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Abstract: The dewatering of dredged sludge is a critical step in the minimization and reutilization
of this solid waste. However, there is a lack of available literature on the fundamental drying
characteristics of dredged sludge. In this work, two kinds of typical sludge dredged from an urban
watercourse were tested by low-field NMR to investigate the water distribution in sludge and it was
found that water contained in sludge can be classified into three categories: free water, capillary water
and bound water. In addition, a novel model was proposed based on the Lennard-Jones equation
and Kelvin law to quantitatively evaluate the binding energy during drying. Further, the model
results were experimentally verified by thermogravimetry differential thermal analysis (TG-DTA).
Results show that the trends of the model are consistent with the experimental values and the gradient
of energy consumption during dehydration can be divided into three main stages. In stage 1, the total
energy required for dewatering equals the latent heat of free water. In stage 2, binding energy
reaches dozens to hundreds of kJ/kg accounting for capillary action. In stage 3, binding energy
increases steeply reaching almost thousands of kJ/kg due to intermolecular interactions. All the
discovered aspects could improve the management and disposal of dredged sludge from an energy
cost perspective.
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1. Introduction

Dredged sludge is the soil with high moisture content coming from the dredging marine operation
in continental watercourses, and is formed by particles introduced into the ecosystem, and precipitates
formed by biochemical processes in aquatic environments [1]. Considerable volumes of sediments are
dredged annually all over the world. Annually, over 100 million tons of sludge are dredged in China [2],
against about 230 million tons in the USA [3], and 200 million tons in Western Europe [1]. Treating these
huge amounts of sediments is a major challenge, and in the past, dredged sludge was dumped
directly at sea in many coastal countries, which potentially deteriorated the benthic environment of
the dumping sites, and consequently affected the ecosystems [4,5]. Rather than treating it as a waste,
nowadays, the sludge is also known as alternative source for raw material [2,6], beach nourishment [7],
soil matrix [3] etc. Unfortunately, dredged sludge commonly contains a high water content, which
significantly reduces its utility value. Hence, it is essential to maximize the removal of water for
reduction, recycling, and reuse of this material. In recent years, several trials have been carried out
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on the dewatering process of dredged sludge [8–10]. However, there is extremely limited knowledge
about the characteristics of moisture distribution in dredged sludge, and the dehydration energy costs
of different categories of water.

It is difficult to directly measure the water distribution in opaque mixtures based on classical
optical techniques. Recently, low-field 1H nuclear magnetic resonance spectroscopy (LF-NMR) has
been widely used to measure water distribution in solid–liquid mixtures, including food [11], sewage
sludge [12,13], and petroleum sludge [14,15]. Compared with other water measurement methods,
LF-NMR is nondestructive, rapid, and accurate. The bound level of water is the key factor influencing
the relaxation time of hydrogen protons. LF-NMR retrieves the state of water through detecting the
variations of 1H relaxation time. According to the Carr–Purcell–Meiboom–Gill sequences, the spin–spin
relaxation time (T2) is largely determined by the specific surface area of the tested sample [16,17].
A smaller pore structure results in a larger specific surface area and stronger restraints of water mobility,
which would subsequently shorten T2 measured by LF-NMR. Thereby, LF-NMR can be applied to
characterize the degree to which water is bound within a solid and the moisture distribution in
mixtures. The application of LF-NMR has rarely been reported for the measurements of water content
and moisture distribution in dredged sludge.

Dredged sludge contains a plurality of particles and multi-scale micropores, and these components
and structures interact with contained water in many ways. The literature [18,19] presents different
classifications of water trapped in solids according to distinct criteria or measurement methods.
Considering water–solid bond strength, water in solid–liquid mixtures can be divided into three
categories, namely bound water, interstitial water, and free water. When the sludge is heated during
thermal drying, the energy required for water evaporation is greater than the latent energy of pure water.
Hence, dewatering consumes extra energy to overcome the binding energy between distinct forms of
moisture and sludge. Currently, the large-scale applied dewatering technologies include mechanical,
thermal and chemical drying [1,10,20,21], and energy cost is one of the most important factors in the
selection of these processing techniques. Although many technologies have been commercially used
for sludge drying, there still lacks a fundamental model to quantitatively describe the binding energy
needed to be overcome during drying.

In this work, two kinds of typical sludge dredged from an urban watercourse were tested by
LF-NMR to investigate the water distribution in sludge, and further explore the dewatering energy cost
of different kinds of water. In addition, a calculated model was proposed based on the Lennard-Jones
equation and Kelvin law to predict the energy requirements of the drying process. To validate the
model, thermogravimetry differential thermal analysis (TG-DTA) was used to determine the detailed
energy consumption during the drying process.

