Fe,0,+Ca0+MgO)/(Si0,+Al,0,) ratio from 0.175 to
0.275.

Based on the above research, the influence of the
sintering system of municipal sludge-based ceramsite,
swelling ceramsite, and the oxide content on its perfor-
mance is relatively mature. Moreover, a better-perfor-
ming ceramsite containing municipal sludge can be
realised using a supplementary oxide in the mixture.
However, this may increase the cost of the ceramsite and
limit its application in practical engineering.

At present, most of the ceramsites with the best
properties were prepared from solid waste containing
shale, fly ash, clay, and glass powder, among others
[18-20]. However, as the main mineral admixture in con-
crete, the cost of fly ash has increased in recent years. In
addition, ceramsite sintered with fly ash as the main ma-
terial had a high water absorption rate (generally above
10 %), which harmed the performance of the lightweight
aggregate concrete. Additionally, the performance of
ceramsite sintered from other types of solid waste was
poor [13, 14, 21].

Coal gasification slag is a solid waste produced
during the process of coal gasification. According to the
statistics, China’s coal gasification slag output exceeded
33.5 million tonnes in 2018 [22]. Coal gasification slag
has been disposed of mainly in landfills, and large-scale
industrial applications have not yet been made widely
available [23]. Studies determined that coal gasification
slag is mainly composed of SiO,, ALLO;, CaO, Fe,0;,
and C, among others, and its main mineral phase is
amorphous silicate, quartz, and calcite [24]. Therefore,
coal gasification slag fully meets the requirements of the
raw materials for production of ceramsite [25]. However,
there are not many studies on ceramsite sintered with
coal gasification slag as the main raw material.

Therefore, in this paper, coal gasification slag was
used as the main raw material to sinter ceramsite, and
mixtures with a municipal sludge dosage (0-20 %) on
the performance of ceramsite was analysed. The physic-
mechanical properties of the ceramsite, including the
water absorption rate, particle density, and compressive

Table 1. Chemical composition of the materials.

strength, were studied. The pore structure and phase
change of the ceramsite were analysed through Scanning
Electron Microscopy (SEM), mercury intrusion porosi-
metry (MIP) and X-ray powder diffraction (XRD). On
this basis, combined with the physical characteristics,
the ceramsite was analysed to determine the effect of
the municipal sludge content on the properties of the
ceramsite.

EXPERIMENTAL

Materials and ceramsite
preparation process

Materials

The municipal sludge used in this study was
obtained from a sewage treatment plant in Chengdu,
Sichuan Province, China, and the water content was
approximately 80 %. The sludge was dried at 105 °C
and ground before being used due to its high water
content. The construction spoils were obtained from
the spoils of a construction site in Chengdu, Sichuan
Province, China, the fly ash was acquired from a power
plant in Chengdu, Sichuan Province, China, and the coal
gasification slag was obtained from the waste product
after the coal gasification process in Taiyuan, Shanxi
Province, China. The samples were analysed by X-ray
fluorescence spectroscopy (Shimadzu XRF-1700), and
the results are shown in Table 1. The oxides present in
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Figure 1. XRD spectrum of the raw materials.

Raw materials Si0, ALO, Fe,O, Na,O MgO CaO K,O
Municipal sludge 30.95 18.79 8.15 0.83 4.71 8.05 4.22
Fly ash 50.39 27.49 8.47 1.41 0.95 1.47 2.03
Coal gasification slag 45.44 26.37 9.29 0.91 1.11 12.30 1.28
Construction spoils 70.03 17.15 5.49 0.97 1.41 0.79 2.72
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each raw material are mainly SiO, and AL O,. Figure 1
shows the XRD patterns. The crystalline phases of the
test materials were analysed by XRD (D/MAX-IIC
X-ray diffract meter). As shown in Figure 1, the major
minerals of the raw materials were quartz and its oxides,
as well as aluminium-containing oxides. Figure 2
shows the Thermogravimetry-Differential Scanning Ca-
lorimetry (TG-DSC) curve of the raw materials. The
results show that the weight loss of the municipal sludge
was significant, while the loss of the other raw materials
was not.
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Figure 2. TG-DSC of raw materials.

