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Abstract: The reduction and dehydration treatment of contaminated sediment from rivers and
lakes is a prerequisite for ensuring the subsequent safe disposal. In this study, micro-nano bubbles
(MBs) technology was creatively proposed for the conditioning treatment of contaminated sediment
to improve its sedimentation and dehydration performance. Orthogonal experiment and single
factor experiment were conducted to optimize factors such as bubble size, intake air volume and
treatment time. The conditioning effect was analyzed through direct and indirect characterization
parameters. The results showed that the range (R) values for bubble size, intake air volume and
treatment time were 101.8, 94.5 and 51.6 respectively in the orthogonal analysis. The optimum bubble
size, intake air volume and treatment time were 1 µm, 30 L/min and 90 s. At this time, the CST of
conditioned sediment decreased to 160.6 s (the reduction rate of 89.29%) and the moisture content
of the filter cake decreased to 65.2%. Through the analysis of polysaccharide and MLSS, it was
found that the MBs effectively exerted the oxidation and extracellular polymer cracking properties,
which released polysaccharides that easily bind to water. The SEM analysis of the filter cake showed
a loose structure and rich porosity compared to the undisturbed sediment. Meanwhile, the MBs
promoted the homogenization degree of conditioners to achieve efficient dehydration. Therefore,
MBs conditioning was verified as a novel and promising technique for improving the dehydration
performance of river and lake contaminated sediment.

Keywords: micro-nano bubbles; contaminated sediment; conditioning; dehydration characteristic

1. Introduction

With the rapid economic development of cities along the river basin, a large amount
of industrial wastewater, domestic wastewater, and agricultural wastewater containing
nutrient salts, heavy metals, and other pollution factors enter estuaries and lakes [1–3].
Therefore, sediment has become the fate and accumulation reservoir of nitrogen, phos-
phorus, nutrients, and heavy metal pollutants [4–7]. Environmental dredging aims to
reduce the risk of endogenous pollution in the river or lake by accurately removing the
upper sediments which are rich in N, P nutrients, heavy metal pollutants and organic
pollutants [8,9]. Therefore, environmental dredging is recognized as one of the top
strategies for removing severely polluted sediments [10]. Meanwhile, environmental
dredging also result in the production of large amounts of sediment with environmental
risks [11]. The dredged sediment is characterized by huge volume, high moisture con-
tent and serious pollution [12–14]. Improper disposal such as landfill, marine dumping
and yard drainage may cause the risk of secondary pollution [15]. Efficient dehydra-
tion treatment of the sediment is a necessary prerequisite for ensuring subsequent safe
disposal [11,16]. Currently, how to further improve the degree of dehydration of contami-
nated sediment has become one of the key and difficult issues in the research of river and
lake environmental protection.
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To date, several technologies for conditioning and dehydration of contaminated sedi-
ment mainly include physical, chemical, biological, physical-chemical conditioning, and
joint treatment methods [17–19]. Chemical conditioning is commonly used in engineering,
what enables rapid sedimentation of contaminated sediment and promotes the transition
from bound water to free water through the compression of double electric layers, electrical
neutralization and bridging action [20–23]. However, the overuse of chemical agents has
the defect of high treatment costs and secondary pollution to the environment. Additionally,
In large conditioning tanks, the mechanical method of homogenization is often prone to
the drawbacks of crushing the flocs and uneven distribution of conditioners, resulting in
poor dehydration efficiency and further increase in the demand for conditioners [11,20].
Therefore, an environmentally conditioning technology while combining chemical con-
ditioning to achieve deep dehydration and homogenization of conditioners has received
more attention.

Micro-nano bubbles (MBs) refer to tiny bubbles with diameters between the micron
and nanometre levels, which have the characteristics of large specific surface area, high
mass transfer efficiency, high interface potential and free radical generation [24–27]. Based
on these characteristics, researchers have applied this technology to research on water
treatment and sludge treatment. Pan’s study on the free radical characteristics of mi-
crobubbles for phenol degradation showed that the free radicals produced by microbubbles
played a decisive role in the degradation of phenol [28]. Similarly, Tsutomn et al. treated
methyl orange using oxygen microbubbles, and found that oxygen microbubbles could
significantly improve the total organic carbon (TOC) reduction rate of methyl orange [29].
Wang also found that when using hydraulic cavitation to generate micro-nano bubbles,
the degradation rate of alachlor increased by about 30% as the pH value increased from
2 to 12 [30]. MBs could overcome the differences in the permeability of dissimilar media
and exhibit better fluidity and material delivery capability. Therefore, MBs were also used
in groundwater pollution control, which was also the reason why they were applied to
eutrophic water pollution control [31].

