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Abstract: In order to prepare a novel landfill liner material, we used industrial calcium-containing
waste (slag, fly ash, and desulfurized gypsum) to solidify municipal sludge. The mechanical and
permeability properties of the solidified sludge material (SSM) were evaluated using straight shear,
uniaxial compression, and permeability tests. The hydration products, microscopic morphology, and
elemental composition of the SSM after the wet and dry cycles were analyzed using a combination of
scanning electron microscopy (SEM + EDS), X-ray diffraction (XRD), and Fourier transform infrared
spectroscopy (FT-IR). The SSM has high strength and low hydraulic conductivity. The values of
cohesion c and internal friction angle ϕ reached 0.45–3.31 MPa and 6.52–36.28◦. The SSM exhibited a
compressive strength of 0.93–11.67 MPa and hydraulic conductivity of 4.80 × 10−9–1.34 × 10−7 cm/s.
Analysis shows that SiO2, Al2O3, and CaO in industrial calcium-containing solid wastes and sludges
produce dense bulk and agglomerated C-S-H and C-A-S-H gels under alkali excitation. The optimum
ratio of sludge, desulfurized gypsum, fly ash, and slag in the solidified sludge was 1:0.61:0.62:0.54,
whereas the optimum exciter was Ca(OH)2. The SSM may be used as a good barrier material to
prevent water seepage in landfills.

Keywords: solidified sludge; landfill liner; industrial solid waste; water seepage; microstructure

1. Introduction

Currently, China’s municipal sludge production exceeds 6 × 108 t/a [1], with an
annual growth rate exceeding 18%. Sludge has a water content of 60–80% and contains
a large number of pathogenic bacteria, parasites, heavy metals, and other harmful sub-
stances [2]. If inappropriately applied, sludge can trigger secondary pollution and damage
ecosystems; therefore, finding a low-carbon and economical method for the environmen-
tally sound treatment and utilization of sludge has become a priority. It was estimated
that approximately 235 million tons of municipal solid waste were generated in China
in 2021, and 500 million tons or more might be generated annually by 2050 [3,4]. The
three main methods of waste disposal are sanitary landfills, incineration, and composting,
with sanitary landfills accounting for 70% of waste disposal. The movement of leachate
from sanitary landfills into the underlying soil and groundwater results in the release of
many organic pollutants, heavy metal ions, and other toxic and harmful substances into
the environment [5–7].

The liner impermeability system is an important part of the landfill ecological barrier
system. It plays a vital role in preventing landfill leachate from contaminating groundwater
and surface water. Its safety is also a key factor in ensuring the service performance of the
landfill. Impermeable material systems commonly used as leachate barriers at landfills
include compacted clay liners (CCL), geosynthetic clay liners (GCL), and high-density
polyethylene (HDPE). The depth of solid waste at some landfills exceeds 100 m, and the
corresponding pool of leachate can be tens of meters deep, which exerts immense pressure
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on the landfill liner. Landfill leachate and groundwater can trigger the water absorption
and humidification of CCL and GCL materials. Moreover, the temperature inside a landfill
can be as high as 70 ◦C, with the corresponding temperature at the liner and sealing
barrier as high as 50 ◦C [8]. Such high temperatures lead to critical levels of water loss
and drying of CCL or GCL materials. High loads and dry–wet cycles ultimately trigger
deformation and cracking of CCL as well as tearing of HDPE geomembranes and GCL;
such damage to the liner results in the escape of leachate from the barrier system. To solve
this problem, the research and development of a landfill liner barrier material with a high
load-bearing capacity and durability has recently gained widespread attention from many
researchers worldwide [9,10].

