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Abstract

Solidification/stabilization technology is commonly used in the rehabilitation of dredged sediment due to its cost-effective-
ness. However, traditional solidification/stabilization technology relies on cement, which increases the risk of soil alkalization
and leads to increased CO, emissions during cement production. To address this issue, this study proposed an innovative
approach by incorporating bentonite and citrus peel powder as additives in the solidifying agent, with the aim of reducing
cement usage in the dredged sediment solidification process. The research results showed that there is a significant interaction
among cement, bentonite, and citrus peel powder. After response surface methodology (RSM) optimization, the optimal ratio
of the cementitious mixture was determined to be 14.86 g/kg for cement, 5.85 g/kg for bentonite, and 9.31 g/kg for citrus peel
powder. The unconfined compressive strength (UCS) of the solidified sediments reached 3144.84 kPa. The reaction products
of the solidification materials, when mixed with sediment, facilitated adsorption, gelation, and network structure connection.
Simultaneously, the leaching concentration of heavy metals was significantly decreased with five heavy metals (Zn, As, Cd,
Hg, and Pb) leaching concentrations decreasing by more than 50%, which met the prescribed thresholds for green planting.
This study demonstrated the ecological benefits of employing bentonite and citrus peel powder in the solidification process
of dredged sediment, providing an effective solution for sediment solidification.
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Traditional sediment resource treatment methods include
sediment washing, chemical extraction, and stabilization/
solidification (Xu and Wu 2023). However, sediment wash-
ing carries the risk of heavy metal transfer, and the use of
chemical additives negatively impacts the soil microorgan-
isms and enzymes (Udovic and Lestan 2012), thereby com-
promising the ecological safety of the local soil. Among
these methods, stabilization/solidification is the most com-
monly used due to its low cost, good treatment effect, and
simple operation (Ma et al. 2018). The solidification pro-
cess involves the addition of solidifying materials that react
with the sediment to enhance its mechanical properties and
stabilize heavy metals and organic matter. This transforms
the sediment, which has a high moisture content and low
strength, into solidified sediment with a certain strength that
can be used in engineering (Pu et al. 2021). Cement and
lime are the most used solidifying materials thus far. Cement
solidifies sediment through the hydration process, produc-
ing high-strength calcium silicate hydrate (CSH) and cal-
cium aluminate hydrate (CAH) (Gu et al. 2015; Lang et al.
2020). Lime is often used to neutralize acids in the sediment
and create an alkaline environment since cement hydration
requires alkalinity. However, the production of cement and
lime consumes significant amounts of energy and generates
excessive heat. According to literature sources, the cement
industry alone accounted for nearly 5-7% of global anthro-
pogenic CO, emissions (Zhang et al. 2018). Dredged sedi-
ments often contain a substantial amount of organic mat-
ter and moisture, which obstruct the hydration of cement
(Gussoni et al. 2004). Consequently, to effectively solidify
dredged sediments, it is necessary to increase the cement
dosage. Nevertheless, a notable drawback of using cement
for sediment solidification is that the elevated alkalinity of
Ca(OH), from the cement can infiltrate the aquatic environ-
ment (Lin et al. 2013), leading to significant adverse impacts
on water quality and microorganisms (Maldonado-Alameda
et al. 2021), as well as impeding the resource utilization of
cement-based solidified sediments.

Bentonite is a type of layered silicate clay with a structure
that consists of alternating positive and negative charges.
Upon contact with bentonite, water molecules penetrate the
gaps in its layered structure and interact with the ions present
between the layers. These interactions cause water molecules
to adhere to the surface of bentonite particles, resulting in
strong water absorption and expansion properties (Dimirkou
et al. 2002; Gokalp et al. 2011). Research findings indicated
that when bentonite is mixed with cement, its water absorp-
tion and expansion properties allow it to absorb moisture
from the cement slurry and fill the fine pores in the cement
mixture. This, in turn, enhances the stability and strength of
the sediment solidification system (Akguen 2010). The study
by Kadhim et al. showed that the UCS of cement mixtures
containing 15% bentonite increased by 21% compared to

the control (Kadhim et al. 2022). Moreover, the surface of
bentonite carries a predominantly negative charge, enabling
it to adsorb positive charges or polar molecules (Doulia et al.
2009; Sdiri et al. 2014). Due to this adsorption capacity, ben-
tonite exhibits high affinity for a wide range of substances
like organic matter and heavy metal ions (Andini et al.
2006; Bao et al. 2016; Katsioti et al. 2008; Ouhadi et al.
2006). Hence, the combination of bentonite and cement in
a solidification system can effectively adsorb pollutants in
sediments, prevent their overflow and diffusion, thus safe-
guarding the surrounding environment.