Ceramsite preparation process

Figure 3 presents the preparation process of the
ceramsite used in this study, which is similar to that
described by Yong et al. [26]. The municipal sludge, fly
ash, construction spoils, and coal gasification slag were
crushed and then sieved through a number 200 mesh
sieve. The particle size analysis was carried out using
a laser granularity analyser (Microtrac S3500 laser par-
ticle size analyser, Microtrac Inc.) and Figure 4 presents

the particle size distribution of the sieved materials.
The materials were then dried and mixed at the required
proportion, and then poured into meal ball granules,
5 - 25 mm in diameter. The meal ball granules were
transferred into a box resistor furnace and then prehea-
ted at 400 - 600 °C. Later, they were sintered at a sinte-
ring temperature of 1000 - 1200 °C for 10 - 50 min. After
sintering, the ceramsites were cooled to room temperatu-
re by natural convection.
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Figure 3. Fabrication process of the ceramsite.
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Figure 4. Particle size distribution of the raw materials.

Table 2 shows the compositions of the different
samples with their corresponding municipal sludge,
Si0,, and Al,O, content.

Table 2. Municipal sludge and the oxide content of the mix-
tures (%).

Samples M;ﬁ‘;;gal Si0, ALO, Fe,0; MgO CaO
Al 5 5629 2383 741 313 336
A2 5 6294 1943 621 2.10 1.89
Bl 10 53.59 2178 681 261 2.63
B2 10 6023 2041 665 251 2.62
Cl 20 5238 2264 751 336 267
2 20 5832 1764 727 162 6.12
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Analysis

The 1 h water absorption rate, compressive strength,
and apparent density of the ceramsite samples were de-
termined according to methods specified in the Chinese
standard “Lightweight Aggregate and Its Test Method”
(GBT17431.1-2010) [27]. According to the standard,
the 1 h water absorption test method of the ceramsite
consisted of weighing a certain quantity of ceramsite
(m,)) and soaking it in water for 1 h. Then, the ceramsite
was removed from the water, the surface water on the
ceramsite was removed with a wet towel, and the new
weight was recorded as m,. The 1 h water absorption
rate of the ceramsite was then calculated according to
Equation 1.

m —m

, = ———=x 100 % (1)

1
where w, is the water absorption rate of the ceramsite
soaked in water for n hours, m, is the mass after the
ceramsite has absorbed water for n hours, and m, is the
mass of the dry ceramsite.

The compressive strength of the ceramsite was
tested according to the National Standard of the People’s
Republic of China (GB/T 17431.2-2010) [28]. The com-
pressive strength of the ceramsite was measured using
a cylindrical pressure-bearing mould as shown in Figu-
re 4. The procedure consisted of filling the mould with
ceramsite and manually making it vibrate for 5 - 10 s by
means of one’s hands. This procedure was repeated until
the mould was completely filled with material. Then,
the pressure-bearing cylinder was placed on the lower
pressure plate of the press and aligned to the centre.
The load was set at a constant speed of 300 ~ 500 N per
second. When the pressing depth of the stamping die was
20 mm, the pressure was recorded. The final compressive
strength value of the ceramsite was determined according
to Equation 2. Each group of samples was tested 3 times
and the average value was calculated.
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where f, is the compressive strength of the ceramsite
cylinder (MPa), p, is the pressure value (N) when the in-
dentation depth is 20 mm, p, is the quality of the punched
film (N), and F is the pressure-bearing area.

The measurement of the apparent density consisted
of first weighing a certain quantity of dry ceramsite,
recorded as m. The ceramsite was then introduced into
water for 1 h, the surface was dried with a wet towel, and
the sample was placed into a measuring cylinder. Then,
500 ml of water was poured into the graduated cylinder
and the volume V" was recorded. Finally, Equation 3 was
used to calculate the apparent density of the ceramsite.

m % 1000

v—500 )

p=
where p is the apparent density of the ceramsite (kg'm™),
m is the mass of the ceramsite under dry conditions,
and V is the total volume of the ceramsite after water
absorption and the addition of 500 ml of water (ml).