MBs were also widely used in sludge treatment, mainly because they could effectively
promote the dissolution of sludge cells and degradation of pollutants. The characteristics of
sludge treated with MBs were compared with traditional bubbles, and it was found that the
concentration of TSS in the supernatant of sludge treated with MBs was significantly higher
than that treated with traditional bubbles [32]. MBs could effectively dissolve sludge, and
promote the release of dissolved organic matter (DOM) and the growth of microorganisms,
thereby improving the dewatering capacity of sludge. Wang et al. explored the impact
of MBs on the methane production ability of sludge and found that MBs accelerated the
mobility of water molecules in the liquid phase, which increased methane production
by 14% [33]. Yang et al. increased the economic feasibility of activated sludge disposal
by applying of nitrogen nanobubbles to improve the anaerobic digestion efficiency of
activated sludge [34]. Moreover, many previous studies showed that MBs conditioning
was a promising strategy for sludge treatment or other pollutants treatment [35–37].

Although the researches on MBs had received much attention, rarely little attention
caught the eyes of scholars about the MBs conditioning treatment of contaminated sediment,
let alone the exploration of dehydration characteristic and mechanism. In this backdrop, we
conducted a novel study to investigate the feasibility of MBs conditioning for contaminated
sediment to improve dehydration performance. We evaluated and optimized the impact of
various factors of MBs on the degree of dehydration. In addition, this study emphatically
focused on the properties of conditioned sediment and filter cake to reveal the inherent
mechanism of enhanced dehydration by MBs.

2. Materials and Methods
2.1. Materials and Device

In this study, the sediment was taken from the internally contaminated sediment from
a shallow lake in a certain area, with a sampling depth of 5 cm. In order to simulate the
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dredging process and consider the pumping concentration after conditioning, the sampled
sediment was diluted to a moisture content of 90%, at which time the CST was 1500s. When
1% PAM was added separately, the CST of conditioned sediment and the moisture of the
filtered cake were 652.6 s and 78.2%.

The MBs conditioning device for contaminated sediment was a non-standard cus-
tomized device, as shown in Figure 1. The device mainly consisted of air pump, check
valve, flow regulator, homogenization conditioning tank, and microbubble generator. The
particle size of MBs could be adjusted by replacing the microbubble generator, which had
three specifications: T001, T100, and T500. They could generate bubbles with an average
particle size of 1 µm, 100 µm, 500 µm. The intake air volume regulation was regulated by
the flow regulator. The homogenization conditioning tank was a cylinder with a diameter
of 12 cm.
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2.2. Experimental Procedures

Orthogonal experiment: The L9 (34) orthogonal experiment table was selected to carry
out the MBs conditioning experiment, as shown in Table 1. In each experiment, 2000 mL of
contaminated sediment and 1% PAM (the dosage is based on the dry basis ratio, the same
below) were added. The experiments were conducted according to present conditions.
After standing for 5 min, an appropriate amount of conditioned sediment was took to
measure the CST value.

Table 1. The orthogonal experimental design of MBs conditioning treatment of contaminated sediment.

Number
Experimental Factors

Treatment Time (min) Intake Air Volume (L/min) Bubble Size (µm)

1 1 10 500
2 2 20 100
3 5 30 1

Single factor optimization experiment: In a typical run, 2000 mL of sediment was
selected and added to the conditioning tank with 1% PAM. MBs were introduced to conduct
conditioning treatment according to different preset experimental conditions. The condi-
tioned sediment was tested for CST, while performing EPS extraction and polysaccharide
determination. At the same time, the conditioned sediment of equal quality each time
was took for vacuum filtration, with vacuum degree of −0.1MPa. The filtered cake and
filtrate were collected to detect the moisture content and the suspended solids concentration
(MLSS) content.
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2.3. Analysis Procedure

CST: The conditioned sediment was measured by a capillary water absorption time meter
(DFC-10A, Beijing, China) to obtain CST value and determine its dehydration performance.