Artificially synthesized polymer materials (e.g., PAC,
PAM) are extensively utilized in cement products due to
their ability to enhance the mechanical properties of solidi-
fied sediment. However, they have low biodegradability, and
the intermediates generated during their degradation can
have environmental implications (Okaiyeto et al. 2016). In
contrast to synthetic polymer materials, biopolymer mate-
rials offer advantages, including biodegradability and the
absence of toxic degradation products. Citrus peel powder
is well-known for its high content of pectin, with pectin
levels ranging from approximately 20 to 40% (Jeong et al.
2021). Pectin is an acidic polysaccharide that forms through
covalent and hydrogen bond interactions. It contains various
organic functional groups, including carboxyl groups, which
enable it to bind with cations (Sengkhamparn et al. 2010).
Research had revealed that incorporating pectin can mark-
edly enhance the strength of solidified sediment (Eivazza-
deh-Keihan et al. 2022; Lin et al. 2022). Mixing pectin with
solidified sediment leads to the formation of a cross-linking
structure between pectin and soil particles, resulting in
enhanced compressive strength (Kavas et al. 2007). Simul-
taneously, pectin fills the gaps between solidified sediment
particles, enhances soil compactness, and further improves
its strength (Hazarika et al. 2018).

To reduce reliance on cement and alleviate its negative
effects, this study examines the effects of employing ben-
tonite with excellent water absorption properties and acidic
citrus peel powder rich in pectin as additives on dredged
sediments. The effectiveness of solidification was evaluated
through testing the UCS, density, moisture content, and pH
of the solidified sediment. Additionally, the leaching con-
centration of heavy metals from the solidified sediment was
examined to assess the ecological benefits. The RSM was
employed to optimize the solidifying material ratio and min-
imize cement consumption, using the UCS data obtained
for various material ratios. Scanning electron microscopy
(SEM) and X-ray diffraction (XRD) methods were employed
to examine solidified sediment specimens aged for 28 days.
This analysis aims to assess the feasibility of using bentonite
and citrus peel powder as solidifying agents by revealing
the impact of different material ratios on the microscopic
strength development of solidified sediment.
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Materials and methods
Materials

The sediment utilized in this study was retrieved from the
black and odorous section of a rural river in Nanjing, China.
After undergoing a natural drying process for 2 days, the
sediment underwent solidification/stabilization experi-
ments. The moisture content, specific gravity, and pH of
the sediment were measured to be 61.00+ 1.24%, 1.78, and
8.07, respectively. The degree of heavy metal pollution in
the raw sediments was low (Table S1), with the contents
of four heavy metals (Pb, Cd, Cr, and Cu) being below the
limit value for green planting soil (CJT340-2016), while
other heavy metals (As, Hg, and Zn) have slightly exceeded
their respective limit values. The solidification/stabilization
materials employed in the study consisted of 425 ordinary
Portland cement (supplied by Chongqing Senge Co., Ltd.,
with a specific gravity of 3.0), bentonite (supplied by Henan
Zhong kai Material Factory, with a specific gravity of 2.2),
and citrus peel powder (derived from Sichuan, with a spe-
cific gravity of 0.4). The chemical composition is shown in
Table S2. The citrus peel powder was produced by grinding
dried citrus peels at a temperature of 60 °C for 30 min. It
possessed a particle size greater than 200 mesh and a pectin
content of approximately 18.13%.

Preparation of solidified specimens and solidified
sediment leachate specimens

Preparation of solidified specimens

A fixed mass of sediment was taken and mixed with the
corresponding mass of solidifying agent using a stirrer. To
prevent sticking and facilitate demolding, vegetable oil was
evenly applied to the inside and bottom of the mold. The
well-mixed specimen was then filled into a mold with an
internal diameter of 45 mm and a height of 90 mm in 5
batches. This process ensured the compaction of the speci-
men and the removal of any air bubbles. Each time the mold
was filled, it was immediately shaken up and down. After
filling the mold, the surface of the specimen was leveled
with a scraper and placed in a standard solidification room
(China, LongHui, YH-40B) with a temperature of 20+2 °C

and humidity of 95% for 3 days before demolding. For the
purpose of rural fieldwork compatibility, the demolded
specimens were transferred to natural conditions and kept
for up to 28 days.