The physicochemical changes that the raw materials
underwent during the sintering of the ceramsite were
analysed using thermo gravimetric-differential thermal
scanning calorimetry (TGA-DSC) (NETISCH, Germany,
STA409C). After mixing uniformly, the raw materials
were ground with a grinding body and passed through
a square hole sieve of 80 microns or larger. The samples
were placed into the equipment and heated at a rate of
8 °C'min”' from 20 to 1080 °C in air. Between 4 and
10 mg of the sample were weighed, and they were put
into a Pt-Rh crucible with 20 taps. All the curves were
evaluated using the TA-instruments software.

To evaluate the microstructure of the ceramsite
samples, the sintered ceramsite was cut into 3 - 5 mm
slices and then adhered to a conductive adhesive.
After gold spraying, images were taken using an SEM/
EDS by a Tescan VEGA III LMU scanning electron
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Figure 5. Mould pattern for the analysis of the compressive strength of the ceramsite.
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microscope (SEM). The high vacuum resolution used
was 3.0 nm/30 kV, and the low vacuum resolution was
3.5 nm/30 kV. The magnification was 4 ~ 100 000 times,
the operating voltage was 0.2 ~ 30 kV, and the electron
beam current was 1 ~2 pa

The pore structure of the ceramsite was determi-
ned using mercury intrusion porosimetry (MIP). The sin-
tered ceramsite was crushed into particles approximately
3-5mmindiameterand 2 - 3 g of each specimen was used.
The mercury intrusion was performed on an AutoPore®
IV 9510 equipment (Micromeritics Instrument Corp).
The ceramsite was placed in the equipment and then
the pressure was increased from atmospheric pressure
to a maximum pressure of p,.. = 414 MPa, and then
released to atmospheric pressure again. The raw data was
analysed using the Washburn equation.

To analyse the phases and chemical composition of
the ceramsite, the material was first ground into a pow-
der, and a D/MAX-IIIC X-ray diffractometer was used
to analyse the sample. The target material of the instru-
ment was copper, the scanning range was 5 - 70°, and the
scanning speed was 2.5° per minute.

RESULTS AND DISCUSSION

Sintering of ceramsite

The rates of the weight loss of the mixtures were
examined at different temperatures and the results are
shown in Figure 6. Figure 6a presents the mass loss
during the heating process, and Figure 6b is the endother-
mic/exothermic change in the process.

It can be seen from Figure 6a that the weight loss
of the mixtures increased with an increasing municipal
sludge content. Specifically, the weight loss of the mix-
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Figure 6. TG-DSC analysis of the mixtures.

tures with a 20 % municipal sludge content was approxi-
mately 12 % greater than that of samples with a 5 %
municipal sludge content. This suggests that a significant
weight loss of the mixtures is due to the municipal
sludge. For the mixtures with a municipal sludge content
of 20 %, the weight loss of sample C1 was greater than
that of sample C2 during the heating process, which was
caused by the different raw materials and their content.

Furthermore, it can be seen from Figure 6a that
the weight loss of the mixtures occurred in the range of
300 ~ 500 °C. When the temperature was higher than
700 °C, the weight of the material remained unchanged.
As observed in Figure 6b, three endothermic peaks
appeared during the heating process. The first exothermic
peak can be observed at approximately 320 °C, and a se-
condary exothermic peak at 450 °C. These two peaks
were due to the decomposition of the organic compounds
contained in the mixtures [29]. The third exothermic
peak at temperatures higher than 600 °C suggests the
polymorphic transformation of the quartz [30].

In order to obtain the optimal ceramsite sintering
conditions, mixture B1 with a municipal sludge content
of 10 % was selected for the sintering test. The thermal
effect of the mixtures during the high-temperature
thermal processing have been previously investigated
using TG-DSC measurements. Therefore, the preheating
temperature was selected as 400, 450 and 500 °C for
10 min, 20 min, and 30 min, respectively. The sintering
temperature was varied between 1050, 1100 and 1150 °C,
and the corresponding sintering time was 10, 20 and
30 min. Table 3 shows the orthogonal factor of mixture
B1 and Table 4 shows the orthogonal test scheme of
the sintering system of the B1 mixture with the 10 %
of sludge content, and the compressive strength of the
sintered ceramsite.
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Table 3. Orthogonal test factor level of the B1 mixture.

