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ABSTRACT: Sludge dewatering plays a crucial role in reducing the sludge
volume, facilitating transportation, and enhancing energy recovery. However,
conventional mechanical dewatering methods often generate high-concentration
organic wastewater containing toxic substances and decrease the caloric value of
sludge. To address this challenge, a hydrate-based method was proposed as a
solution for both sludge dewatering and simultaneous discharges of clean water.
Our study investigates the mechanism and feasibility of gas hydrate in sludge
dewatering using a visual Nuclear Magnetic Resonance system to observe the
spatial and temporal distribution of liquid water during the sewage sludge
dewatering process with a crystal hydrate phase change. Our findings indicate that
hydrate formation drives directional water transport and transforms part of the
bound water irreversibly into free water. The results reveal that the relative
percentage of free water in sludge increased from 4.0% to 36.6% after hydrate
dissociation, while the mechanically bound water and bound water decreased from 66.6% and 29.4% to 36.6% and 26.8%,
respectively. These results demonstrate the effectiveness of the hydrate method in removing free water and improving the sludge
dewatering performance. It is essential to realize the green operation of sludge dewatering while reducing energy and chemical
consumption.
KEYWORDS: Gas hydrate, Water migration, Irreversible transformation, Sludge conditioning, Nuclear magnetic resonance

■ INTRODUCTION
The biological treatment of wastewater is crucial in reducing
pollutants and protecting the environment.1,2 However, a huge
amount of sewage sludge, containing toxic substances such as
pathogens, heavy metals, and organic contaminants,3−5

remains an inevitable byproduct. The moisture content in
the activated sludge exceeds 98%, and dewatering is a critical
first step in further treating the sludge.6,7

The water present in sludge can be classified into three
categories: free water, mechanically bound water (removable
by mechanical strain), and bound water (not removable
mechanically).8,9 Conventional mechanical dewatering meth-
ods, such as centrifugation and filtration, are often used to
remove most of the free water but are ineffective in removing
the bound water.10,11 To improve the release of interstitial or
intracellular water from sludge flocs, various chemical, physical,
and biological methods,6,12,13 including Fenton oxidation,14,15

potassium ferrate oxidation,16 acid and alkali dissolving,17

microwave irradiation,18 and pyrolysis,19,20 have been
employed to disrupt the stability of highly hydrated microbial
aggregations. However, these methods often result in an
increase in the volume and a decrease in the calorific value of

dewatered sludge due to the addition of chemical conditioning
agents.17,21 Furthermore, disrupting sludge flocs and micro-
organism cells can release soluble organic substances into the
liquid phase, creating new high-concentration organic waste-
water pollution.22 The reduction of carbonaceous substances
can further reduce the caloric value of sludge, hindering its
thermal utilization as a resource for sludge incineration. In
addition, the wastewater generated by the dewatering process
requires additional treatment, making sludge treatment more
difficult and costly.23−26

To increase the caloric value of dewatered sludge for
improved energy recycling and simultaneously discharge clean
water, a method based on clathrate hydrate was proposed for
lower water content sludge dewatering. Clathrate hydrates are
ice-like, nonstoichiometric crystalline compounds formed
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through the encapsulation of guest molecules (such as CH4,
CO2 and C3H8) in a cage-like skeleton of hydrogen-bonded
water molecules, under high pressure or low temperature
conditions.27−30 During the hydrate formation, guest mole-
cules with specific sizes can be enclathrated in a cage-like
skeleton, converting liquid water into solid hydrates.
Reversibly, the pure solid hydrate can be decomposed into
pure water and guest molecules again via heating or
depressurization.31−35 This method has garnered attention
for its applications in seawater desalination,34 gas storage,36−38

cold storage,39 and sewage treatment.40 More detailed
information about hydrates can be found in Supporting
Information and Figure S1. Previous research4142 has shown
that the water molecules could migrate from the bottom of the
silica sand to the top of the silica sand and the hydrate was
formed above the silica sand layer, which meant that hydrates
exhibiting water absorption properties that can be leveraged for
separation. Wu et al.26 also observed that propane hydrate can
be formed primarily on the gas−liquid interface and free water
is transformed into hydrate in high-water content sludge. As
we know, only liquid water molecules could be converted into
solid hydrate.27−30 High water content sludge contains a lot of
liquid free water. It is easy for guest molecules to form a
hydrate with liquid free water (Figure S2). However, it remains
unclear whether hydrate can be formed with other types of
water molecules in lower water content sludge. Besides, the
transformation and migration between different types of
micromoisture during the dewatering process is also unknown.
Up to now, there is no relevant research on the hydrate sludge
dehydration mechanism. The dehydration mechanism is
essential to investigate the controlling factors and optimization
of the dewatering procedure.
In this study, a visual Nuclear Magnetic Resonance (NMR)

system was employed to gain a deeper understanding of the
mechanism behind gas hydrate sludge dewatering. Only the 1H
in liquid water could be detected by an experimental NMR
system. The presence of liquid free water will hinder the study
of the dehydration mechanism. Thus, the low water content
sludge was used in this study. If the bound water was
transformed into free water, the transformation results could
be detected by the experimental NMR system. C3H8 is a
potential former for its moderate formation conditions.31,41