Preparation of solidified sediment leachate specimens

The solidified sediment was first air-dried and then crushed
after the conservation period, with the crushed particles col-
lected through a 115 mesh sieve. These sieved specimens
were then added to distilled water in conical glass bottles at
a mass ratio of 1:10. The conical glass bottles were placed
on an oscillating device (China, Lichen, HY-4) with a fixed
speed of 30 +2 r/min and a controlled temperature of 23 + 2
‘C. After the shaking process, the filtrate was collected by
passing it through a 0.45-pm filter membrane. The collected
filtrate was immediately subjected to heavy metal concentra-
tion testing.

Additives proportioning design and optimal design
experiment

The specific additive ratios used in the single-factor experi-
ment and heavy metal leaching test are listed in Table S3. In
order to preliminarily determine the range of adding cement,
bentonite, and citrus peel powder, three groups of single-
factor experiments were conducted to study the effects of
different additive ratios on moisture content, pH, and UCS.
Through manipulation of a single variable, while maintain-
ing the other two additive proportions at constant values,
experiments were conducted within a range of 5 to 30 g/kg
for the varying single variable. The purpose of setting up the
leaching test group was to evaluate the effect of the addition
amounts of three additives on the leaching of heavy metals
in the solidified sediment.

After determining the optimal range of the three mate-
rial addition amounts, the Box-Behnken experimental
design method within the RSM was utilized to optimize the
proportions of cement, bentonite, and citrus peel powder.
The experimental results were fitted and optimized through
multiple linear regression using Design Expert 11 software,
with reference to the results of single-factor experiments.
Subsequently, the best experimental results were evaluated
through validation experiments. According to Box-Behnken,

Table 1 Independent variables,

Variable Symbol Variable levels

levels and symbols for Box-

Behnken design Low (—1) Middle (0) High (+1)
Concentration of cement (g/kg) A 5 10 15
Concentration of bentonite (g/kg) B 5 10
Concentration of citrus peel powder (g/kg) C 5 10 15
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the RSM employed a 3-factor, 3-level experimental design
consisting of 17 experiments (Table 1).

Measurement specimens and characterization
methods

To examine the solidification effect of bentonite and cit-
rus peel powder on cement-solidified sediment, the UCS of
the solidified sediment was measured. The UCS and strain
of the specimens were determined using Egs. (1) and (2),
respectively.

p=1 )

where p is the UCS (kPa); f is the load applied (N); and A
is the area under stress (m?).

_ s
_S

3 @)
where ¢ is the strain (%); As is the compression (cm); and s
is the length of the solidified sediment (cm).

The load-bearing capacity and compression behavior of the
solidified sediment were determined using a universal testing
machine (Japan, Shimadzu, AG-X plus), known for its high
accuracy and ease of control. The test involved applying a
vertical load at a constant displacement rate of 1 mm/min
until failure occurred. The methods employed to analyze the
pH, moisture content, and density of the solidified sediment
specimens, as well as the concentration of heavy metals in the
solidified sediment leachate, are detailed in Table S4.

Microstructural analysis of the selected specimens was
performed using SEM (America, FEI, Inspect F50) and
XRD (Germany, Bruker, D8-Discover). To prepare the spec-
imens for SEM testing, they were freeze-dried with liquid
nitrogen and subsequently subjected to vacuum sublimation
for 48 h. Dried specimen pieces up to 7 mm in size were
then prepared and covered with a layer of gold before being
loaded into the SEM for imaging. XRD testing involved
using granular specimen powder sieved through a 75-pym
sieve. The specimens were scanned in steps of 0.02°, rang-
ing from 5 to 90°, at a scan rate of 8§°/min. The XRD results
were analyzed using MDI Jade 6.5 materials analysis soft-
ware. Statistical analysis was performed using SPSS 19.0.

