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Abstract
The resource utilization of urban river sediments is often hindered by their high-
water content, poor mechanical properties, and potential environmental risks. In 
this study, a composite stabilization system based on mayenite (CA) and coconut-
shell biochar (BC) was developed to simultaneously improve the engineering 
performance and environmental safety of contaminated sediments. The effects of 
initial water content, CA dosage, CA particle size, BC dosage, and BC particle size 
were systematically investigated using unconfined compressive strength (UCS) tests. 
The optimal conditions were 70% initial water content, 40% CA (250 mesh), and 
20% BC (200 mesh), achieving a maximum UCS of 2.31 ± 0.11 MPa. Microstructural 
analyses revealed distinct functional roles of the two stabilizers. CA primarily 
provided mechanical stabilization by forming cementitious hydration products 
that bound sediment particles into a dense, continuous matrix, whereas BC mainly 
enhanced environmental stabilization through pore refinement and adsorption-
assisted contaminant retention. As a result, the CA–BC composite significantly 
reduced the leaching of heavy metals, chemical oxygen demand, total nitrogen, and 
total phosphorus compared to CA stabilization alone. This study demonstrates that 
CA and BC play complementary roles in sediment stabilization, with CA dominating 
mechanical reinforcement and BC enhancing environmental stability, providing an 
effective strategy for the sustainable reuse of dredged sediments in geotechnical 
engineering.
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1. Introduction
Large quantities of urban river sediment are continuously 
generated worldwide due to routine dredging operations, 
river channel maintenance, and the remediation of black-
odorous water bodies.1-3 Driven by rapid urbanization and 
growing efforts to restore aquatic ecosystems, the volume 
of dredged sediment has increased substantially, creating 
significant challenges for safe disposal and sustainable 
management. In China, approximately 160 million m3 of 
dredged sediment is generated annually from urban river 
regulation and water environment improvement projects.4 
Similar challenges have been reported globally; for 
example, more than 50 million tons of marine sediment are 
dredged annually from ports in France,2 while the annual 
dredged sediment quantities reach approximately 400 
million tons in the United States and 40 million m3 in the 
Netherlands.5 However, the direct reuse of these sediments 
in engineering applications is often hindered by their 
high water content, poor mechanical strength, and high 
compressibility.6-9 Cino et al.10 incorporated superabsorbent 
polymers into dredged marine sediments to reduce pore 
water content, enabling the resource utilization of the 
sediments. Mastoi et al.11 treated dredged sediment slurry 
with ground granulated blast furnace slag and flocculants 
to improve mechanical dewatering efficiency, thereby 
increasing the strength of the solidified sediment slurry. 
Moreover, the coexistence of organic matter, nutrients, 
and heavy metals may pose potential environmental risks 
through contaminant migration during disposal or reuse 
processes.12-15 Therefore, developing effective stabilization 
strategies that can simultaneously improve engineering 
performance and environmental safety is essential for 
the sustainable management and resource utilization of 
dredged sediments.

Cementitious binders, including Portland cement, 
lime, and other calcium-based materials, have been 
extensively employed for sediment stabilization because 
hydration reactions generate cementitious products that 
enhance particle bonding, increase strength, and reduce 
compressibility.16,17 Recently, calcium aluminate-based 
binders have attracted increasing attention due to their 
rapid hydration kinetics and the formation of calcium-
containing hydration products, such as calcium silicate 
hydrates (C–S–H), calcium aluminosilicate hydrates 
(C–A–S–H), and ettringite (AFt), which contribute to 
matrix densification and strength development.18-20 In 
particular, mayenite (Ca12Al14O33, hereafter referred to 
as CA), a highly reactive calcium aluminate phase, has 
shown promising potential as a stabilizing agent owing to 
its unique hydration characteristics and ability to promote 
the formation of cementitious phases.21 Nevertheless, the 

stabilization efficiency of calcium-based binders remains 
strongly influenced by sediment properties, including 
water content, binder dosage, and particle size distribution, 
especially for soft sediments with high moisture content.

In recent years, biochar has increasingly been 
incorporated into cementitious systems as a functional 
additive because its porous structure, high specific surface 
area, and abundant oxygen-containing functional groups 
facilitate pore refinement, contaminant adsorption, and 
microstructural regulation.22,23 Among biochar types, 
coconut-shell biochar has attracted particular interest 
because of its abundant raw materials, low cost, and 
favorable physicochemical properties.24,25 However, biochar 
alone generally exhibits limited cementation capacity 
and cannot provide sufficient mechanical reinforcement. 
Therefore, coupling biochar with calcium-based binders 
may provide a promising strategy by combining the 
cementitious effect of hydration products with the 
adsorption and pore-modifying capabilities of biochar. 
Despite this potential, the synergistic interactions between 
biochar and calcium aluminate binders during sediment 
stabilization remain insufficiently understood.