Moisture content: The filtered cake was place in a moisture content detector (JT-K8,
Taizhou, China) to measure the moisture content at 105 ◦C [38].

Extraction of EPS: EPS was divided into soluble EPS (SEPS) and adhesive EPS (Bound
EPS, BEPS) [39]. 50 mL of the conditioned sediment was centrifuged for 10 min at a
rotational speed of 5000 r/min. The supernatant obtained under this condition was SEPS.
Subsequently, 10 mL of 0.05% NaCl solution was added in and then subjected to water bath
at 60 ◦C for 30 min. Centrifuged it with a rotational speed of 5000 r/min for 15 min. The
supernatant was formed BEPS [40].

Polysaccharide content in EPS: Polysaccharides were determined by anthrone-sulfuric
acid colorimetry. 2 mL of SEPS and BEPS solution were aspirated and immediately
mixed with 6 mL of anthrone reagent, and then placed it in a boiling water bath for for
15 min. Then the mixture was immersed in an ice water bath for cooling for 15 min. the
mixture was measured the absorbance value at a wavelength of 625 nm, and calculated
the polysaccharide content of the sample solution based on the standard curve of glucose
content [41,42].

MLSS: 50 mL of filtrate was filtered and the membrane was dried in an oven at 105 ◦C
for 2 h. After cooling the filter membrane to indoor temperature, the MLSS was obtained
through calculation.

Among the above analysis indexes, CST and moisture content were direct characteriza-
tion methods, while EPS, polysaccharide content and MLSS were indirect characterization
methods. The above indexes were used to jointly optimize the impact of various factors of
MBs on sediment conditioning.

3. Results and Discussion
3.1. Orthogonal Experimental Analysis

Taking CST as the experimental target, the R values of bubble size, intake air volume,
and time under three horizontal conditions were analyzed. The R analysis could determine
the primary and secondary order of importance of factors. The larger the R value, the more
significant the impact of this factor on experimental objectives. Therefore, it was possible
to determine the order of influence of bubble size, intake air volume, and treatment time
on CST reduction. The results of R values were shown in Table 2.

Table 2. Orthogonal experiment results of MBs conditioning of contaminated sediment.

Number Treatment Time Intake Air Volume Bubble Size CST/s

1 1 1 1 325.6
2 1 2 2 382.3
3 1 3 3 136.9
4 2 1 2 224.7
5 2 2 3 263.5
6 2 3 1 343.2
7 3 1 3 244.7
8 3 2 1 281.6
9 3 3 2 163.8
R 51.6 94.5 101.8

From Table 2, it could be seen that the conditioning of MBs could effectively reduce the
CST value of contaminated sediment. Under nine reaction conditions, the CST reduction
rate fluctuated between 74.51% and 90.87%. Under the two conditions of number 3 and
9, the original sediment was reduced from 1500 s to 136.9 s and 163.8 s, with a reduction
rate of 90.87% and 89.08%, respectively. Under the action of MBs, the conditioners could
well homogenize and react with the sediment to improve the sedimentation. This is
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because the sufficient reaction between sediment particles and conditioners achieved
the effects of compressing the double electron layer and destabilizing [43,44]. At the
same time, the microbubble’s high efficiency mass transfer ability, oxidation ability, and
damage to extracellular polymers all contribute to reducing the difficulty of contaminated
sediment dehydration.

The R values of bubbles size, intake air volume and treatment time were 101.8, 94.5,
and 51.6, respectively. Therefore, the order of influence of three factors on the CST reduction
of contaminated sediment was bubbles size, intake air volume and treatment time, respec-
tively. The bubble size was the most important factor determining the dehydration. Mass
transfer existed between two phases, and the efficiency of gas-liquid mass transfer was
often inversely proportional to the diameter of bubbles [45]. This was because the smaller
the bubbles size, the larger their specific surface area and the higher their mass transfer
efficiency, which could better carry conditioners for homogenization and mixing. Moreover,
the high zeta potential of MBs enhanced the adsorption of microbial cells in sediment. Dur-
ing the rising and breaking process of small bubbles, accompanied by the phenomenon of
increased self pressurization and solubility, which promoted the dissolution of extracellular
polymers of microbial cells.