Results and discussion

The effect of additives on the solidification
of dredged sediment

Single-factor experiments were to explore the effect of addi-
tives on the solidification of dredged sediment. Figure 1

illustrates the effects of adding cement, bentonite, and citrus
peel powder on the solidification effectiveness of sediment
samples at 28-day curing period. The bentonite addition
significantly affected the UCS of the solidified sediment.
The UCS gradually decreased as the dosage of bentonite
increases, starting from 5 g/kg. And when the bentonite
addition was 5 g/kg, the strength of the solidified sediment
reached the highest UCS of 2082.66 Kpa. Excessive addi-
tion of bentonite should be avoided as excessive bentonite
could absorb water and disperse particles within the mate-
rials. Citrus peel powder addition also significantly influ-
enced the UCS of the solidified sediment. With the addition
of 5 g/kg of citrus peel powder, the UCS of the solidified
sediment was 1549.85 kPa. Subsequently, adding 10 g/kg of
citrus peel powder increased the UCS to 2061.71 kPa, but
further additions resulted in a sharp decrease in UCS. The
UCS values of the 28-day cured sediment samples rose from
1534.71 to 2002.55 kPa with the increase in cement addi-
tion from 5 to 30 g/kg. The moisture content in all solidi-
fied sediment samples reduced to less than 3% at 28-day
cure time. Among the three solidifying materials, due to the
presence of acidic substances in citrus peel powder, and the
lack of alkaline substances in both bentonite and citrus peel
powder themselves, with the addition of citrus peel powder,
the alkalinity of the solidified sediment decreased, ensuring
its ecological safety. However, excessive citrus peel powder
could also have a negative impact on hydration reactions.
Thus, based on the results of single-factor experiment, the
preliminary ranges for the addition of bentonite and citrus
peel powder were determined to be 0-10 g/kg and 5-15 g/
kg, respectively. The cement content typically employed to
solidify the sediment exceeds 5% (Malviya and Chaudhary
2006). To reduce cement consumption, it was advisable to
keep the total amount of solidifying additives below 5%.
Thus, it was recommended to limit the cement addition to
the range of 5-15 g/kg.

Mechanism of solidification and characterization
of destruction

XRD analysis

As shown in Fig. 2, XRD analysis was performed on sedi-
ment specimens that underwent 28-day curing stabiliza-
tion tests in order to determine the composition of specific
minerals. These minerals included quartz (Si), CSH, CAH,
high-sulfur-type calcium sulfur aluminate hydrate (AFt),
calcium hydroxide (CH), high methoxyl pectin (HMP),
and low methoxyl pectin (LMP). The purpose of these
analyses was to evaluate the reactions that occurred during
the mixing process of cement, bentonite, and citrus peel
powder in the sediment.
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Fig. 1 Effects of three solidification materials on the solidification performance of sediments. a Bentonite. b Citrus peel powder. ¢ Cement

As depicted in Fig. 2(a), the content of CAH and CSH
increased with the cement addition due to the hydration reac-
tion of silicate cement. This reaction generated CSH, CH,
CAH, and AFt when added to the sediment (Pu et al. 2019).
The hydration products mixed and filled the gaps between
the sediment particles, collectively improving the strength
of the solidified sediment (Wang et al. 2019a). The lower
relative peak strength of CH resulted from its reaction with
Al,O5 and SiO, in the sediment, which leaded to the pro-
duction of CAH and CSH, respectively (Gu et al. 2015).
Equations (3) and (4) depict the chemical reactions involved.

3Ca(OH), + SiO, + nH,0 — 3Ca0O « SiO, « (n + 3)H,0
3)
3Ca(OH), + AL,0; + nH,0 — 3CaO « Al,0; « (n + 3)H,0
“
Moreover, the relative peak strength of LMP was found
to increase proportionally with the addition of cement
due to the enhanced alkalinity of the solidified sediment.
This alkalinity promoted the de-esterification process of
HMP, resulting in the production of LMP. In the system,
LMP readily reacted with Ca®*, Mg?*, and AI’** to form
structures resembling eggshells or globular colloids.
Additionally, the inclusion of LMP enhanced the rate of
cement hydration, resulting in a significant increase in the

@ Springer

formation of CAH and CSH (Hazarika et al. 2018). These
structures enhanced the overall strength of the solidified
sediment (Guo et al. 2021; Sedan et al. 2007).

Figure 2 (b) illustrates the XRD patterns of solidified
sediment specimens with varying additions of bentonite.
The results showed that the peak strength of CSH initially
increased, but then decreased with increasing the addition
of bentonite. At low additions, SiO, in bentonite reacted
with the cement hydration product known as CH, lead-
ing to the production of CSH (Gu et al. 2015). However,
the excessive water absorption and swelling of benton-
ite impeded the cement hydration reaction, and its loose
internal structure resulted in a decrease in the strength of
the solidified sediment (Boutammine et al. 2020; Katsioti
et al. 2008). This finding aligned with the experimental
conclusion regarding the influence of bentonite dosing on
the UCS of solidified sediment.