Although calcium aluminate and biochar exhibit 
complementary advantages, several critical issues remain 
unresolved. First, the combined effects of key influencing 
factors, including initial water content, binder dosage, and 
particle size, on the stabilization performance of calcium 
aluminate–biochar systems have not been systematically 
evaluated. Second, the mechanisms governing the 
interactions between hydration products and biochar in 
terms of pore structure evolution, strength enhancement, 
and contaminant immobilization require further 
clarification. Third, previous studies have mainly focused 
on mechanical improvement, whereas the coupling 
relationship between mechanical performance and long-
term environmental safety has received comparatively 
limited attention.

Therefore, we developed a mayenite–biochar composite 
stabilization system to treat and resource-utilize urban 
river sediment. The effects of initial water content, mayenite 
dosage, mayenite particle size, biochar dosage, and biochar 
particle size on unconfined compressive strength (UCS) 
were systematically investigated to determine the optimal 
stabilization conditions. Subsequently, X-ray diffraction 
(XRD), Fourier transform infrared spectroscopy (FTIR), 
scanning electron microscopy (SEM), and energy-
dispersive X-ray spectroscopy (EDX) analyses were 
conducted to reveal the microstructural evolution and 
underlying stabilization mechanisms. Furthermore, 
leaching tests for heavy metals, chemical oxygen demand 
(COD), total nitrogen (TN), and total phosphorus (TP) 

https://doi.org/10.36922/AJWEP026300202


Asian Journal of Water,Asian Journal of Water,
Environment and PollutionEnvironment and Pollution River sediment solidification

Volume X Issue X (2026)	 3� doi: 10.36922/AJWEP026300202

were performed to evaluate the environmental safety 
of the stabilized sediment (SS). This study provides new 
insights into the synergistic stabilization mechanism of 
mayenite and biochar and offers a practical approach for 
the sustainable reuse of dredged urban river sediments.

2. Materials and methods
2.1. Raw materials

River sediment used in this study was collected from 
an urban river channel in Suzhou, China. The sampled 
sediment was dark gray, highly plastic, and rich in fine 
particles, with clay and silt as the dominant fractions. After 
collection, visible debris, plant residues, and gravel were 
manually removed. The sediment was then homogenized 
and stored in sealed polyethylene containers prior to 
use. Based on the source studies, the sediment exhibited 
high water retention, low structural strength, and poor 
engineering stability, making it a representative material for 
solidification/stabilization research. The basic properties 
of the sediment are shown in Table 1.

The mineral stabilizer, CA (Ca12Al14O33), was prepared 
using analytical-grade calcium oxide (CaO) and aluminum 
oxide (Al2O3) (Sinopharm Chemical Reagent Co., Ltd., 
China). The CaO and Al2O3 were thoroughly mixed 
according to the predetermined stoichiometric ratio and 
subsequently calcined in a muffle furnace at 1,200 °C for 
4 h to obtain the mayenite stabilizer. After cooling the 
calcined product to room temperature, it was crushed, 
ground, and sieved to obtain various particle-size fractions 
for subsequent tests. 

Coconut shell biochar (BC) was selected as the 
carbonaceous amendment because of its porous structure, 
high specific surface area, and abundant surface functional 
groups. The biochar was supplied as a commercial powder 
(Luoyang Bailian Environmental Protection Technology 
Co., Ltd., China) and then sieved into different particle-
size fractions before use.

2.2. Experimental design

First, experiments on sediment with different moisture 
contents (40–80%, covering the moisture range commonly 
encountered in dredged river sediment) and different CA 
dosages (25–50%, expressed as the mass ratio of stabilizing 
agent to wet sediment mass) were performed. The UCS of 
specimens cured for seven days was used as the index to 
assess the effects of initial sediment water content and CA 
dosage on SS strength. Secondly, based on the optimum 
initial sediment water content and CA dosage obtained 
from the above tests, BC was introduced to form a CA–BC 
composite stabilizer, and the effects of BC dosage and BC 
particle size on sediment stabilization were systematically 

investigated. Then, XRD, FTIR, and SEM–EDX were 
employed to clarify the microscopic mechanism of 
strength development by analyzing the hydration products 
and microstructure. Finally, leaching tests were conducted 
to evaluate the ability of CA–BC–SS to immobilize heavy 
metals, thereby assessing its engineering properties and 
environmental safety. 

Table 1. Basic physical and mechanical properties of the raw 
sediment

Properties Value

Gravel (%) 0.00

Sand (%) 1.12

Silt and clay (%) 98.90

Liquid limit (%) 64.80

Plastic limit (%) 37.90

Plasticity index (%) 26.90

Maximum dry density (g/cm3) 1.42

Initial water content (%) 87.40

2.3. Specimen preparation

Sediment was first oven-dried at 60 °C and then weighed 
according to the designed mix proportion. Deionized 
water was added to adjust the moisture content to the 
target value, and the mixture was mechanically stirred to 
obtain a homogeneous sediment paste. CA was then added 
according to the designed dosage and mixed thoroughly 
with the sediment. The mixture was cast into cylindrical 
acrylic molds (Φ50 mm × 50 mm) in several layers, 
and each layer was compacted by vibration to minimize 
entrapped air and improve specimen uniformity. After 
molding, the specimens were kept in the molds for 24 h, 
demolded, and then cured in a standard curing box under 
the designated curing conditions (temperature: 20 ± 2 °C, 
humidity: 95%) for seven days. The silt samples solidified 
with CA are denoted as CAx%–SS, where x% represents the 
CA dosage based on the sediment dry mass.