In order to further achieve the optimal dehydration effect, it was necessary to conduct
a series of single factor experiments according to the sequence of bubble sizes, intake air
volume and time.

3.2. Effect of Bubble Size on Contaminated Sediment Conditioning

Effect of bubble size on direct characterization parameters: The CST of conditioned
sediment and the moisture content of the filtered cake were the two most direct characteri-
zations of the dewatering effect. The CST was shown a good and direct index for sediment
and sludge filterability and dewaterability [46]. When intake air volume was 20 L/min
and treatment time is 60 s, the impact of different bubble size on the CST and the moisture
content of the filtered cake was shown in Figure 2.
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Figure 2. The impact of different bubble size on the CST of conditioned sediment and the moisture
content of the filtered cake.

With the increase of bubble size, the CST value of conditioned sediment increased
rapidly, and the moisture content of conditioned sediment also showed an increasing
trend. When the bubble size of MBs was 1 µm, the CST value and the moisture content
of conditioned sediment reached the minimum values of 281.6 s and 71.2%, respectively.
The reduction rate of CST relative to the original sediment reached 81.22%. As the bubble
size increased to 500 µm, the CST value and the moisture content of conditioned sediment
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reached the maximum values of 397.6 s and 78.6%, respectively, with CST only achieving
a reduction rate of 73.49%. The homogenization and conditioning effect decreased with
the increase of bubble size. When the bubble size was between a few micrometers to a few
hundred nanometers, the mass transfer ability, oxidation ability, and self pressurization
ability of microbubbles were greatly enhanced, which was beneficial for the mass transfer of
conditioners, the destruction of sludge cell structure and the degradation of macromolecular
organic matter.

Effect of bubble size on indirect characterization parameters: There was a considerable
amount of anaerobic microorganisms present in the internally contaminated sediment,
and the EPS carried by anaerobic microorganisms was an important factor affecting the
dewatering performance of the sediment. Polysaccharides in EPS were the main degradable
components of extracellular polymers in microbial cells, and their polarity was significant.
This lead to a tight binding between polysaccharides and water in sediment or sludge.
Therefore, polysaccharides content as indirect index could well characterize the destruction
effect of microbubbles on extracellular polymers in contaminated sediment.

When intake air volume of microbubbles was 20 L/min and time was 60 s, Figure 3
reflected the effect of different bubble size on the polysaccharides content in SEPS and BEPS.
When the bubble size of microbubbles decreased from 500 µm to 1 µm, the polysaccharides
content in SEPS slightly increased, but the polysaccharides content in BEPS significantly
increased. When MBs broke, the drastic change of the disappearance of the gas-liquid
interface would stimulate the generation of a large number of hydroxyl radical. Hydroxyl
radical was a kind of active molecule second only to fluoride ion, which had strong
oxidizing ability. The hydroxyl radical generated by the MBs could oxidize and destroy the
extracellular polymer, which can separate the polysaccharide from the bound water and
improve the dehydration capacity [47]. These results also indicated that the smaller the
bubble size, the better the degradation effect of contaminated sediment.
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Figure 4 showed the influence of different bubble size on the MLSS content in the
filtrate. When the bubble size decreased, the MLSS in the filtrate showed a significant
decrease trend, which was consistent with the conclusions obtained in Figures 2 and 3.
The low concentration of MLSS in the filtrate could indirectly indicate that the sediment
particles were fully reacted with the flocculant to achieve effective settlement.
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3.3. Effect of Intake Air Volume on Contaminated Sediment Conditioning