Factor
Level A B C D
Preheating temperature Preheating time Sintering temperature Sintering time
(°C) (min) (°C) (min)

1 400 10 1050 10

2 450 20 1100 20

3 500 30 1150 30
Table 4. Orthogonal test factor level of the B1 mixture.

Factor level
A B C D Compressive
Preheating temperature Preheating time Sintering temperature Sintering time strength
(°C) (min) (°C) (min) (MPa)

D, 1 1 1 1 4.2
D, 1 2 2 2 4.9
D, 1 3 3 3 4.9
D, 2 1 2 3 4.8
Ds 2 2 3 1 4.6
D, 2 3 1 2 4.8
D, 3 1 3 2 5.1
Dy 3 2 1 3 4.9
D, 3 3 2 1 52
k, 4.67 4.70 4.63 4.67 -
k, 4.73 4.77 4.93 4.90 -
ks 5.07 4.97 4.87 4.87 -
R 0.40 0.27 0.30 0.23 -
c 0.18 0.12 0.71 0.60 -
Optimal combination A;B,C,D,

It can be seen from Table 4 that the preheating and
sintering temperatures were the main factors affecting
the ceramsite strength, followed by the preheating and
sintering time. When the preheating temperature was low
and the preheating time was short, the organic matter in
the ceramsite formed a gas and was discharged during the
sintering process, causing the ceramsite to crack and the
strength to be reduced. When the sintering temperature
increased, the ceramsite melted and the pore content
increased, which decreased the strength of the material.
Therefore, the optimal conditions for the strength deve-
lopment were with a preheating temperature of 500 °C,
a preheating time of 30 min, a sintering temperature of
1100 °C, and a sintering time of 20 min.

Performance of the ceramsite

Figure 7 shows the properties of the ceramsite fab-
ricated under the optimal sintering conditions for the
mixtures with the different municipal sludge content.
As shown in Figure 7a, samples Al and A2 with a mu-
nicipal sludge dosage of 5 % had an apparent density of
approximately 1800 kg'm™, and the water absorption rate
for 1 h was the same at approximately 3.7 %. The apparent
density of the ceramsite and the 1 h water absorption

rate gradually decreased with an increasing municipal
sludge content (group A to group C). Compared with the
ceramsite of group Al with 5 % municipal sludge, the
1 h water absorption rate of the ceramsite of group C1
with a 20 % sludge content increased by 5.3 %, and the
apparent density decreased by 418 kg'm™.

In addition, it can be seen from Figure 7b that the
strength of the ceramsite decreased with an increasing
municipal sludge content. Compared with sample Al,
the compressive strength of sample C1 with a 20 % of
municipal sludge content was reduced by 3.3 MPa and
the compressive strength of sample Bl with a 10 % of
municipal sludge content was reduced by 2.8 MPa.
However, sample Al with the 5 % of municipal sludge
content, sample B1 with a 10 % content, and sample
C1 with a 20 % content all meet the requirements for
a lightweight high-strength ceramsite according to
GB/T 17431.1-2010 “Lightweight Aggregates and Test
Methods ™ (compressive strength > 6.5 MPa, density
grade < 900 kg-m™).

In addition, the compressive strength was different
for the ceramsite samples with the same amount of mu-
nicipal sludge. For example, the comprehensive strength
of sample Al with a 5 % of sludge content was 4.2 MPa
higher than that of sample A2. This may be caused by
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the different SiO, and Al,O, content in samples Al and
A2. On the other hand, the samples of group B with a
sludge content of 10 % and group C with a content of
20 % showed the same change as group A. Therefore, for
the ceramsite with the same municipal sludge content, it
is necessary to study whether the change in strength was
due to the change in the SiO, or AL,O; content.
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Figure 7. The properties of the ceramsite.