For the CA–BC composite stabilization system, CA 
and BC were first dry-mixed thoroughly and then added 
to the sediment paste. The subsequent mixing, molding, 
demolding, and curing procedures were identical to those 
used for the CA-stabilized specimens. The silt samples 
solidified with CA and BC are denoted as CAx%–BCy%–
SS, where x% and y% represent the CA and BC dosages, 
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respectively, both calculated based on the dry mass of the 
sediment.

2.4. Unconfined compressive strength test

Cylindrical specimens (Φ50 mm × 50 mm) were prepared, 
with three parallel specimens for each mixture. After seven 
days of curing, the specimens were tested using a universal 
compression testing machine (3,400, Instron, USA) with a 
load capacity of 50 kN and a displacement measurement 
accuracy of 0.5 μm. The loading rate was set to 1 mm/min, 
and the specimens were continuously loaded until failure. 
The peak stress was taken as the UCS value, and the average 
value of the three parallel specimens was used for analysis. 
The UCS results were used to evaluate the effects of initial 
sediment water content, CA dosage, CA particle size, BC 
dosage, and BC particle size on SS strength development.

2.5. Leaching tests

The leaching test was conducted in accordance with 
HJ/T 299–2007, Solid Waste—Extraction Procedure 
for Leaching Toxicity—Sulphuric Acid and Nitric Acid 
Method.26 After the UCS test, the inner portion of the 
fractured specimens was collected as the leaching sample. 
The extraction solution was added according to the 
standard procedure, and the samples were shaken for 20 h. 
The leachates were then filtered and collected for chemical 
analysis. Two categories of pollutants were analyzed. The 
first category included heavy metals (As, Cd, Pb, Hg, Cr, 
Ni, Cu, and Zn), while the second category included water 
quality indicators, namely COD, TN, and TP. Specifically, 
heavy metals were determined in accordance with HJ 
677–2013, Water Quality—Digestion of Total Metals—
Nitric Acid Digestion Method;27 COD was determined 
in accordance with HJ/T 399–2007, Water Quality—
Determination of the Chemical Oxygen Demand—
Fast Digestion-Spectrophotometric Method;28 TN was 
determined in accordance with HJ 636–2012, Water 
Quality—Determination of Total Nitrogen—Alkaline 
Potassium Persulfate Digestion UV Spectrophotometric 
Method;29 and TP was determined in accordance with 
GB 11893–89, Water quality—Determination of Total 
Phosphorus—Ammonium Molybdate Spectrophotometric 
Method,30 respectively. The measured concentrations were 
compared to the relevant national standards to evaluate the 
environmental safety of the SS. In addition, the effect of 
curing atmosphere on pollutant release was investigated 
by comparing the leaching behavior of air-cured and 
anaerobically cured specimens. Three parallel specimens 
were prepared for each group, and the average values were 
used for analysis.

2.6. Microstructural characterization

Raw sediment, CA–SS, and CA–BC–SS for seven days 
were selected for microscopic characterization using XRD, 
FTIR, and SEM. For XRD and FTIR analyses, samples were 
taken from the inner portion of the UCS specimens, oven-
dried at 40 °C for more than 48 h, ground into a powder, 
and passed through a 0.075 mm sieve. XRD analysis was 
performed using an X-ray diffractometer (D8 Advance, 
Bruker, USA), while FTIR spectra were collected using 
a Fourier transform infrared spectrometer (Nicolet iS20, 
Thermo Fisher Scientific, USA). For SEM observation, 
intact portions of the UCS specimens were cut into cubes 
of approximately 1 cm3 and dried at 40 °C for more than 48 
h. The dried specimens were then fractured to expose fresh 
surfaces, sputter-coated with gold, and examined using a 
field emission scanning electron microscope (JSM-7610F, 
JEOL, Japan). 

3. Results and discussion
3.1. Optimization of solidification conditions

3.1.1. Effect of initial water content and mayenite 
dosage on unconfined compressive strength

The UCS of SS under different initial water contents and 
CA dosages is presented in Figure 1. A similar trend was 
observed across all CA dosages, with UCS increasing 
initially and then decreasing as the initial water content 
increased. Regardless of moisture content, increasing the 
CA dosage from 25% to 40% markedly improved UCS, 
whereas further increases to 45–50% provided only limited 
additional strength gain.