However, the flammability and explosiveness of C3H8 hinder
its application. Thus, the C3H8−CO2 gas was used in this
study. The formation and dissociation processes of gas
hydrates within sludge were carefully observed, including the
self-driven and directional water transport characteristics and

the spatial and temporal distribution of liquid water during
hydrate formation. The irreversible nature of the trans-
formation between different types of water was also analyzed.
The results of this study are critical to gaining a deeper
understanding of the mechanism of sludge dewatering using
gas hydrates.

■ MATERIALS AND METHODS
Experimental Materials and Apparatus. Sewage sludge

samples were supplied by the Dalian Municipal Bureau of Ecological
Environment. The sludge was obtained after high-pressure filtration,
and the moisture content was about 83%. C3H8 (99.99%) and CO2
(99.99%) gases were supplied by Dalian Special Gases Co., Ltd.,
China. C3H8 (16%)−CO2 (84%) gas mixture was obtained by mixing
the pure gases at 274.15 K.
The schematic of the experimental system is shown in Figure 1. A

gas supply system consists of gas cylinder, pipeline and ISCO pumps
with a precision of ±0.001 MPa (500 D, Teledyne ISCO Inc., U.S.A.).
Two refrigerated circulators with a precision of ±0.01 K. (F38-EH,
JULABO Inc., Germany) are used to control the temperature of
sample chamber and gas. A low-field 1H NMR system (12 MHz
proton, GeoSpec12, Oxford, 0.3 T) is composed of the permanent
magnet, a high-pressure sample chamber with an internal diameter of
25 mm and a height of 50 mm, and a data acquisition and analysis
system; The double half-space SPRITE and CPMG pulse sequences
were used to obtain 1D saturation at different field of view (FOV)
positions and T2 relaxation times, respectively. The high-pressure
sample chamber was surrounded by a cooling jacket to control the
temperature, with carbon tetrafluoride used as the circulating coolant
to minimize the interference of radio frequency field artifacts on the
NMR detector system. The FOV of the NMR was 70 × 70 mm2.
Experimental Procedure. The high-pressure sample chamber

was positioned vertically within the NMR system during the
experiment. Before experiments, half of the chamber was filled with
sludge. The temperature of refrigerated circulators was set at 283.15
K. When the temperature of the high-pressure sample chamber was
maintained at 283.15 K, the C3H8−CO2 mixed gas was then injected
from the top, maintaining a stable pressure of 2.0 MPa and
temperature of 283.15 K. Subsequently, the temperature of
refrigerated circulators was set at 274.15 K. Then, the temperature
of the high-pressure sample chamber was decreased to 274.15 K,
allowing for hydrate formation. After complete hydrate formation, the
temperature was increased to 288.15 K for inducing hydrate
dissociation. The pressure and gas consumption were continuously
recorded with the use of Teledyne ISCO software. The NMR signals
corresponding to each process were acquired separately, allowing for a
clear distinction between each individual experiment. It takes 6 min
and 52 s for the double half-space SPRITE and CPMG pulse
sequences. The NMR signals were obtained every 2 min. The time
referred to as 0 min indicates the start of the temperature decrease in
the chamber. Further details can be found in our previous studies.41

Figure 1. Schematic of an NMR experimental system.
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Spatial Distribution of Moisture in Sludge. After the gas injection,
the position of the gas−sludge interface was determined, and the
spatial distribution of water in the sludge is shown in Figure 2a,b. The
FOV for the chamber corresponds to a position between −2.50 and
2.50 cm along the horizontal axis, and the 0 cm mark corresponds to
the central position of the entire FOV. According to the measurement
results of NMR in Figure 2a, the position of the gas−sludge interfaces
is at −0.11 cm.
T2 is the relaxation time, which could reflect the internal chemical

environment of the hydrogen proton in sludge. The greater binding
force of the hydrogen proton suffered or the smaller degrees of
freedom of hydrogen proton, the smaller relaxation time value
appears. On the contrary, free water corresponds to a larger relaxation
time value. Figure 2b shows that there are three separate peaks in the
T2 distribution curves at about 0.158, 3.981, and 89.125 ms,

respectively. With the increase in the relaxation time, the three peaks
represent bound water, mechanically bound water, and free water.