Figure 2 (c) displays the XRD patterns of solidified
sediment specimens with varying amounts of citrus peel
powder. The relative peak strengths of CSH and CAH
decreased due to the consumption of Ca(OH),, a result
of the acidic pectin in citrus peel powder. This consump-
tion inhibited the reactions described by Eqgs. (3) and
(4), leading to a decrease in the formation of CSH and
CAH. Simultaneously, the relative peak strength of HMP
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increased. However, the relative peak strength of LMP ini- ~ SEM analysis

tially increased and then decreased. This occurred due to
the partial de-esterification of HMP under the influence of
CH, resulting in the generation of LMP. With the further
addition of citrus peel powder, the acidic pectin consumed
alkalinity, leading to a decrease in the production of LMP.
However, it was also beneficial for reducing the overall
alkalinity of the solidified sediment and improving soil
alkalization issues.

The solidified sediment specimens used in the curing
stabilization material dosing test were kept for 28 days
and were analyzed using SEM to observe their micro-
morphology. Figure 3(a) and (c) demonstrate that the
quantity of cement hydration products in the solidified
sediment increases with the amount of cement dosing.
These hydration products were primarily composed of
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fibrous, networked, needle, and rod-shaped CSH, with a
small amount of caliche present. When zoomed in at a
magnification of 20,000 times, it was evident that the pore
space in the solidified sediment gradually decreases with
an increase in cement addition. Moreover, the agglomer-
ated and globular LMP-cemented particles (identified by
the red circle) also showed an increasing trend. As the
cement addition increased, the cement hydration products
and LMP-cemented soil particles filled the pores of the
solidified sediment, promoting its strength development.
This microscopic observation explained why the UCS of
the solidified sediment increases as the cement content in
the curing agent increases.

The laminar and plate-like bentonite crystals (marked
by arrow 1) in the solidified sediment increased with an
increase in bentonite addition, as shown in Fig. 3 (e) and (g).
Consequently, the CSH decreased. In Fig. 3(f), it was evi-
dent that the highly swollen lamellar and plate-like bentonite
consistently filled the gaps between soil particles, resulting
in a dense structure with smaller pores and higher strength.

Figure 3 (f) and (h) reveal that an increase in bentonite addi-
tion causes over-expansion of bentonite, resulting in pore
expansion, loosening of the solidified sediment structure,
and a decrease in its strength. This microscopic explanation
elucidated the impact of bentonite on the UCS of the solidi-
fied sediment.

The surface morphology of solidified sediment specimens
from the citrus peel powder group at 4000 X magnification is
shown in Fig. 3(i) and (k). With increasing addition of cit-
rus peel powder, the CSH content gradually decreased. This
could be attributed to the acidic pectin, which inhibited the
cement’s hydration reaction and reduced the production of
CSH, consistent with the XRD test results. Figure 3 (j) and
(1) reveal that when smaller amounts of citrus peel powder
were mixed, clustered and spherical citrus peel pectin col-
loids could be observed, resulting in a denser structure and
higher strength of the solidified sediment. However, with
an excessive amount of citrus peel powder, the presence
of colloids in the solidified sediment decreased, leading to

Fig.3 SEM images of solidified sediment. Cement 10, a 4000 times.
b 20000 times. Cement 30, ¢ 4000 times. d 20000 times. Benton-
ite 10, e 4000 times. f 20000 times. Bentonite 30, (g) 4000 times. h
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increased cracks, looseness, and porosity, ultimately result-
ing in decreased strength.

Based on the SEM results of bentonite and citrus peel
powder, it could be observed that the addition of 10 g/kg
was more effective in sediment solidification than 30 g/kg.
This also confirmed the rationality of the range of addition
of bentonite and citrus peel powder in the single-factor
experiment.

Destruction characterization

Typical damage patterns of consolidated soils during UCS
testing are shown in Fig. 4. The crack unfolding patterns
could be classified into three main types: (a) plastic flow
shear damage, (b) brittle shear damage, and (c) brittle tensile
crack damage. During the UCS testing of solidified sedi-
ment, it was observed that when the strength was low, the
soil exhibits plastic damage and larger destructive strained.
Conversely, when the strength was high, the soil shows brit-
tle damage and smaller destructive strained. Additionally,
the destructive strain was found to be inversely related to
the strength of the solidified sediment.