The dye sludge char has been previously treated with cement, lime, ladle slag, or
hydroxyapatite for solidification and stabilization. The study showed that the unconfined
compressive strength and permeability coefficient test results of the solidified sludge met
the requirements for landfill cover material [11]. In previous studies of alkali slag–slag-lime
solidified sludge, tests were performed to gauge the level of unconfined compression,
variable head infiltration, water holding, and water resistance, as well as the strength
characteristics and micromechanics of the sludge under dry–wet cycles. The unconfined
compressive strength of the solidified sludge increased with the number of dry–wet cycles.
Although the strength of the material slightly decreased after the first wet and dry cycles,
after seven cycles, the strength of the samples was found to be 1.16–1.45 times higher than
that before the dry–wet cycles. The results demonstrated that the unconfined compressive
strength and permeability coefficient met the requirements for landfill cover materials [12,13].
Changjutturas et al. studied the geotechnical engineering properties such as unconfined
compressive strength and microscopic pore structure of solidified sludge with fly ash
geopolymer as a curing agent [14]. Li used sludge, cement, quicklime, and waste fly ash to
solidify the municipal sludge and analyzed the strength and permeability of the solidified
sludge under dry and wet cycles [15]. Yi et al. used quicklime or slaked lime mixed
with slag, respectively, to solidify the soft clay. The research showed that the unconfined
compressive strength of quicklime—slag solidified soft clay was higher than that of slaked
lime—slag solidified soft clay at curing ages of 7 d and 28 d. However, the results for the
unconfined compressive strength at 90 d were the opposite of those at 7 d and 28 d [16].
Furthermore, the sludge was solidified with cement and mineral powder, and the strength
and heavy metal concentration of the solidified sludge were analyzed by orthogonal test.
The study showed that when the solidifying agent content reached 15%, the compressive
strength of the solidified sludge reached 1 MPa, and the leaching concentration of heavy
metal ions met the standard requirements [17]. Numerous researchers used clay, lime, fly
ash, and ferric chloride as the curing agent to solidify the sludge. They tested unconstrained
compressive strength, shear strength, coefficient of permeability, expansion and contraction,
and contaminant concentration of solidified sludge. The results revealed that it could be
used as an alternative material for landfill protection [18–21]. Furthermore, Bizarreta et al.
examined the mineralogical and morphological characteristics of sludge as a leachate
barrier. The authors performed shrinkage tests on selected sludge samples with different
moisture contents and assessed the potential of sludge as a final cover material for partial
landfills [22]. Yang et al. utilized an in-house curing agent to cure municipal sludge. The
material was tested for unconsolidated undrained creep through different wet and dry
cycles. The authors ultimately showed that the strength of the solidified sludge gradually
decreased as the number of dry–wet cycles increased; when the number of wet and dry
cycles exceeded 10, the strength remained constant [23].

The above studies mainly used cement, lime, and fly ash to solidify sludge as an
impermeable material for landfills. Although the solidified sludge material (SSM) is
characterized by low permeability, the bearing capacity of the material is rather low, and its
durability against dry and wet cycles is weak. These problems have seriously affected the
service performance of the impermeable system and caused great harm to the long-term
safety of the landfill and the ecological environment. Currently, in China’s industrial
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solid waste overproduction, most of the industrial waste cannot be fully utilized. The
solidification of sludge using industrial solid waste materials (slag, fly ash, and desulfurized
gypsum) and its application as a landfill liner barrier material are less studied. Therefore,
curing sludge with slag, fly ash, and desulfurization gypsum to obtain a novel landfill liner
barrier material.

In the present study, industrial solid waste calcium-containing wastes (slag, fly ash,
and desulfurized gypsum) were utilized as modifiers of municipal sludge to be solidified
under alkaline excitation conditions to obtain landfill liner material. The optimum ratio
of the SSM and the optimum type and content of alkali excitation were selected using a
response surface test design and a single-factor controlled test design. The mechanical
characteristics and impermeability of the solidified sludge were evaluated using shear,
uniaxial compressive, and permeability tests. The solidified sludge was immersed in the
solution (pH = 7.00) for 270 d, and the heavy metal concentrations in the solutions were
measured using a portable pH meter and an atomic emission spectrometer. Furthermore,
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), and scanning
electron microscopy (SEM + EDS) experiments were conducted to examine the hydration
products, microscopic morphology, and elemental composition of the solidified sludge
during different drying and wetting cycles. Based on these analyses, we confirmed the
solidification of sludge using industrial calcium-containing solid waste and discovered
the microscopic mechanism of the damage caused by dry–wet cycles to the solidified
sludge structure.