Pore structure

The changes in the pore structure of the samples
were analysed by the MIP mercury intrusion method.
Figures 8 and 9 show the cumulative mercury intrusion
and pore size distribution of each ceramsite sample, and
the calculated pore size distribution and porosity values
are shown in Table 5. The porosity and the average pore

diameter of the ceramsite increased with an increasing
municipal sludge content. For example, the cumulative
mercury intrusion of sample Al with a 5 % municipal
sludge content was 0.031 ml-g”" higher than that of ce-
ramsite C2 with a 20 % municipal sludge content, and
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Figure 8. Cumulative mercury intrusion.
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Table 5. Porosity and pore size distribution of the ceramsite samples.

Cumulative mercury Porosity Average pore Pore size distribution (%)
Samples . . 0 .
intrusion (ml-g™) (%) size (nm) <300nm  300~10000nm > 10000 nm
Al 0.203 31.48 140.60 16.21 78.58 5.21
A2 0.206 32.05 147.27 20.95 65.46 13.59
B1 0.219 34.05 308.45 31.57 54.06 14.37
B2 0.216 34.38 413.01 16.81 66.90 16.29
Cl 0.224 35.47 629.49 15.08 59.77 25.15
C2 0.229 35.21 480.34 14.64 65.78 19.58
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the porosity was reduced by 3.99 %. The influence of the
municipal sludge content on the porosity of the ceramsite
could explain the changes in the water absorption and
apparent density. More specifically, the increase in the
porosity is beneficial for the water to enter into the
material, and the apparent density of the ceramsite is
reduced.

The pore size distributions of the ceramsite are
shown in Figure 9. Each peak was the most probable
pore diameter, which represents the highest probability
of the occurrence in the ceramsite. As shown in Figu-
re 9, the most probable pore diameter of the ceramsite
samples with the same amount of municipal sludge was
consistent for all the samples. For example, samples Al
and A2 with a 5 % municipal sludge content had the
most probable pore diameter of approximately 20 nm,
and those of group B with a 10 % municipal sludge
content was approximately 200 nm. In addition, it can

be seen from Table 5 that the pore diameter gradually
increased with an increasing municipal sludge content. It
is proposed that the municipal sludge could change the
pore structure of the ceramsite due to the higher mass
loss compared to other raw materials in the burning
process.

In order to further study the influence of the mu-
nicipal sludge on the pore structure of the ceramsite,
SEM was used to observe the changes in the internal
pore structure, as shown in Figure 10. It can be seen
that the internal structure of the samples from group
A with a 5 % municipal sludge content was compact,
and the pore diameter was small when compared with
samples from groups B and C. The internal pores of
the group B ceramsite with a 10 % municipal sludge
content were loose and the diameter was large. When
the municipal sludge content reached 20 % (group C),
the internal structure of the ceramsite was looser, and the

!

d) B2: Si0, = 60.23 %, ALO; = 20.41 %

Figure 10. Microscopic scan of the ceramsite samples. (Continue on next page)
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Figure 10. Microscopic scan of the ceramsite samples.

macropores increased significantly (> 10 000 nm pore
size distribution), which was consistent with the MIP test
results. Therefore, the increase in the amount of municipal
sludge could reduce the strength of the ceramsite. The
main reason is that as the content of the municipal sludge
increases, the porosity and the average pore diameter
increases, resulting in a loose internal structure, which
is detrimental to its strength. This analysis is consistent
with the conclusions in the literature [31-33].

XRD analysis

Figure 11 shows the XRD phase of the ceramsite,
and Table 6 shows the change in the mineral content.
It can be seen from Figure 10 that the main phases of
ceramsite are quartz (SiO,), kyanite (Al,SiOs), and a
small amount of anorthite [albite-Na(AlSi;0y), anorthite-
Ca(Al,S1,04)] and silicon limestone (Al,SiOy).