The stress—strain curves of the specimens, which were
cured with different material mixing ratios of curing
agents, were tested at the 7th and 28th days (see Fig. 5).
The stress corresponding to the point of maximum stress on
the stress—strain curve represented the UCS of the solidi-
fied sediment. The stress of the solidified sediment speci-
men for the one-factor test ranged from 0 to 2400 kPa, with
a destructive strain between 1.5 and 6%. The peak stress
of the solidified sediment increased while the destructive
strain decreased with an increase in curing time. Similarly,
the peak stress of the solidified sediment increased while
the destructive strain decreased with an increase in cement
addition. Conversely, the peak stress of the solidified sedi-
ment decreased and the destructive strain increased with an
increase in bentonite addition. Furthermore, the peak stress
of the solidified sediment increased while the destructive
strain decreased with an increase in citrus peel powder.
Interestingly, the peak stress of the solidified sediment ini-
tially increased, then decreased, as the citrus peel powder

Fig.4 Typical damage photo-

graphs of solidified sediment.

a Plastic flow shear damage. b
Brittle shear damage. ¢ Brittle
tensile damage

was further increased, while the destructive strain initially
decreased and then increased. These findings aligned with
the analysis of microstructure conducted via XRD and SEM.

Ecological safety of solidified sediment

The ecological safety of the solidified sediments was fur-
ther checked to ensure that the leaching concentrations of
the seven heavy metals after solidification were all below
the standard limits. Heavy metals leaching concentrations
for raw and solidified sediments were presented in Table 2
and compared to that in green planting soil (CJT340-2016).
Since the sediment and distilled water were mixed at a ratio
of 1:10 in this research, the soil heavy metal content (mg/
kg) in the standard was converted into the leaching concen-
tration of heavy metals in the sediment (mg/L). The results
indicated that the cured sediment exhibits reduced leaching
concentrations of all heavy metals compared to the untreated
sediment. This could be attributed to the adsorption of heavy
metals by reaction products of cement, bentonite, and citrus
peel powder, such as CSH and LMP. Additionally, heavy
metals could react with cement components to form insolu-
ble precipitates, thereby reducing their release (Guo et al.
2017).

With the increasing addition of cement, the leaching
concentrations of Cu, Zn, As, and Pb in the solidified sedi-
ment specimens gradually decreased. This trend suggested
that higher cement addition promotes an increase in sys-
tem alkalinity, thereby facilitating the solidification and
stabilization of heavy metals. The concentrations of Zn
and As showed a more pronounced decrease, suggesting
that cement has better solidification and stabilization capa-
bilities for these metals. On the other hand, the leaching
concentrations of Cu, Zn, and As in the solidified sedi-
ment specimens first decreased and then increased with
increasing bentonite addition. Initially, the higher ben-
tonite content allowed for greater adsorption of Cu, Zn,
and As ions. However, the excessive increase in bentonite
addition leaded to excessive expansion of the solidified
sediment, resulting in the loosening of binding between
some Cu, Zn, and As ions and the soil particles and an
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increase in leaching concentration. For both Cu and Zn,
their leaching concentrations exhibited a nonlinear rela-
tionship with the addition of citrus peel powder. Specifi-
cally, as the addition of citrus peel powder increased, the
leaching concentrations of Cu and Zn initially decreased
and then increased. This occurrence could be attributed to
the higher adsorption of Cu and Zn ions by pectin at lower
additions of citrus peel powder (Wang et al. 2019b). How-
ever, with excessive citrus peel powder, a large amount of
acidic substances hindered the hydration reaction, thereby
reduced the hydration products of cement.

The results of the leaching tests shows that the solidi-
fied sediment meets the technical requirements of class 1

@ Springer

soil according to China’s planting soil for green standard
(CJT340-2016).