2. Materials and Test Methods
2.1. Materials
2.1.1. Raw Materials

The municipal sludge used in the experiment was obtained from a sewage treatment
plant in the suburbs of Wuhan. It was characterized by a dark brown appearance with an
initial moisture content of 75–85%. Desulfurization gypsum was a secondary product of
flue gas desulfurization gypsum in the form of a white powder. The fly ash was grade II
gray–black powder. The slag powder was S95 grade, a gray–white powder with a particle
size of 1–35 µm and a specific surface area of 430–460 m2/kg. The chemical composition
and contents of the test materials are summarized in Table 1.

Table 1. Chemical composition and content of test materials.

Name of Raw Material
Main Chemical Composition/%

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O Others

Desulfurization gypsum 31.89 12.45 0.56 31.37 7.61 0.59 0.51 15.02
Fly ash 47.17 27.15 4.89 3.54 0.38 1.39 0.68 14.80

Slag powder 29.73 13.58 1.01 36.39 6.56 0.55 0.28 11.90
Municipal sludge 39.46 11.10 7.00 3.96 1.80 2.36 0.70 33.62

2.1.2. Samples Molding

A cement mortar mixer (JJ-5, Wuxi Jianding Construction Instrument Factory, Wuxi, China)
was used to stir the municipal sludge at a low speed of 100–400 rpm for 5–10 min to achieve a
viscous consistency. Subsequently, desulfurized gypsum, fly ash, and slag powder were
successively added to the mixing pot and mixed at a high speed of 600–1000 rpm for
10–20 min, followed by the addition of 0.2–2% of an activator (Na2SiO3, Na2CO3, Na2SO4,
Ca(OH)2, and NaOH). The contents were thoroughly mixed and pressed into a cylindrical
mold (100 mm in height and 50 mm in diameter) to prepare a solidified sludge specimen.
The ratio of test materials was designed using the central composite design method (CCD)
in RSM. Samples MS1–MS15 were prepared using this ratio. The uniaxial compressive
strength was considered as the main index. The optimal ratio of the solidified material
to the activator was selected to prepare the MS16 sample. Furthermore, 2% Ca(OH)2 was
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added to prepare MS17 and MS18 samples based on the material ratios of MS4 and MS9.
The material ratios of the MS1–MS18 samples are summarized in Table 2.

Table 2. Material composition of MS1–MS18 samples (g).

Serial Number Desulfurized Gypsum Fly Ash Slag Powder Municipal
Dewatered Sludge Ca(OH)2

MS1 27.5 27.5 27.5 50 /
MS2 15 40 40 50 /
MS3 40 15 15 50 /
MS4 40 40 15 50 /
MS5 15 15 40 50 /
MS6 15 15 15 50 /
MS7 15 40 15 50 /
MS8 40 15 40 50 /
MS9 40 40 40 50 /
MS10 6.48 27.5 27.5 50 /
MS11 27.5 27.5 6.48 50 /
MS12 48.52 27.5 27.5 50 /
MS13 27.5 48.52 27.5 50 /
MS14 27.5 27.5 48.52 50 /
MS15 27.5 6.48 27.5 50 /
MS16 30.47 31.14 27.15 50 2.77
MS17 40 40 15 50 2.90
MS18 40 40 40 50 3.40

2.2. Methods
2.2.1. Uniaxial Compressive Strength and Shear Strength Tests

The uniaxial compressive strength of the solidified sludge sample after curing for
28 d was measured using a microcomputer-controlled electronic rock shearing instrument
(YZW-30A, Jinan Puye Electromechanical Technology Co., Ltd., Jinan, China). The samples
were cylinders with a height of 100 mm and a diameter of 50 mm. A stress-controlled axial
load was applied in the uniaxial compressive test at a loading rate of 0.01 KN/s.