The initial water content played a critical role in the 
stabilization performance. As moisture content increased 
from 40% to 70%, UCS increased continuously, suggesting 
that an appropriate amount of water promoted CA 
dispersion and facilitated hydration. However, when 
the moisture content was further increased to 80%, the 
UCS decreased because excess pore water reduced the 
compactness of the stabilized matrix. A similar trend was 
observed with CA dosage. Increasing the dosage supplied 
more reactive material for hydration and enhanced 
strength development, whereas the improvement became 
marginal beyond 40%, indicating that the effectiveness of 
additional CA gradually diminished under the investigated 
conditions.

The highest UCS (0.45 ± 0.02 MPa) was achieved at an 
initial water content of 70% with a 40% CA dosage. These 
conditions were therefore selected as the optimum baseline 
for the subsequent optimization of the CA–BC composite 
stabilization system. 
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3.1.2. Effect of mayenite particle size on unconfined 
compressive strength

The effect of CA particle size on the UCS of SS was 
evaluated under the optimized conditions of 70% initial 
water content and 40% CA dosage. The results are shown 
in Figure 2. As the CA particle size decreased from 100 
mesh to 250 mesh, UCS increased from 1.22 ± 0.02 MPa 
to 1.81 ± 0.06 MPa, a 48.4% increase. Further refinement 
to 300 mesh slightly decreased UCS to 1.70 ± 0.08 MPa, 
indicating that particle size had a non-monotonic influence 
on strength development.

The improved UCS with finer CA particles is likely 
due to their larger specific surface area, which enhanced 
contact with sediment particles and promoted hydration 
reactions. Consequently, more hydration products were 
generated, leading to a denser and stronger stabilized 
matrix. However, reducing the particle size beyond 250 
mesh did not further improve the UCS, suggesting that the 
beneficial effect of particle refinement reached an optimum 
under the present conditions. Therefore, 250-mesh CA was 
selected for the subsequent investigation of the CA–BC 
composite stabilization system.

3.1.3. Effect of coconut shell biochar dosage on 
unconfined compressive strength

The effect of BC dosage on the UCS of SS was evaluated 
under the optimized conditions for the CA-only system 
(70% initial water content, 40% CA, and 250-mesh 
CA). The corresponding results are presented in Figure 
3. The UCS increased with increasing BC dosage and 

reached a maximum value of 2.15 ± 0.11 MPa at 20% BC, 
representing an improvement of approximately 21.5% 
compared with the CA-only specimen (1.81 ± 0.06 MPa). 
Further increasing the BC dosage to 25% resulted in a 
slight decrease in UCS, although the strength remained 
higher than that of the specimen without BC.

T﻿he enhanced strength at moderate BC dosages is likely 
attributed to the porous structure and large specific surface 
area of BC, which improved the interaction between 
hydration products and sediment particles, resulting 
in a denser composite matrix.31 However, excessive BC 
addition did not produce further strength enhancement, 
indicating the existence of an optimum BC dosage for the 
CA–BC stabilization system. Based on these results, 20% 
BC was selected for the subsequent investigation of BC 
particle size.

3.1.4. Effect of coconut shell biochar particle size on 
unconfined compressive strength

The effect of BC particle size on the UCS of SS was 
investigated under the optimized conditions of 70% initial 
water content, 40% CA, 250-mesh CA, and 20% BC. The 
results are presented in Figure 4. As the BC particle size 
decreased from 100 mesh to 200 mesh, the UCS increased 
from 1.85 ± 0.06 MPa to 2.31 ± 0.11 MPa, corresponding 
to an increase of 24.5%. Further refinement to 250 and 300 
mesh reduced the UCS to 2.19 ± 0.04 MPa and 2.07 ± 0.10 
MPa, respectively.

The increase in UCS with decreasing BC particle 
size can be attributed to the larger specific surface area 

Figure 1. Effect of initial sediment water content and mayenite (CA) dosage on the unconfined compressive strength (UCS) of stabilized sediment after 
seven days of curing
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of finer BC particles, which enhanced their interaction 
with hydration products and sediment particles, thereby 
improving the compactness of the composite matrix. 
However, further refinement beyond 200 mesh did not 
provide additional strength enhancement, suggesting that 
the beneficial effect of BC particle size reached an optimum 
under the investigated conditions. Consequently, 200-
mesh BC was selected for the subsequent microstructural 
characterization and leaching tests.

Based on the above results, the optimum stabilization 
formulation consisted of 70% initial water content, 40% CA 

(250 mesh), and 20% BC (200 mesh). This formulation was 
adopted for all subsequent microstructural characterization 
and leaching experiments. 