Effect of intake air volume on direct characterization parameters: When bubble size
was 1 µm and treatment time was 60 s, the effect of different intake air volume on the
CST of conditioned sediment and the moisture content of the filtered cake was shown in
Figure 5. Under the intake air volume of 20–40 L/min for MBs, it could be seen that the
CST value of sediment showed a trend of first decreasing and then increasing. When the
intake air volume was 30 L/min, the minimum CST value of sediment was 176.5 s, and the
reduction rate relative to the original sediment reached 88.23%. Meanwhile, the excessive
density of bubbles caused collisions, which also disrupted the adsorption balance between
microbubbles and conditioners, leading to a decrease in sediment settling performance.
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From Figure 5, it could be seen that the trend of the influence of different intake
air volume on the mositure content of the filter cake was consistent with that of CST
under the action of microbubbles carrying flocculants. The low intake air volume lead to
the inability of microbubbles to carry enough conditioners to homogenize between the
sediment particles, and also failed to fully damage the structure of the sludge particles.
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Excessive intake air volume disrupted the adsorption balance between microbubbles and
the flocculent agents. When the intake air volume of MBs was 30 L/min, the mositure
content of the filter cake reached the lowest value, which was 67.3%.

Effect of intake air volume on indirect characterization parameters: The effect of
different intake air volume on polysaccharides content in SEPS and BEPS was shown in
Figure 6. As the intake air volume increased, the polysaccharides content in SEPS showed
a slow increasing trend. When the intake air volume continued to increase to 30 L/min,
the polysaccharides content showed a fluctuating equilibrium state. The polysaccharides
content in BEPS showed a significant increasing trend. When the intake air volume was
30 L/min, the maximum value of polysaccharides in BEPS was 40.5 mg/L, and the total
polysaccharides content in EPS was 61.6 mg/L. Therefore, the results indicated a large
amount of microbubble content significantly destroyed the cellular structure of microorgan-
isms in the sediment and released extracellular polymers. According to relevant researches,
released organic matters (protein or polysaccharides) were transformed into lower-binding
matters, which suggested that the associations between extracellular polysaccharides
molecules had become slightly apart and the binding ability with water also had become
weak [11,48].
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The effect of different intake air volume on on the MLSS content in the filtrate was
shown in Figure 7. The influence of different intake air volume on the MLSS content and
polysaccharide content in the filtrate were significantly different, but similar to the influence
of CST. As the intake air volume increased, the MLSS content showed a sharp decrease
and increase trend. When intake air volume was 30 L/min, the minimum value taken for
MLSS was 65.9 mg/L. At this point, the amount of microbubbles and the adsorption of
flocculants reached saturation point. In summary, the optimal intake air volume condition
in this experimental study should be chosen as 30 L/min.
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3.4. Effect of Intake Air Volume on Contaminated Sediment Conditioning

Effect of treatment time on direct characterization parameters: When the bubble size
and intake air volume were 1 µm and 30 L/min, the effect of different time on the CST of
conditioned sediment and the moisture content of the filtered cake was shown in Figure 8.
Comparing the CST values of conditioned sediment with microbubbles under 60–180 s, it
could be seen that the CST values of the sediment showed a trend of first decreasing, then
steadily fluctuating, and then increasing, as the action time increases. When the time was
90 s, the minimum CST value of sediment was 160.6 s, and the reduction rate relative to
the original sediment reached 89.29%. When the treatment time continued to increase to
120 s, the change of CST was not significant, which was 162.4 s with a reduction rate of
89.17%. As treatment time increased to over 120 s, the CST value significantly increased.
The settling sediment particles exhibited the phenomenon of settling flocs being damaged
and floating upwards when the treatment time of microbubbles was too long. The water
in the sediment was filled between the floating particles in the form of interstitial water,
which reduced filtration performance and caused a rapid increase in CST value. From
Figure 8, it could be seen that when the treatment time was 90 s, the moisture content of
the filter cake reached the optimal value, with a moisture content of 65.2%. Increasing the
treatment time of MBs lead to the phenomenon of flocculation settlement being destroyed,
which could lead to poor conditioning effect, as well as the result of too fast stirring rate in
mechanical stirring that damaged settlement.