After curing for 28 d, the MS16–MS18 samples were placed indoors and immersed
in distilled water for 30, 90, 180, and 270 d. The shear and uniaxial compressive strengths
of the samples were tested using straight rock shear. The shear strength test was set at
a vertical loading rate of 0.01 MPa/s, with limits of 0.5, 1.0, 1.5, 2.0, and 2.5 MPa and a
horizontal displacement of 0.01 mm/s.

2.2.2. Permeation Test

Permeation tests of samples were performed using an environmental geotechnical
flexible wall permeameter (PN3230M, GEOEQUIP, Boston, MA, USA) following the Ameri-
can experimental standard ASTM (D5084-03). In the test, the confining pressure was set to
350 KPa, whereas the upper and lower back pressures were 30 and 60 KPa, respectively.
Before the penetration test, the sample was vacuum-saturated for 24 h with distilled water
as the saturated medium.

2.2.3. Dry-Wet Cycle Test

The uniaxial compressive strength and hydraulic conductivity of MS16–MS18 so-
lidified sludge samples were tested during repeated wet and dry cycles after 28 d of
maintenance to evaluate the service performance of the SSM under the action of wet and
dry cycles. The samples were placed in a DHG-9071A type constant temperature drying
oven (Shanghai Yiheng Technology Instruments Co., Ltd., Shanghai, China) at a constant
temperature of 50 ◦C for 24 h. Then, dried samples were placed in a BGH vacuum-saturated
cylinder for 24 h. This process accounted for one dry–wet cycle. The number of dry–wet
cycles for this test was 1–10.
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2.2.4. Toxicity Leach Test

After 270 d of samples immersion, heavy metal concentrations in the immersion
solution (pH = 7.00) were measured using a portable pH meter and an atomic emission
spectrometer (Agilent 725-ES, Agilent Corporation, Palo Alto, CA, USA).

2.2.5. Micromechanic Test

After curing for 28 d and undergoing 1, 3, and 5 dry/wet cycles, MS16 samples were
selected and comprehensively analyzed using XRD (D8Advance, Bruker Corporation,
Karlsruhe, Baden-Württemberg, Germany), FT-IR (Nicolet6700, Thermo Fisher Scientific,
Waltham, MA, USA), and SEM (Gemini SEM 300, Carl Zeiss AG, Jena, Germany) to
detect the hydration products, microscopic morphology, and elemental composition of the
solidified sludge.

3. Results and Discussions
3.1. Uniaxial Compressive Strength and Shear Strength

During the curing of industrial solid waste-solidified sludge, the hydration reaction
contributes to the strength of the sludge. Figure 1 shows that the uniaxial compressive
strengths of the MS1–MS15 samples after curing for 28 d were 2.63–5.25 MPa. As the
content of desulfurized gypsum, fly ash, and slag powder increased from 15 to 40%, the
compressive strength first increased but then decreased, as shown in Figure 2. When less
industrial solid waste material is added, the high water content of the modified sludge
material is not conducive to early strength generation. When more mass was added,
a complete hydration reaction did not occur. Moreover, the change in the mass ratio
of the three materials resulted in a convex shape of the compressive strength response
surface. The optimum ratio of the SSM was determined through ANOVA with a quadratic
polynomial regression response surface model; it was 1/0.61/0.62/0.54 for fresh municipal
sludge/desulfurized gypsum/coal ash/slag powder, respectively.
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ash. (b) Desulfurized gypsum and slag powder. (c) Fly ash and slag powder.

Figure 3 shows the compressive strengths of the solidified sludge samples prepared
with the optimum material ratios and activator types and levels. The compressive strength
of the solidified sludge under the action of sodium salts (e.g., Na2SiO3, Na2CO3, and
Na2SO4) first increased but then decreased. Overall, sodium salts only slightly enhanced
the strength of the solidified sludge. With the addition of alkali (Ca(OH)2, NaOH)), the
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compressive strength of the solidified sludge increased significantly, and the Ca(OH)2
alkali activator exhibited the most significant effect. At a Ca(OH)2 content of 2.0%, the
compressive strength of the solidified sludge reached 15.23 MPa at 28 d curing age, which
was twofold higher than the compressive strength of the solidified sludge without the
addition of an alkali activator.