■ RESULTS AND DISCUSSION
Previous studies6−9 have demonstrated that conventional
mechanical dewatering is most effective in removing free
water in sludge, while mechanically bound water or bound
water poses a greater challenge in the dewatering process. To
date, there has been no investigation into the potential of the
hydrate method for removing mechanically bound water or
bound water to achieve in-depth dewatering for filter-pressed
sludge, and the exact mechanism behind this process remains
elusive.

Figure 2. (a) Spatial distribution of moisture in sludge in the initial stage; (b) T2 distribution curves of sludge samples.

Figure 3. (a) Spatial and temporal distribution of liquid water in sludge sample during hydrate formation; (b) Change in water volume at different
positions; (c) Volume of gas consumption; (d) Schematic of hydrate formation in sludge sample.
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Spatiotemporal Distribution and Self-Driven Direc-
tional Migration of Water in the Sludge Dewatering
Process. The 1D DHK SPRITE signals represent the number
of free hydrogen protons and could be used to monitor the
temporal and spatial variations of water in sludge. As we know,
only the 1H in liquid water can be detected via the NMR
system. If there is water, the volume value will be greater than
0. If there is no water, the volume is 0. Similarly, if there is
water between sludge particles, then the volume will have a
value.
Figure 3a,b shows the spatial and temporal distributions of

liquid water in sludge during the hydrate formation process.
The results in Figure 3a−c clearly suggest that the spatial
distribution of liquid water and the total volume of water
decrease, while gas consumption increases continuously during
the entire process. It meant that water molecules contained in
sludge were released and converted to solid hydrate, because
only liquid water could form hydrate (Figure S3). On the other
hand, the position of the gas−sludge interface was initially
recorded to be at −0.11 cm. However, as shown in Figure 3a,
the value of the water volume between 0 and 1.20 cm increased
with time. It also meant that water molecules were transferred
into the top of the sludge from other position. The gas uptake
in Figure 3c demonstrated that the hydrate was formed. The
data in Figure 3b also proved that a significantly increase of the
number of water molecules at beyond the −0.11 cm point
(above the gas-sludge interface at 0.45 and 1.02 cm)
corresponding to the 50 min time point, which indicated the
possible migration of water molecules from the bottom to the
top of the chamber; On the other hand, liquid water was
converted into solid hydrate at the same time.41,42 The self-
driven and directional transport of water is beneficial for the

sludge dewatering and separation of solid hydrate and residual
sludge, as shown in Figure 3d. Previous studies41−43 proposed
a capillary-driven hydrate formation mechanism in porous
media to clarify the water migration phenomenon (Supporting
Information, Figure S4). The driving force for water migration
is the capillary force between the solid hydrates or particles.
The C3H8−CO2 hydrate crystals tend to grow into large grains
with a loose and porous structure.41 The loose and porous
structure would enhance the capillary force and promote water
migration. Finally, liquid water molecules are converted to
solid hydrate. The solid hydrate could be separated with sludge
particles, and dry sludge could be obtained.
The T2 relaxation time, which reflects the state of hydrogen

protons in sludge,43,44 was analyzed in Figure 4a. Initially, two
distinct peaks were observed in accordance with previous
studies,6−8 suggesting the presence of mechanically bound
water and bound water in filter-pressed sludge. However, as
hydrate formation occurred, the value of the second peak
gradually decreased and a third peak emerged. The third peak
showed an initial increase followed by a decrease from 0 to 427
min. This indicated a transformation of mechanically bound
water into free water, followed by consumption by hydrate
formation. Throughout the process, the value of the bound
water remained relatively stable.
Figure 4b,c shows the T1−T2 distributions in the initial

stage and final stage. The bright spot at ∼1000 ms disappeared
after hydrate formation, which meant the free water was
removed from sludge. The big bright spot between 1 and 10
ms became long and narrow bright bands, which also suggested
some mechanically bound water in the sludge was removed.
Previous literature41,45,46 demonstrated that the crystal particle
size and packing pattern of the primary nucleation of hydrates

Figure 4. (a) T2 distribution during hydrate formation; T1−T2 distributions: (b) the initial stage (0 min) and (c) the final stage (after complete
hydrate formation).
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are essential factors that affect the transport of water
molecules. The porous nature of the hydrate provides an
inherently stronger capillary force to facilitate water migration.
Thus, water that is physically adsorbed and mechanically
captured in both micro- and macrocapillaries of capillary
porous bodies3,41 can be potentially removed. The results
demonstrated that the hydrate method could be used to
achieve in-depth sludge dewatering.
Reversibility Analysis of Water Transformation in

Sludge Based on Hydrate Phase Change. Although
hydrates can form both above the gas-sludge interface due to
self-driven and directional transport of water and between
sludge particles,41,42 it is unclear whether bound water in
sludge could be transformed into free water to form hydrate. It
is essential to investigate the mechanism of transformation
between different types of water for sewage sludge deep
dewatering by the hydrate method. It is also unknown whether
the crystal hydrate method has the function of sludge
conditioning to improve the physicochemical and biochemical
properties of sludge.