Effect of treatment time on indirect characterization parameters: The effect of differ-
ent treatment time on the polysaccharides content in SEPS and BEPS was shown in Figure 9.
When the treatment time was greater than 60 s, the total polysaccharides content of EPS
in Figure 9 was significantly higher than that in Figures 3 and 6. Adequate microbubble
content and suitable treatment time effectively exerted the oxidizing and extracellular
polymer breaking properties of MBs, which could release microbial extracellular organic
polymers such as polysaccharides. In Figure 9, the polysaccharides content in SEPS and
BEPS did not change significantly as the action time increased, both at high levels, because
most of the polysaccharides were released through the action of MBs. From the perspective
of organic groups in polysaccharides, the hydroxyl and aldehyde groups contained in
polysaccharides had good hydrophilicity, which lead to polysaccharides binding more
free water to form bound water. Through the conditioning process of microbubbles, the
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structure of polysaccharides was destroyed, and bound water was transformed into free
water to improve dehydration performance.
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The effect of different treatment time on the MLSS content in the filtrate was shown
in Figure 10. When the treatment time was 90 s, the MLSS in the filtrate was the lowest at
43.2 mg/L. At this time, the particles in the conditioned sediment were effectively settled.
Continuing to increase the treatment time, the settled flocs could float upwards, resulting
in a relative increase in the concentration of suspended solids.
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In summary, the optimal conditions for MBs conditioning could be selected as bubble
size 1 µm, intake air volume 30 L/min and treatment time 90 s.

3.5. SEM Analysis

The SEM of the sediment and filter cake before and after the treatment of MBs were
shown in Figure 11. SEM were the image magnified at 10 K magnification. The SEM
analysis showed the structural changes of sediment after conditioning and dehydration
through MBs treatment from a microscopic perspective.
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SEM of sediment before the treatment (b) The SEM of filter cake after the treatment.

The original dredged sediment image (Figure 11a) showed a complete structure,
dense arrangement, almost no obvious cracks, and low porosity, which seriously hindered
the filtration and transmission of water and affected the dewatering performance of the
sediment. After conditioning with MBs, the microbial floc structure in the sediment was
destroyed. The conditioners were evenly distributed among the sediment particles to
undergo flocculation reaction. The porosity between the sediment particles increased,
making it easier for water to be discharged during the filtration process. From Figure 11b,
it could be seen that the SEM of the filter cake exhibited characteristics of loose structure
and abundant pores, which were beneficial for improving the dewatering performance.

4. Conclusions

In this study, orthogonal experiments were designed to analyze the primary and
secondary order of determining the importance of bubble size, intake air volume, and
treatment time as three reference factors. Through single factor experiments, the effects of
bubble size, intake air volume, and treatment time on the direct characterization parameters
of CST and filter cake moisture content, as well as the indirect characterization parameters
of polysaccharide content in EPS and MLSS concentration in filtrate, were analyzed to
optimize the optimal experimental parameters. The SEM of the original sediment and
filter cake before and after the MBs conditioning were analyzed. The conclusions were
as follows.

(1) The R values of bubble size, intake air volume, and treatment time were 101.8, 94.5,
and 51.6, respectively. Microbubbles close to the nanoscale had a large specific surface
area and high mass transfer efficiency, which could better carry conditioning agents for
homogenization and mixing. At the same time, the MBs of small bubble size were easy to
promote the sedimentation of sediment and the dissolution of extracellular polymers.

(2) The optimal conditions for MBs conditioning in this experimental study could be
selected as bubble size 1 µm, intake air volume 30 L/min, and treatment time 90s. Under
these conditions, the CST of conditioned decreased to 160.6 s, with a relative reduction of
89.29%, and the moisture content of the filter cake decreased to 65.2%.

(3) The SEM of the filter cake showed a loose structure and rich porosity. Microscopic
analysis revealed that the microbial floc structure in the sediment was destroyed, and the
conditioning agents were evenly distributed between the sediment particles and achieved
sufficient flocculation reaction through MBs conditioning.
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In summary, The dehydration mechanism of MBs conditioning lay in the efficient ho-
mogenization of the conditioning agent, which promoted the flocculation reaction between
the conditioning agent and the sediment particles. Meanwhile, the inherent characteristics
of MBs promoted the release of extracellular polymers and hydrophilic organic compounds
such as polysaccharides, effectively promoting the transition from bound water to free wa-
ter and reducing the difficulty of dehydration. This study provided a promising technique
and theoretical basis for the dehydration of river and lake contaminated sediment.
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