Processes 2022, 10, x FOR PEER REVIEW 7 of 18 
 

 

(c) 

Figure 2. Response surface analysis results of different materials. (a) Desulfurized gypsum and fly 

ash. (b) Desulfurized gypsum and slag powder. (c) Fly ash and slag powder. 

 

Figure 3. Compressive strength of solidified sludge samples with different additives. 

Figure 4 shows the uniaxial compressive strengths of the solidified sludge exposed 

to air and immersed in water. As shown, the compressive strength of MS16–MS18 samples 

exhibited a complex trend by first slowly increasing and then rapidly decreasing with the 

prolongation of exposure time in the air, whereas it first decreased rapidly and then 

slowly increased with the prolongation of water immersion time. After the exposure to air 

or immersion in water for 30 d, the compressive strength of the samples increased from 

10.05‒15.23 MPa to 10.34‒16.31 MPa or decreased to 2.67–6.79 MPa. After being exposed 

to air or immersed in water for 30‒270 d, the compressive strength consistently decreased 

to 0.93‒3.32 MPa or increased to 7.13‒11.67 MPa, respectively. The maximum compressive 

strength was observed for the MS16 specimen. The solidified sludge was exposed to air 

for a long time to cause water loss, which resulted in structural damage and loosened the 

contact of the particles, ultimately weakening the strength. When soaked in water, indus‐

trial calcium‐containing solid waste can generally continue to undergo hydration reac‐

tions, thus facilitating the construction of the skeletal structure and promoting increased 

strength. These findings suggest that solidified sludge is potentially efficient for landfill 

liner barriers and can maintain a high load‐bearing capacity when immersed in water. 

Figure 3. Compressive strength of solidified sludge samples with different additives.

Figure 4 shows the uniaxial compressive strengths of the solidified sludge exposed to
air and immersed in water. As shown, the compressive strength of MS16–MS18 samples
exhibited a complex trend by first slowly increasing and then rapidly decreasing with
the prolongation of exposure time in the air, whereas it first decreased rapidly and then
slowly increased with the prolongation of water immersion time. After the exposure to air
or immersion in water for 30 d, the compressive strength of the samples increased from
10.05–15.23 MPa to 10.34–16.31 MPa or decreased to 2.67–6.79 MPa. After being exposed to
air or immersed in water for 30–270 d, the compressive strength consistently decreased to
0.93–3.32 MPa or increased to 7.13–11.67 MPa, respectively. The maximum compressive
strength was observed for the MS16 specimen. The solidified sludge was exposed to air
for a long time to cause water loss, which resulted in structural damage and loosened
the contact of the particles, ultimately weakening the strength. When soaked in water,
industrial calcium-containing solid waste can generally continue to undergo hydration
reactions, thus facilitating the construction of the skeletal structure and promoting increased
strength. These findings suggest that solidified sludge is potentially efficient for landfill
liner barriers and can maintain a high load-bearing capacity when immersed in water.

Figure 5a shows that the cohesion (c) and internal friction angle (ϕ) of MS16–MS18 samples
exposed to air and immersed in water exhibited similar evolutionary patterns to the com-
pressive strength. In particular, c increased from 1.83–3.15 MPa to 1.93–3.31 MPa, while ϕ
increased from 16.05–27.57◦ to 17.97–36.28◦ after 30-day exposure to air. After 30–270 d of
exposure to air, c and ϕ both rapidly decreased to 0.45–0.90 MPa and 6.52–11.23◦, respec-
tively. Figure 5b illustrates that both c and ϕ of the MS16–MS18 samples exhibited a trend
of rapid decrease, followed by a slow growth with increasing water immersion time. When
samples were immersed in water for 0–30 d, c and ϕ both decreased from 1.83–3.15 MPa
and 16.05–27.57◦ to 0.64–1.98 MPa and 9.75–17.88◦, respectively. When the samples were
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immersed in water for 30–270 d, c and ϕ, both slowly increased to 0.96–2.75 MPa and
11.32–19.94◦, respectively. The MS16 sample exhibited the maximum shear strength.
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Ca2+, Al3+, SiO4
4−, and SO4