3.2. Microstructure evolution of stabilized sediment

3.2.1. X-ray Diffraction analysis

The XRD patterns of the raw sediment and SSs are 
presented in Figure 5. The raw sediment was mainly 
composed of quartz (SiO2), accompanied by minor 
amounts of halloysite, kaolinite, muscovite, albite, calcite, 
and phillipsite. Among these minerals, quartz exhibited 

Figure 2. Effect of mayenite (CA) particle size on the unconfined compressive strength (UCS) of stabilized sediment (initial sediment water content of 
70%; CA dosage of 40%)

Figure 3. Effect of coconut shell biochar (BC) dosage on the unconfined compressive strength (UCS) of stabilized sediment (initial sediment water content 
of 70%; mayenite [CA] dosage of 40%; CA particle size of 250 mesh)
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the strongest diffraction peak at 2θ = 26.7°, indicating 
that it was the dominant crystalline phase in the untreated 
sediment.32,33

Compared to the raw sediment, the mineralogical 
composition changed noticeably after CA stabilization. 
After stabilization with CA, noticeable changes occurred 
in the diffraction patterns. The intensity of the quartz 
peak decreased, while new diffuse diffraction peaks 
corresponding to AFt and calcium silicate hydrate 
(C–S–H, 2θ = 29°~35° and 2θ = 50°~60°) appeared.19,34 
These newly formed hydration products suggest that CA 
actively participated in hydration reactions instead of 
acting merely as an inert filler. The formation of AFt and 
C–S–H likely enhanced interparticle bonding by filling 
pores and bridging adjacent sediment particles,35 thereby 
contributing to the improved UCS.

Increasing the CA dosage from 25% to 40% made the 
diffraction features of AFt and C–S–H more pronounced, 
suggesting enhanced hydration under the investigated 
conditions. However, no obvious new crystalline phases 
were observed when the CA dosage exceeded 40%, 
suggesting that further increasing the binder content 
mainly increased the amount of existing hydration products 
rather than altering the mineralogical composition. This 
observation is consistent with the UCS results, where the 
strength improvement became marginal at CA dosages 
above 40%.

The XRD pattern of the CA40%–BC20%–SS specimen 
was generally similar to that of the CA40%–SS specimen, 
indicating that the incorporation of BC did not introduce 

additional crystalline phases. No additional crystalline 
phases were observed after BC incorporation, because 
biochar is predominantly amorphous and therefore does 
not exhibit distinct diffraction peaks. Nevertheless, the 
diffraction peaks corresponding to hydration products 
remained evident in the composite-stabilized specimen, 
indicating that CA hydration was not hindered by BC 
addition. These results suggest that BC mainly contributed 
by optimizing the internal microenvironment while 
maintaining the hydration process of CA, rather than 
generating additional crystalline phases.

3.2.2. Fourier transform infrared spectroscopy 
analysis

The FTIR spectra of the raw sediment, CA40%–SS, and 
CA40%–BC20%–SS are presented in Figure 6. The raw 
sediment exhibited characteristic absorption bands 
associated with hydroxyl groups and aluminosilicate 
minerals. The broad band around 3,400 cm−1 was attributed 
to O–H stretching vibrations of adsorbed water and 
hydroxyl groups, while the bands in the range of 1,000–450 
cm−1 were mainly related to Si–O and Al–O vibrations.36 
These observations are consistent with the mineralogical 
composition identified by XRD.

After stabilization with CA, the Si–O and Al–O bands 
became more pronounced, suggesting that hydration 
reactions occurred during curing. Combined with the 
XRD results, the enhanced Si–O and Al–O bands likely 
reflect the formation of hydration products, including 
C–S–H and AFt, which contributed to bonding between 
sediment particles and matrix densification. Compared to 

Figure 4. Effect of coconut shell biochar (BC) particle size on the unconfined compressive strength (UCS) of stabilized sediment (initial sediment water 
content of 70%; mayenite [CA] dosage of 40%; CA particle size of 250 mesh; BC dosage of 20%)
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CA40%–SS, the FTIR spectrum of CA40%–BC20%–SS exhibited 
similar characteristic bands without the appearance of 
new functional groups, suggesting that BC incorporation 
did not introduce obvious changes in the characteristic 
hydration-related bands. Since biochar is predominantly 
amorphous, it generally does not produce distinct 
characteristic peaks in FTIR spectra.37 The enhanced Si–O 

and Al–O signals in the composite-SS suggest that BC 
addition was compatible with CA hydration and may have 
promoted the development of a denser cemented structure 
through optimization of the internal microenvironment. 
These observations are consistent with the XRD and UCS 
results, supporting the synergistic stabilization effect of the 
CA–BC composite system.

Figure 5. The X-ray diffraction patterns of raw sediment, CAx%–SS, and CA40%–BC20%–SS

Figure 6. The Fourier transform infrared spectra of raw sediment, CA40%–SS, and CA40%–BC20%–SS
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3.2.3. Scanning electron microscopy analysis

The SEM images of the raw sediment, synthesized CA, 
CA–SS, and CA–BC–SS are presented in Figure 7. As 
shown in Figure 7A, the raw sediment exhibited a loose 
and heterogeneous microstructure composed of irregular 
fine particles with weak interparticle contacts and 
abundant open pores. The particles were mainly dispersed 
or flocculated, and no continuous load-bearing framework 
was observed. Such a loose and porous microstructure is 
consistent with the low UCS and poor engineering stability 
of the raw sediment.38 The as-synthesized CA (Figure 
7B) consisted of agglomerated nanoparticles with an 
irregular porous morphology, which agrees well with the 
morphology of Ca12Al14O33 reported by Ruttanapun et al.39 