After hydrate formation, the crystal hydrates above the
sludge and residual sludge could be separated easily. The
crystal hydrate could be decomposed into recyclable water and
gas. However, after hydrate between sludge particles
dissociation, solid hydrate reverts back into free water and
gas. It remains to be seen whether this decomposed free water
will be reconverted to bound water.
Thus, to further analyze the mechanism of hydrate sludge

dewatering, the temperature was raised to 288.15 K after
hydrate formation, causing the dissociation of hydrates. Figure
5a,b displays the spatial and temporal distributions of liquid
water in sludge during the decomposition process. The
formation of hydrates was observed to occur above the gas−
sludge interface. Upon decomposition, the volume of free
water rapidly increased at the top position and ultimately
accumulated at the gas−liquid interface under the influence of
gravity, as shown in Figure 5a. However, the free water did not
flow further into the sludge. After hydrate dissociation
completely, the values at −0.45 and −1.46 cm in Figure 5b
were 0.40 and 0.29 mL, respectively, which were bigger than

Figure 5. (a) Spatial and temporal distribution of liquid water in the sludge sample during hydrate decomposition; (b) Change in water volume at
different positions.

Figure 6. (a) T2 distribution during hydrate decomposition; The pictures of sludge in different stages: (b) in the initial stage before hydrate
formation and (c) in the final stage after hydrate decomposition.
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0.05 and 0.31 mL in Figure 3b. The results indicated that more
free water was in sludge. In other words, some mechanically
bound water was transformed into free water and these
transformations were irreversible. Some of the water did not
combine with the sludge again to form mechanically bound
water. In the initial stage, the maximum value of water was at
−1.50 cm, but after hydrate decomposition, it migrated to
−0.11 cm. The migration of water also facilitated the
separation of free water and sludge. It also meant that the
crystal hydrate formation also had the effect of sludge
conditioning. The position of hydrate formation and
dissociation free water is crucial to reduce the separation
difficulty and potential economic cost.
Upon hydrate formation, most of the free water was

consumed and only two peaks were observed, representing
mechanically bound water and bound water, respectively.44

After hydrate formation, the temperature increased to 288.15
K for inducing hydrate dissociation. The T2 relaxation times
and sludge images at various stages are presented in Figure
6a−c. The decomposition of hydrate resulted in an increase in
the highest value of the second peak from 0.23 to 0.40 mL in
Figure 6a. However, the corresponding value in Figure 4a was
0.64 mL, suggesting that only a portion of the decomposed free
water was converted into mechanically bound water. The
presence of hydrophilic substances in the sludge makes part of
the free water into mechanically bound water. Meanwhile, the
third peak increased significantly, with its highest value rising
from 0.07 to 0.60 mL in Figure 6a. The value at 0 min in
Figure 4a was 0.06 mL, indicating the appearance of new free
water following hydrate formation and decomposition. A
comparison of the images in the initial stage and final stage
after decomposition revealed the clear presence of free water.
These results demonstrate that some mechanically bound
water was transformed into free water during the hydrate
formation process. Although some of the free water was
transformed back into mechanically bound water after hydrate
decomposition, some transformations were irreversible, and
the free water remained in a liquid state. This made the sludge
easier to dewater.
Quantitative Analysis of the Relative Proportion of

Water Transformation between Different Types of
Water. Although the results demonstrate that some
mechanically bound water was transformed into free water
during the hydrate formation process, the relative amount of
water transformation is unclear. Therefore, the relative

percentage changes of different types of water moisture during
the sludge dewatering process were measured and calculated.
The moisture distribution in sludge was analyzed using NMR,
as depicted in Figure 7a,b. The water content of each type of
moisture was calculated and presented as the relative change in
the water content as a percentage. At the start of the process,
the relative percentages of bound water, mechanically bound
water, and free water were 29.4%, 66.6%, and 4.0%,
respectively (Figure 7a). During the hydrate formation process,
the relative percentage of bound water increased from 29.4% to
50.6%, while the mechanically bound water decreased from
66.6% to 34.5%. The free water experienced an increase from
4.0% to 27.1% in the time period from 0 to 118 min, followed
by a decrease from 27.1% to 14.9%. These results indicate that
initially mechanically bound water was transformed into free
water, which was then consumed by hydrate formation.
The moisture distribution in filter-pressed sludge was