2− ions in desulfurization gypsum, fly ash, slag powder,
and municipal sludge generated C-S-H and ettringite in a Ca(OH)2 alkaline environment,
thus filling the material pores and making the SSM denser. Furthermore, this made the
specimen mechanically stronger when it was exposed to air. Moreover, as the exposure time
to air increased, the moisture content in the solidified sludge decreased, and the hydration
reaction between the materials was slow. In a dry environment, ettringite generally reacts
with CO2 in the air, and part of the ettringite is converted into a powder form of gypsum
and vaterite [24], thereby inducing a decrease in the ettringite content in the solidified
sludge and a decrease in the mechanical strength. At the initial stage of immersion in water,
hydration products such as ettringite in the solidified sludge expanded when exposed to
water; while the skeleton structure was destroyed, the pore size increased, and the strength
decreased. As the soaking time in water increased, some substances, such as desulfurized
gypsum, fly ash, and slag powder, underwent hydration reactions with water once again
to generate ettringite and C-S-H cementitious substances, resulting in increased strength.
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3.2. Hydraulic Conductivity

Figure 6 shows the hydraulic conductivities of the MS16–MS18 samples when ex-
posed to air or immersed in water. As shown in Figure 6a, the hydraulic conductivity
of MS16–MS18 exhibited a tendency to decrease or increase first with increasing expo-
sure time. The hydraulic conductivity decreased from 7.70 × 10−9–4.33 × 10−8 cm/s to
4.30 × 10−9–3.53 × 10−8 cm/s in the first 30 d. After 270 d of exposure, the hydraulic con-
ductivity increased up to 1.25 × 10−8–5.54 × 10−8 cm/s. Moreover, Figure 6b demonstrates
that the hydraulic conductivity rapidly increased from 7.70 × 10−9–4.33 × 10−8 cm/s up
to 1.59 × 10−8–5.77 × 10−8 cm/s after soaking for 0–30 d. After soaking for 30–270 d, the
hydraulic conductivity slowly decreased to 4.80 × 10−9–4.54 × 10−8 cm/s. Furthermore,
the hydraulic conductivity coefficients of MS16, MS18, and MS17 are in descending order.
Notably, they all met the impermeability requirements for landfill liner barriers of less than
1.0 × 10−7 cm/s. At the initial stage of water immersion, tiny particles and soluble filling
in the pores of the material were lost during the dissolution of water, and the pores of the
material increased, thereby increasing the permeability coefficient of the solidified sludge.
As the soaking time increased, some of the material within the solidified sludge continued
to undergo a hydration reaction, thereby generating gelling products that filled the pores,
which ultimately reduced the permeability coefficient.
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3.3. Service Characteristics during Dry–Wet Cycle

Figure 7 shows the compressive strength and hydraulic conductivity of the MS16–MS18
samples under dry and wet cycling conditions. As shown, the compressive strength and hy-
draulic conductivity continued to change with the number of wet and dry cycles. When the
number of dry-wetting cycles was 0–5, the compressive strength of the MS16–MS18 samples
rapidly decreased from 9.92–15.23 MPa to 4.05–7.86 Mpa, and the hydraulic conductivity
increased from 2.59 × 10−8–6.28 × 10−8 cm/s up to 8.62 × 10−8–1.30 × 10−7 cm/s. After
five wet cycles, the compressive strength and hydraulic conductivity of the samples stabi-
lized. After 10 wet and dry cycles, the compressive strength and hydraulic conductivity
reached 3.74–7.54 MPa or 8.96 × 10−8–1.34 × 10−7 cm/s, respectively. These findings
indicate that the dry–wet cycle inflicted a damaging effect on the structure of the solidified
sludge. After multiple drying and wetting cycles, the compressive strength of the solidified
sludge could still withstand a pressure of hundreds of meters of landfill waste, but only
the hydraulic conductivity of the MS16 sample was below 1.0 × 10−7 cm/s. Therefore,
it is reasonable to suggest that MS16 is a beneficial, durable barrier material for landfill
liners. During the drying and wetting process, the partially bound water of the solidified
sludge was separated from the mineral particles, the material structure was destroyed,
and tiny pores developed into mesopores or macropores. The ettringite generated by the
hydration reaction expanded during the drying–wetting cycle, resulting in pores between
the particles inside the material.
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3.4. Leaching Toxicity Element Analysis