Optimization of additives ratio by response surface
method

Because the UCS directly determined the pathway of sedi-
ment resource utilization, the response surface was analyzed
with the UCS of the solidified sediment as the response
value. Design-Expert 11 software was utilized for a quad-
ratic multiple regression analysis of the experimental data in
Table S5. Consequently, the quadratic polynomial equation
for the UCS was obtained as follows:
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Table 2 Leaching cg;lcentration Groups Cr Cu 7n As cd He Pb
of heavy metals (107 mg/L)
Sediment 0.18 2.15 22.9 3.64 0.027 0.15 0.25
Cement10 0.1 2.07 6 0.41 0.009 0 0.24
Cement 20 0.12 1.51 59 0.36 0.011 0 0.13
Cement 30 0.14 1.25 5.1 0.3 0.006 0 0.08
Bentonite 10 0.09 1.08 7.8 0.29 0.01 0 0.06
Bentonite 20 0.12 0.67 6.5 0.22 0.012 0 0.13
Bentonite 30 0.11 1.21 6.6 0.38 0.015 0 0.19
Citrus peel powder10 0.08 1.25 6.2 0.22 0.014 0 0.04
Citrus peel powder 20 0.1 0.75 5.5 0.16 0.012 0 0.05
Citrus peel powder 30 0.17 0.91 6.4 0.17 0.008 0 0.09
Green planting soil <10 <4 <15 <3 <0.04 <0.04 <85
(CJT340-2016)
Table 3 Analysis of‘variance Source Sum of squares  Degree of Mean square  F value  p value Significance
(ANOVA) for quadric model freedom
of UCS
Model 416,506.68 9 46,278.52 57.67 <0.0001  Significant
A 230330.42 1 230,330.42 287.04 <0.0001  Significant
B 38,307.74 1 38,307.74 47.74 0.0002 Significant
C 10,272.46 1 10,272.46 12.80 0.0090 Significant
AB 2371.69 1 2371.69 2.96 0.1293 Not significant
AC 1699.09 1 1699.09 2.12 0.1890 Not significant
BC 242 1 242 0.003 0.9578 Not significant
A? 5438.44 1 5438.44 6.78 0.0353 Significant
B? 55,286.18 1 55,286.18 68.90 <0.0001  Significant
C? 69,226.11 1 69,226.11 86.27 <0.0001  Significant
Residual 5617.01 7 802.43
Lack of fit 3527.55 3 1175.85 225 0.2246 Not significant
Pure error 2089.46 4 522.37
Core total 422,123.69 16
Correlation coefficient: 0.9876 Adjust correlation coefficient: 0.9696
Y =2279.15 - 7.93A + 50.25B + 87.32C
+0.97AB + 0.82AC — 0.03BC + 1.44A° oo
—4.58B% —5.13C?
3100 H
where Y represents the predicted value of UCS, while A, ®
B, and C correspond to the respective addition of cement, 3000 ~
bentonite, and citrus peel powder. E-
The coefficients of the factors and the analysis of vari- 'E 22009
ance utilizing the F-distribution method are presented in —1-3 2800
Table 3. The F value of 57.67 indicates that the model is &~
significant. The F value of the lack of fit is 2.25, and the 2700 A
p value is 0.2246, which means that the lack of fit is not
significant. As indicated in Table 3, the model terms A, B, 2600 7

C, A% B?, and C? exhibit significance (p <0.05), suggest-
ing the reliability of the data (Abdulhameed et al. 2021;
Jawad et al. 2020). The correlation coefficient R=0.9696 of

T T
2600 2700

T
2800

T
2900
Actual (Kpa)

T
3000

T T
3100 3200

Fig.6 Actual and predicted values of 28-day UCS
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the adjusted regression equation signifies a sound fit of the
model with actual values, enabling the prediction of UCS.
Figure 6 displays a comparison between the measured and
predicted values of the 28-day UCS, revealing a linear dis-
tribution of the measured and predicted values. In Fig. 7, the
external studentized residuals for each trial fall within the
range of +4.81963, without any outliers and with a center
close to 0, confirming the accuracy of the model’s predic-
tions (Danmaliki et al. 2017). Analyzing the F values of each
individual-factor model terms A, B, and C in Table 3 enables
the determination of the order of their effects on Y (UCS),
which is judged to be A (cement addition) > B (bentonite
addition) > C (citrus peel powder addition).