analyzed, as shown in Figure 7b. The results reveal a notable
increase in the percentage of free water after hydrate
dissociation from 4.0% in the initial stage to 36.6%. Meanwhile,
the mechanical bound water and bound water decreased from
66.6% and 29.4% to 36.6% and 26.8%, respectively. This
indicates that approximately 30% of the mechanically bound
water was transformed into free water. It also revealed that the
transformations were irreversible.
The irreversible transformations meant that the free water

would not be converted into bound water again after hydrate
dissociation. This property makes it easier to separate the
liquid water and sludge particles, which can enhance the
dewatering process. For low-water content sludge, achieving
deep dewatering is difficult without the use of chemical
additives. However, the use of additives can increase the total
volume of solid sludge and reduce its unit caloric value,
because most additives are generally noncombustible solids.
To further investigate the transformations between different

types of water, the hydrate was formed in high-water and low-
water content sludge, as shown in Figures S2 and S3. The high-
water content sludge is liquid. The hydrate formed blocky
solids in the liquid water. However, the formation finally
stopped, because of the limitation of mass transfer. The pure
hydrate could be obtained by solid−liquid separation. In
contrast, there is little liquid water in low-water content sludge,
but the self-driven water migration was observed during
hydrate formation. The hydrate was formatted above the
sludge. It demonstrated that some bound water was trans-

Figure 7. Variations of water distribution in sludge: (a) sewage sludge dewatering with crystal hydrate formation; and (b) comparison of relative
percentage change of different types of water in different stages.
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formed into free water to form the hydrate. The solid hydrate
was easier to separate from the sludge, and its color was whiter
than that in the high-water-content sludge, indicating purer
decomposed water. Only guest and water molecules can form
hydrate; undesired impurities would be excluded from the
hydrate crystal matrix. The application of hydrate technologies
for wastewater treatment and desalination could be found in
previous literature.34,41

Resource and energy recovery has become one of the
promising goals of sludge treatment. One approach capable of
achieving several treatment and recovery goals for biosolids
sludge would be combustion-based technologies associated
with incineration, gasification, or pyrolysis.3 However, these
combustion-based technologies require the water content
below 60 wt %.3,4 Massive chemical additives such as
polymeric aluminum chloride or ferric chloride are added to
the sludge to meet the water content limitation. These
chemicals could reduce the calorific value of sludge, hindering
its thermal utilization as a resource for sludge incineration and
the chlorine introduced by commonly used chemical additives
may increase the risk of dioxin formation during incineration of
dewatered sludge.47,48

The results of this study suggest that the hydrate method
can significantly enhance the sludge dewatering performance
and reduce the dry solid weight while minimizing the
production of high concentration organic wastewater during
the dewatering process. The gases produced during hydrate
decomposition can also be reused. The pure water obtained
from hydrate dissociation could also discharge without further
treatment. With the development of hydrate technologies,
more guest molecules with mild formation conditions could be
found or created, the construction cost and operation precision
could be improved, and the dewaterability of sludge could be
improved by reducing the pressure and increasing the
temperature required for hydrate formation.37 The advantages
in secondary pollution reduction and energy savings could be
beneficial for meeting the increasingly stringent environmental
standards. The hydrate-based method is a potential green and
sustainable technology for sludge dewatering.

■ CONCLUSION
In this study, the spatial and temporal characteristics of gas
hydrate formation in low-water content sludge were inves-
tigated for the first time using a visual nuclear magnetic
resonance system. The results revealed that hydrate formation
could induce water migration from the bottom to the top of
the sludge. Then the free water was converted to solid hydrate
above the sludge. The self-driven and directional transport of
water is beneficial for separating solid hydrates and residual
sludge. The transformation of bound water to free water
provided free water for water migration and hydrate formation.
The loose and porous structure of the hydrate would enhance
the capillary force and provide the driving force for water
migration. The analysis of the water conversion efficiency
suggested that approximately 30% of the mechanically bound
water was transformed into free water. The results demon-
strated that the transformation was irreversible. It is critical for
deep sludge dewatering. After separation, the solid hydrate
could be dissociated into pure water and gases again for
recourse recovery. Other substances are retained in the sludge,
maintaining its caloric value. The hydrate-based dewatering
process provides novel insights into the sustainable develop-
ment of sewage sludge dewatering.
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