The SEM images of the sediments stabilized with 30% 
and 40% CA are shown in Figure 7C–F, respectively. 
Distinct microstructural evolution was observed after 
CA stabilization. Compared to the raw sediment, 
both stabilized specimens exhibited markedly denser 
microstructures with substantially fewer open pores and 
improved particle contacts. Numerous gel-like amorphous 
hydration products were observed throughout the matrix. 
Combined with the XRD identification of hydration 
products, these gel-like phases were mainly associated 
with C–S–H gel.40 As the CA dosage increased from 30% 
to 40%, the amount of hydration products increased 
noticeably, while the pore volume decreased substantially. 
The newly formed hydration products bridged adjacent 
sediment particles and progressively filled the pore spaces, 
resulting in a more continuous cemented framework. 
Consequently, the CA40%–SS specimen exhibited a more 
compact microstructure, which is consistent with its 
significantly higher UCS.

The SEM images of the CA40%–BC20%–SS are presented 
in Figure 7G and 7H. Compared with CA40%–SS, 
incorporating BC further refined the microstructure, 
resulting in a denser, more homogeneous matrix with 
fewer visible interconnected pores. Abundant light-colored 
amorphous flocculent phases were distributed around and 
partially coated the sediment particles, while the particle 
interfaces became more continuous and compact. No 
distinct BC particles were observed in the SEM images, 
suggesting that BC was well dispersed within the matrix 
and closely associated with the surrounding hydration 
products, indicating good interfacial compatibility. Rather 
than acting as an independent cementitious phase, BC 
mainly optimized the pore structure and promoted a more 
uniform distribution of the solid phase, contributing to the 
formation of a denser stabilized matrix. The corresponding 
EDX analysis (Figure 8) showed that CA40%–BC20%–SS 
mainly contained O (46.1 at.%), Si (15.5 at.%), Al (12.4 

at.%), and Ca (12.3 at.%). The coexistence of Ca, Si, Al, and 
O is consistent with the composition of calcium silicate 
hydrate (C–S–H) and/or calcium aluminum silicate 
hydrate (C–A–S–H).41 Combined with the XRD results, 
these findings confirm the formation of hydration products 
responsible for particle bonding and matrix densification. 
The denser microstructure explains the higher UCS and 
the improved contaminant immobilization achieved by 
the CA–BC–SS.

The SEM observations are consistent with the XRD, 
FTIR, and UCS results. CA hydration generated abundant 
cementitious products that bonded sediment particles 
and reduced pore volume through progressive pore 
filling, whereas BC further refined the pore structure and 
improved matrix homogeneity. These microstructural 
changes provide direct evidence for the synergistic 
stabilization mechanism of CA–BC, accounting for 
the enhanced mechanical performance and reduced 
contaminant leaching of the SS.

3.3. Leaching behavior

3.3.1. Heavy metal leaching characteristics

The leaching concentrations of heavy metals from the raw 
sediment, CA40%–SS, and CA40%–BC20%–SS are summarized 
in Table 2. The measured values were compared with the 
leachate limits specified in Identification Standards for 
Hazardous Wastes-Identification for Extraction Toxicity 
(GB 5085.3–2007)42 to evaluate the environmental safety 
of the SSs.

The raw sediment exhibited relatively high leaching 
concentrations of several heavy metals, particularly Zn 
(10.7 mg/L), Cu (7.69 mg/L), Ni (4.81 mg/L), Cr (4.03 
mg/L), As (2.49 mg/L), and Pb (2.24 mg/L), indicating 
considerable environmental risk. After stabilization with 
40% CA, the leaching concentrations of all investigated 
metals decreased markedly. The removal efficiencies 
reached 99.9% (As), 99.1% (Cd), 99.9% (Pb), 70.0% (Hg), 
98.4% (Cr), 99.1% (Ni), 97.8% (Cu), and 98.1% (Zn). All 
measured concentrations were substantially lower than 
the limits specified in GB 5085.3–2007, demonstrating the 
excellent immobilization capability of the CA–SS.42