After 270 d of MS16 sample immersion, elemental fractions in a solution (pH = 7.00)
were examined to evaluate the ecological and environmental benefits of the imperme-
able layer of the modified sludge liner in long-term solutions. The results are presented
in Table 3.
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Table 3. Elemental composition of the solution (pH = 7.00) after 270 days of immersion.

Chemical Element Content (mg/L)

S 1870.1250
Ca 768.1050
Na 598.3800
Mg 2.0083
Zn 0.0379
Fe 1.6736
Ni 0.4875
Ba 0.2143
Cr 0.1075
Se 0.0352
As 0.6942
Pb 0.0510
Cu 0.1754
Hg 0.0281
Ag 0.0349
Cd 0.0414
Be 0.0008

By comparing the concentrations of hazardous components in the solution, it was
found that the actual concentrations of Cu, Zn, and Ba were 3–4 orders of magnitude
lower than the normative limits; the concentrations of Cd, Pb, Cr, Be, Ni, Ag, As, and
Se were 1–3 orders of magnitude lower. The concentration range of elemental Hg is
0.0077–0.0925 mg/L, also lower than the specification requirement limit of 0.1 mg/L. Ac-
cording to the Hazardous Waste Identification Standard Leaching Toxicity Identification
(GB 5085.3-2019), standard limits for leaching toxic inorganic elements are required in the
specification. This study found that the concentrations of all hazardous elements in the solu-
tion were 1–4 orders of magnitude lower than the normative limits, meeting the normative
requirements. In summary, the SSM is believed to have a better environmental effect.

3.5. Micromechanics

Figure 8 shows the XRD pattern of the MS16 specimen during the wet and dry cycles. The
main hydration products in the solidified sludge were ettringite (Ca6Al2(SO4)3(OH)12-26H2O),
calcium silicate hydrate (C-S-H), calcite (CaCO3), and gypsum (CaSO4-0.5H2O and CaSO4-2H2O).
Moreover, Figure 8 reveals that large amounts of ettringite and small amounts of C-S-H gels
were generated within the modified sludge when no wet–dry cycling was performed. As
the number of dry and wet cycles increased, the peak value of Ca6Al2(SO4)3(OH)12-26H2O
decreased, whereas those of CaSO4-2H2O and CaCO3 increased. The channel structure
of ettringite accommodates sulfate, which is relatively easily replaced by oxoacid anions
with a similar structure and radius [25]. Furthermore, alumite is decomposed into gypsum,
vaterite, and alumina gel via a carbonization reaction, which destroys the internal structure
of the material [26].

Figure 9 shows the FT-IR spectral profile of the MS16 specimen. The absorption peaks
at positions 465.04−1–470.69−1 characterized the bending vibrations of Si-O-Si in C-S-H
gels, while 1004.75−1–1014.39−1 and 1121.53−1–1148.63−1 most likely characterized the
bending vibrations of Si-O in C-S-H gels. The absorption peaks at 3540.90−1 corresponded
to the O-H stretching vibration absorption peak of Ca(OH)2, and the peaks at positions
875.06−1 and 1440.66−1–1450.49−1 are characteristic of the asymmetric stretching vibrations
of carbonate C-O bonds. Combined with the XRD analysis, the hydration products mainly
included ettringite, calcium silicate hydrate gel, and calcium carbonate. As the number of
wet and dry cycles increased, the absorption peaks at 465.04−1, 1004.75−1, and 1121.09−1

shifted to 470.69−1, 1014.39−1, and 1148.63−1, respectively. Note that the peak shifts to
higher wavenumbers indicate an increase in the polymerization of silicon oxide tetrahedra
in the gel products. Similarly, the absorption peak at 1140.66−1 shifted to 1450.49−1,
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indicating that the degree of C-O polymerization also increased in the calcite [27]. This
finding also indicates the production of small amounts of C-S-H gels and ettringite during
the pre–dry and wet cycles.
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Figure 9. The FT-IR spectra of MS16 sample.