Table 6 shows that the main phase of ceramsite
in group Al was kyanite, while that of group A2 was
quartz. The content of the municipal sludge in the Group
A ceramsite was the same, therefore, this was not the
reason for the phase change. It is worth noting that the
SiO, content of ceramsite in group Al decreased by
6.65 % and the content of Al,O, increased by 4.4 %
compared with that of group A2. In all the sample groups,

the main crystal phase of the samples change from the
quartz phase to kyanite as the content of Al,O, increases.
This shows that the change of the Al,O;content was the
main reason for the phase change in the samples.

L — Lisetite
Q — Quartz
K — Kyanite
A — Albite-anothite |
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Figure 11. XRD patterns of the ceramsite samples.

Table 6. Crystal phases and corresponding phase content (%) in the ceramsite samples.

Samples Quartz Kyanite Albite-anorthite Sillimanite Goethite
Al 19.0 64.0 15.7 1.3 -
A2 78.4 19.0 1.7 0.9 -

Bl 27.8 55.5 14.4 2.3 -

B2 65.4 242 10.1 0.3 -

Cl 29.9 47.7 21.7 0.7 -

Cc2 78.3 12.2 6.3 - 32
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The main reason behind the phase change was
that the Si in the silicon-oxygen framework had low
coordination, so the [SiO,] connected by the common
top tends to be disconnected from each other. During
the sintering process, the AI’** ion is substituted for the
Si*" one in the network tetrahedron, contributing to
the stability of the network, and Al,O, could enter the
silica network as an A10,* tetrahedra to replace some of
the SiO,* groups. In addition, the Al,0, which had not
replaced Si** was used as an oxide promoter to promote
the pozzolanic reaction with the easily available alkali
metal cations. This was beneficial to the strength of the
ceramsite [16, 17, 34]. Therefore, at a constant sludge
content, the strength of the ceramsite increased with an
increasing Al,O; content.

From the above results, it was determined that in-
creasing the municipal sludge content increased the po-
rosity of the ceramsite samples and the internal structure
became loose, which, in turn, affected their strength.
However, the amount of municipal sludge was not the
only reason that affected the strength. A change in oxide
content in ceramsite also affects the strength of the ce-
ramsite. When the content of AL,O; exceeded 20 %, the
main crystal phase changed from quartz to kyanite, and the
strength increased significantly. Therefore, it is necessary
to comprehensively consider the impact of the municipal
sludge and the oxide content on the performance of the
ceramsite when using municipal sludge to burn a light-
weight and high-strength ceramsite.

CONCLUSION

In this paper, solid waste such as municipal sludge
and coal gasifier slag were used as raw materials to
obtain ceramsite with excellent performance through
orthogonal experiments. The reasons that affect the per-
formance of the ceramsite were studied by MIP pore
structure analysis, SEM, and other microscopic testing
methods. The results were as follows:

e The burned ceramsite with 5 - 20 % municipal sludge
content meets the requirements of the light-weight,
high-strength ceramsite according to standard GB/T
17431.2-2010 “Lightweight Aggregate and Its Experi-
mental Method”. The compressive strength of sample
Al with 5 % and 20 % municipal sludge content
reached 10.3 MPa, and 6.7 MPa, respectively.

e The weight loss of the mixtures in the heating process
increased when increasing the municipal sludge con-
tent. The municipal sludge increased the porosity and
the average pore diameter of the ceramsite. Therefore,
the water absorption rate of the ceramsite increased,
and the apparent density decreased when the municipal
sludge content increased;

e The compressive strength of the ceramsite decreased
with an increasing municipal sludge content when the

content of SiO, and Al,O, remained unchanged. The
compressive strength of the ceramsite in group Cl
with a sludge content of 20 % decreased by 3.6 MPa
compared with that of group A1 with 5 % content;

e The change in Al,O, content was also the reason for the
change in the ceramsite strength when the municipal
sludge content was maintained at a constant rate.
The main crystal phase of the ceramsite changed from
quartz to kyanite when the Al,O; content increased
(generally exceeded 20 %), which significantly impro-
ves the strength of the ceramsite. Compared with
sample A2, the compressive strength of sample Al
with an Al,O; increase of 4.54 % increased by 4.5 MPa.
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