Incorporating 20% BC further improved heavy metal 
immobilization. Compared with the CA-only specimen, 
the leaching concentrations of As, Hg, Cr, Ni, Cu, and 
Zn were further reduced by 33.3%, 16.7%, 46.9%, 25.6%, 
79.2%, and 98.5%, respectively, while Cd and Pb were below 
the detection limit. The most significant improvement was 
observed for Zn, whose concentration decreased from 
0.202 mg/L to 0.003 mg/L after BC addition. These results 
indicate that BC effectively enhanced the immobilization 
performance of the CA stabilization system.
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Figure 7. The scanning electron microscopy images of: (A) Raw sediment. Scale bar: 3 µm; magnification: 5,000×. (B) As-synthesized CA. Scale bar: 3 µm; 
magnification: 5,000×. (C, D) CA30%–SS. Scale bars: 2 µm, 10 µm; magnifications: 10,000×, 2,000×. (E, F) CA40%–SS. Scale bar: 2 µm; magnifications: 5,000×, 
10,000×. (G, H) CA40%–BC20%–SS. Scale bars: 2 µm, 20 µm; magnifications: 10,000×, 2,000×.
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The improved immobilization performance can be 
attributed to the combined effects of hydration cementation 
and pore refinement. As shown by XRD, SEM, and EDX 
analyses, CA hydration generated abundant cementitious 
products, including C–S–H, which bound sediment 
particles into a denser matrix and reduced pore connectivity. 
Incorporating BC further optimized pore structure and 
matrix homogeneity while providing additional adsorption 
sites for dissolved metal ions through its porous structure 
and surface functional groups. Consequently, contaminant 
migration was effectively suppressed. These results indicate 
that incorporating BC not only enhances the mechanical 
strength of CA–SS but also substantially improves 
its environmental compatibility, thereby facilitating 
sustainable resource utilization of dredged sediment in 
geotechnical engineering applications.

3.3.2. Leaching characteristics of chemical oxygen 
demand, total nitrogen, and total phosphorus

The leaching concentrations of COD, TN, and TP under 
different curing conditions are summarized in Table 3. 
Compared with the raw sediment, both CA and CA–BC 
stabilization markedly reduced the release of organic 
matter and nutrients.

Under air-curing conditions, leaching concentrations 
of COD, TN, and TP decreased from 5.04, 28.7, and 
2.23 mg/L in the raw sediment to 1.52, 0.039, and 0.012 
mg/L after CA stabilization, corresponding to reductions 
of 69.8%, 99.9%, and 99.5%. After incorporating 20% 
BC, TN and TP decreased further to 0.034 and 0.010 
mg/L, respectively, while COD remained similarly low 
(1.72 mg/L). Under anaerobic curing, pollutant release 

Figure 8. The scanning electron microscopy–energy-dispersive X-ray spectroscopy mapping of CA40%–BC20%–SS. (A) Elemental overlap image. Scale bar: 
10 µm; magnification: 5,000×. (B–E) Distribution maps of O, Si, Al, and Ca elements. Scale bar: 10 µm; magnification: 5,000×. (F) Full surface scanning.
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remained substantially lower than in the raw sediment but 
consistently higher than under air curing. For example, 
the COD, TN, and TP concentrations of CA40%–BC20%–
SS increased from 1.72, 0.034, and 0.010 mg/L under air 
curing to 2.37, 0.056, and 0.015 mg/L, respectively, under 
anaerobic curing.

The reduced pollutant release is attributed to the 
combined effects of hydration products and microstructural 
densification. As confirmed by the XRD, FTIR, and SEM 
results, CA hydration generated a continuous cemented 
matrix that restricted contaminant diffusion, while BC 
further refined the pore structure and provided additional 
adsorption sites for dissolved organic matter and nutrient 
species. Consequently, the CA–BC composite exhibited 
superior control of TN and TP leaching compared with 
CA alone. Moreover, air curing consistently resulted in 
lower pollutant release than anaerobic curing, suggesting 
that aerobic conditions produced a more stable cemented 
structure. Collectively, these findings demonstrate that 
the CA–BC composite effectively enhances both the 
engineering performance and environmental stability of 
SS.

3.4. Stabilization mechanism

Based on the mechanical performance, leaching 
behavior, and microstructure characterization results, 
the stabilization mechanism of the CA–BC composite 
can be attributed to the synergistic effects of hydration 
cementation, structural densification, pore refinement, and 
contaminant immobilization, as schematically illustrated 
in Figure 9. In this composite system, CA primarily governs 

the mechanical stabilization of the sediment, whereas BC 
mainly contributes to environmental stabilization through 
pore regulation and adsorption-assisted contaminant 
retention.

After incorporation into the high-water-content 
sediment, CA acts as the primary reactive component and 
establishes the structural foundation of the stabilized matrix. 
Through hydration reactions, CA generates cementitious 
phases, mainly C–S–H and AFt, which progressively bind 
sediment particles, fill interparticle voids, and construct a 
continuous load-bearing framework. Meanwhile, fine CA 
particles improve particle packing and reduce structural 
defects, resulting in a denser matrix with enhanced stress 
transfer capability. These processes drive the significant 
improvement in UCS and the transition of the sediment 
from a weak, loose structure to a mechanically stable 
cemented body.

In contrast, BC mainly enhances the environmental 
stability of the SS by optimizing the internal microstructure 
and providing additional retention sites for pollutants. The 
porous structure and abundant surface functional groups 
of BC facilitate the adsorption and immobilization of 
dissolved organic matter, nutrients, and heavy metal ions, 
while its incorporation further refines the pore network 
and reduces the accessibility of transport pathways. 
Therefore, BC is not the primary cementitious phase but a 
functional modifier that improves the microenvironment 
of the CA-based matrix and strengthens resistance to 
pollutant migration.