Figure 10 shows the surface micromorphology and elemental composition of MS16
during wet and dry cycles. The surfaces of the samples without wet and dry cycles
appeared as lumps, rods, and flocculent colloidal material stacked on top of each other,
with larger spherical fly ash particles covered by rods and flocculent colloidal material,
as well as fine fissures and pores of different sizes. However, as the number of wet and
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dry cycles increased, the hydration products shrank owing to water loss and expanded
owing to water absorption, thereby triggering the emergence of more cracks and larger
pores. Spherical fly ash particles were damaged by erosion and gradually decreased in
size. The material composition and XRD pattern analysis indicated that the dense masses
and flocculent colloids were mainly composed of hydrated C-S-H gels, and the rods were
mainly composed of structural crystals of ettringite and calcite. Furthermore, EDS results
demonstrated that the main elements of the solidified sludge hydration products were O,
Si, Al, and Ca, with only a small amount of S. The Ca/Si ratio ranged between 0.8 and 1.5,
thereby proving the formation of C-S-H gels and ettringite in the modified sludge.
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4. Conclusions

In this study, a novel type of impermeable barrier material for landfill liners was pre-
pared using industrial calcium-containing waste (slag, fly ash, and desulfurized gypsum) to
solidify municipal dewatered sludge. The load-bearing capacity and impermeability of so-
lidified sludge under long-term exposure to air, immersion in water, and repeated wet and
dry cycles were systematically evaluated. This study described the solidification of sludge
with calcium-containing solid waste and the microscopic mechanism of structural damage
caused by dry–wet cycles to the solidified sludge. The optimum ratio of sludge, desulfu-
rized gypsum, fly ash, and slag in the solidified sludge was 1:0.61:0.62:0.54, whereas the
optimum exciter was Ca(OH)2. After 270 d of exposure to air or immersion in water, the so-
lidified sludge exhibited a compressive strength of 0.93–3.32 MPa or 7.13–11.67 MPa and a
hydraulic conductivity of 1.25 × 10−8–5.54 × 10−8 cm/s or 4.80 × 10−9–4.54 × 10−8 cm/s.
After ten wet and dry cycles, the SSM reached the compressive strength of 3.74–7.54 MPa
and hydraulic conductivity of 8.96 × 10−8–1.34 × 10−7 cm/s. The values of cohesion c and
internal friction angle ϕ of the SSM reached 0.45–0.90 MPa and 6.52–11.23◦ or 0.96–2.75 MPa
and 11.32–19.94◦. The MS16 sample met the anti-seepage requirements of the landfill liner
impermeability system with a high load-bearing capacity. This is because O, Si, Al, and
Ca in industrial calcium-containing solid waste and sludge generate dense blocks and
agglomerated C-S-H and C-A-S-H gels in the presence of alkali excitation. Under the action
of dry and wet cycles, the calcium alumina in the solidified sludge was converted into gyp-
sum and calcium carbonate. At the same time, some of the hydration products expanded
and contracted, resulting in the destruction of the skeletal structure and an increase in
pores and cracks. However, the compressive strength and permeability coefficient of the
solidified sludge still met the impermeability requirements of landfill liners. The heavy
metal content in the solution of the MS16 sample was less than the specification after 270 d
of immersion in the solution (pH = 7.00). In summary, solidified municipal sludge with
calcium-containing waste (slag, fly ash, and desulfurized gypsum) can serve as a landfill
liner impermeable material.
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