The 3D response surface in Fig. 8(a) shows the relationship
between UCS and the dosage of both cement and bentonite.
The cement content had a greater influence on UCS compared
to bentonite. The contour plot in Fig. 8(b) exhibited a saddle
shape, which signified a noteworthy interaction between the
addition of cement and bentonite. At a bentonite dosage of 6 g/
kg, the continual addition of cement substantially improved
the UCS of the solidified sediment. However, surpassing a
bentonite dosage of 6 g/kg resulted in a diminishing promo-
tional effect of cement on the UCS. This could be attributed
to the repulsive force acting within the excessive bentonite,
resulting in particle dispersion and weak bonds between par-
ticles and sediment, devoid of the robust bonds generated by
cement hydration products (Estabragh et al. 2022). Figure 8
(c) illustrates the relationship between UCS and additions of
cement and citrus peel powder. The influence of cement addi-
tion on UCS was more significant than the addition of citrus
peel powder. The contour plot in Fig. 8(d) exhibits a saddle
shape, indicating a significant interaction between the addition
of cement and citrus peel powder. When the addition of citrus
peel powder was close to 9 g/kg, cement could maximize the
improvement of UCS in solidified sediment. However, once
it exceeded 9 g/kg, citrus peel powder would negatively affect

| 4.81963
2 44
<
3 =
Z
g 2-
3
N " —m —
£, e v N
-5 / n—m—N ™
2]
= 5
g 2
=
k) [ ]
=
SV
-4.81963
-6 T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Run number

Fig. 7 Externally studentized residuals versus run plot
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UCS. Hydration reactions could result in a pH increase above
10 (Galan et al. 2021). However, Fig. 1(b) illustrates a final pH
of only 6.74 for sample citrus peel powder 30. Consequently,
the excessive amount of acidic pectin in the citrus peel pow-
der significantly depleted alkalinity (Wang et al. 2023). This
depletion was detrimental to the progression of hydration reac-
tions and, as a result, negatively affected the UCS. Figure 8 (e)
demonstrates the impact of bentonite and citrus peel powder
addition on the UCS of solidified sediment, with both having a
threshold for improving UCS, with bentonite having a greater
impact. The contour plot in Fig. 8(f) is similar to a circle, indi-
cating that the interaction between bentonite and citrus peel
powder is not significant. This is because excess pectin from
citrus peel powder reduces alkalinity and prevents the silica
in the bentonite from reacting with the hydration products of
the cement, and excess bentonite leads to loss of UCS in the
setting sediment due to excessive swelling.

Based on a combination of Fig. 8(a), (c), (e), it could be
observed that cement exerted the strongest impact on the
UCS compared to the effects of bentonite and citrus peel
powder. This finding aligns with the outcomes of the sig-
nificance analysis performed on the regression model. The
additive ratios were optimized based on an analysis of the
independent and interaction effects of the individual factors
in order to determine the most favorable combination. At the
maximum response value, the recommended additions for
each material were the following: cement 14.86 g/kg, citrus
peel powder 9.31 g/kg, and bentonite 5.85 g/kg, in a ratio of
2.54:1.59:1. The predicted UCS of the solidified sediment
was 3181.40 kPa. By using these specific additive ratios in
three parallel tests, the average compressive strength of the
solidified sediment was measured to be 3144.84 kPa. This
result was 57% higher than the UCS of sample “cement 30”
(2002.55 kPa), indicating that citrus peel powder and ben-
tonite have advantages in improving the UCS of solidified
sediments compared to cement-based S/S method.

Conclusion

This research proposed an environmentally friendly solidi-
fication method to reduce the cement consumption and
improve the ecological safety of the sediment after solidifi-
cation. The interactive effects of citrus peel powder, benton-
ite, and cement on the solidified sediment were investigated
using single-factor experiments and RSM. The optimal addi-
tion amounts for each solidification additive were as fol-
lows: 14.86 g/kg of cement, 5.85 g/kg of bentonite, and 9.31
g/kg of citrus peel powder. The strength of the solidified
sediment could reach up to 3144.84 kPa. XRD and SEM
analysis revealed that HMP in citrus peel powder reacts with
cement hydration product CH, resulting in the formation of
LMP. The resulting gelatinous pectin particles connected the
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solidified sediment, thereby enhancing its strength. SiO, in
bentonite reacted with cement hydration product CH, lead-
ing to the formation of CSH. Additionally, the plate-like and
layered structure of bentonite filled the gaps in the solidified
sediment, thereby enhancing its strength. Furthermore, by

investigating the leaching concentrations of heavy metals, it
was discovered that the pectin in citrus peel powder and ben-
tonite exhibit adsorption properties, resulting in decreased
leaching concentrations of heavy metals compared to the
original sediment. As solidification additives, citrus peel
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powder and bentonite not only had significant advantages
in improving the strength of sediment and reducing alkalin-
ity, but also met the standards for green planting of solidified
sediment. This study provided an effective method for the
safe resource utilization of dredged sediment.
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