Through the complementary roles of CA and BC, 

Table 2. Heavy metal leaching concentrations of raw sediment and SSs, and the corresponding regulatory limits (unit: mg/L)

Heavy metal Leaching concentration of raw 
sediment

Leaching concentration of specimen Leachate limit value (in accordance with 
GB 5085.3–2007)CA40%–SS CA40%–BC20%–SS

Total As 2.49 ± 0.10 0.003 ± 0.0001 0.003 ± 0.0001 5.00

Total Cd 0.11 ± 0.00 0.001 ± 0.000 Not detected 1.00

Total Pb 2.24 ± 0.09 0.002 ± 0.0001 Not detected 5.00

Total Hg 0.02 ± 0.00 0.006 ± 0.0002 0.006  ±  0.0002 0.100

Cr(VI) 4.03 ± 0.16 0.064 ± 0.0026 0.034 ± 0.0014 5.00

Total Ni 4.81 ± 0.19 0.043 ± 0.0017 0.032 ± 0.0013 5.00

Total Cu 7.69 ± 0.31 0.168 ± 0.0067 0.035 ± 0.0014 100.0

Total Zn 10.7 ± 0.43 0.202 ± 0.0081 0.003 ± 0.0001 100.0

Abbreviations: BC: Coconut shell biochar; CA: Mayenite; SS: Stabilized sediment.
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the composite system achieves a dual enhancement of 
mechanical performance and environmental safety. 
CA provides the dominant cementation and structural 
reinforcement required for strength development, whereas 
BC enhances contaminant immobilization and long-term 
environmental stability. The combined effects of hydration 
bonding, pore refinement, physical encapsulation, and 
adsorption retention form a compact, stable sediment 
matrix with improved engineering properties and 
reduced environmental risks. This synergistic stabilization 
mechanism highlights the potential of the CA–BC 
composite as an effective strategy for the sustainable 
treatment and resource utilization of dredged urban river 
sediments.

4. Conclusion
T﻿his study developed a CA–BC composite stabilization 
strategy for urban river sediments and systematically 
evaluated its mechanical performance, microstructural 
evolution, and environmental safety. The main conclusions 
are as follows:

(i)	 The incorporation of CA significantly improved the 
mechanical performance of the SS, while the addition 
of BC further enhanced the overall stabilization effect. 
The optimum condition was identified as an initial 
water content of 70%, 40% CA with a particle size 
of 250 mesh, and 20% BC with a particle size of 200 
mesh, under which the SS achieved a maximum UCS 

Table 3. Leaching concentrations of pollution indicators of raw sediment and SS curing in air and anaerobic conditions (unit: 
mg/L)

Indicators

Raw sediment Leaching concentration of CA40%–
SS

Leaching concentration of CA40%–BC20%–
SS

Total concentration 
(mg/kg)

Leaching 
concentration Air curing Anaerobic curing Air curing Anaerobic curing

TN 272 ± 13.6 28.7 ± 1.15 0.039 ± 0.002 0.071 ± 0.0028 0.034 ± 0.0007 0.056 ± 0.0011

TP 95.4 ± 3.77 2.23 ± 0.09 0.012 ± 0.001 0.019 ± 0.0003 0.010 ± 0.0004 0.015 ± 0.0002

COD 27.5 ± 1.38 5.04 ± 0.12 1.52 ± 0.011 1.70 ± 0.026 1.72 ± 0.047 2.37 ± 0.026

Abbreviations: BC: Coconut shell biochar; CA: Mayenite; COD: Chemical oxygen demand; SS: Stabilized sediment; TN: Total nitrogen; TP: Total 
phosphorus.

Figure 9. Schematic illustration of the stabilization mechanism
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of 2.31 ± 0.11 MPa. These results indicate that both 
binder dosage and particle size play important roles in 
determining the stabilization efficiency of the CA–BC 
composite.

(ii)	 The mechanical improvement of the CA–BC–SS 
was mainly attributed to the synergistic effects of 
hydration cementation and pore-structure regulation. 
The hydration of CA generated cementitious products, 
mainly C–S–H and AFt, which bonded sediment 
particles and progressively formed a denser and more 
continuous load-bearing framework. Meanwhile, BC 
refined pores and homogenized the matrix, providing 
additional physical support and adsorption sites 
within the stabilized matrix.

(iii)	The CA–BC composite exhibited superior 
environmental stabilization compared with CA alone, 
as reflected by the reduced leaching concentrations 
of heavy metals, COD, TN, and TP. This enhanced 
immobilization mainly resulted from the combined 
effects of physical encapsulation and adsorption-
assisted contaminant retention. 

In brief, the stabilization mechanism of the CA–
BC system involved the synergistic effects of hydration 
cementation, pore regulation, physical encapsulation, 
and adsorption-assisted immobilization, demonstrating 
its potential for the safe and resource-oriented utilization 
of urban river sediments. This study provides a feasible, 
sustainable approach to dredged sediment stabilization 
and offers practical guidance for developing low-carbon 
composite binders.
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