2. Water Binding Energy Calculation Model

According to the interaction between water and dredged sludge in the model, energy consumption
during thermal drying is classified into the following parts: (1) the energy required for water molecules
to overcome the chemical bonding Q1; (2) the energy required for water molecules to overcome the
intermolecular physical interactions Q2; (3) the energy required for droplets to overcome the capillary
force Q3; (4) latent heat of water phase change Q4. The sediments of an urban watercourse are
rich with microorganisms and inorganic salts [22]. Q1 comes from the powerful chemical bounds
mainly found in intracellular bound water and crystal water of inorganic salts. These bounds are
difficult to break during low-temperature thermal drying [23]. Therefore, to simplify the model,
Q1 is excluded from the calculation. Q2 is generated from intermolecular interactions, including
Keesom force, Debye force, London dispersion force and repulsive force, and it is one or two orders of
magnitude smaller than chemical bonding energy, reaching thousands of kJ/mol [24,25]. According to
quantum-mechanical theories, molecular attraction is inversely proportional to the sixth power of
the intermolecular distance, while molecular repulsive force is inversely proportional to the 12th
power of the distance between molecules [26]. Then, the energy for overcoming these forces between



Water 2020, 12, 3395 3 of 12

separate molecules can be described by Lennard-Jones’ (L-J) potential energy function, which is an
approximate approach commonly used in thermodynamics and dynamics simulation to compute the
potential energy of intermolecular interactions [27–29]. For the present study, the Lennard-Jones 10-4-3
function [30], as represented in Equation (1), is implemented to calculate Q2, which simultaneously
considers molecular attraction and repulsive force:

Q2 = A·[
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5
(
σ
z
)

10
− (

σ
z
)

4
− (

σ4

3∇·(0.61∇+ z)3 )] (1)

A = 2πρsεσ
2
∇ (2)

Here, Q2 represents the energy required by water molecules to overcome the physical binding force
from particle surface; ρs represents the solid number density (the number of the solid particles per
unit of volume); ∇ is the distance between the lattice planes, and z is the vertical distance between
the interacting molecules. The model assumes that water molecules are attached on the surface of
particles layer-by-layer. For each additional layer, the increment of z-value equals the radius of the
water molecule. ε represents the minimum potential energy, and σ is the distance when the potential
energy equals zero.

In addition to several layers of water constrained by the solid particles, there still exists numbers
of droplets that are filled in the capillary channel and distributed in dredged sludge. Droplets would
form curved surface in these micropores due to the action of capillary force. According to the law of
thermodynamics, Q3 is a function of relative saturated vapor pressure, as given by Equation (3):

Q3 = −RT ln
P
Ps

(3)

where R and T are gas constant and thermodynamic temperature; Ps is the vapor pressure of free
water at T temperature; P is the equilibrium vapor pressure of contained water. The Kelvin law
quantitatively describes the relationship between equilibrium vapor pressure of the curved surface
and liquid properties. Thus, P can be determined by the following Kelvin formula:

P = Ps exp(−
2κ
δ
·
υ1

RT
) (4)

where κ, δ, υ1 are the surface tension of liquid, curvature radius of the capillary, and specific volume of
liquid, respectively.

The final expression of Q3 is obtained as below:

Q3 =
2κ
δ
υ1 (5)

In summary, the total water binding energy discussed in this study is a sum of Q2 and Q3, while the
total energy consumption of water evaporation during thermal drying can be obtained by summing all
mentioned energy:

Q = Q2 + Q3 + Q4 (6)

Based on the derived model, the water binding energy will be investigated by means of experiment
and calculation in the following paper.

3. Materials and Methods

3.1. Sample Preparation and Characterization

Two kinds of typical sludge dredged from an urban watercourse were selected in this study.
Hangzhou sludge (sample HZ) was collected from a dredging project in Kangqiao District, Hangzhou,
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China. The HZ sludge was conditioned by polyacrylamide (PAM) and had been dewatered partially
by gravitational settling in the sludge storage yard. Lishui sludge (sample LS) was raw sludge directly
collected from the dredging site located in Nanming Lake, Lishui, China.

Collected samples were gently homogenized, and completely dried through vacuum freeze drying.
Actual densities of the two samples were determined by Archimedes’ principle. Specific surface
areas of the freeze-dried sludge were measured by an automatic surface area analyzer (TriStar II 3020,
Micromeritics) and particle size distributions of the samples were measured via a laser particle size
analyzer (LS 13320, Beckman Coulter). The characteristics of the sludge samples are shown in Table 1.

Table 1. Main properties of the sludge samples studied.

Density
g/cm3

Specific Surface Area
m2/g

Particle Size Distribution
nm

HZ sample 1.42 32.5 25~130
LS sample 1.58 25.4 18~85

3.2. LF-NMR Analysis

A low-field NMR (MicroMR20-025 V, Niumag, China) with a frequency field of 22.68 MHz was
employed to retrieve the water content and distribution in dredged sludge. The magnetic field strength
of the NMR analyzer was 0.5 ± 0.08 T. The instrument was equipped with a radio frequency coil of
20 mm, and the operation temperature of the probe was held at 32 ± 0.01 ◦C. The spectroscopy pulse
length was 17.5 µs for the 90◦ pulse and 35 µs for the 180◦ pulse. The preparation of samples and the
detailed quantitative analysis method are present in our previous work [31].

In this study, there are two ways to express the water content, among which the water content of
sludge is calculated by Equation (7):

P =
Ms −Md

Ms
× 100% (7)

While the water content of dried base is calculated by Equation (8):

Pd =
Ms −Md

Md
g/g (8)

where Ms is the mass of the sludge sample; Md is the mass of the dried sludge.

3.3. TG-DTA Analysis

A simultaneous thermogravimetric analyzer (SDT-Q600, TA Instruments) was applied to detect
the moisture binding energy during the thermal drying process of samples. A hermetically sealed,
medium-sized aluminum crucible was used as sample container and a sealed empty crucible was held
in the reference cell. Samples weighed about 10 mg. Temperature was heated from room temperature
to 80 ◦C at a rate of 10 ◦C per min and subsequently maintained at a constant temperature of 80 ◦C
until the sample achieved constant weight. The experimental atmosphere was nitrogen with a flow
rate of 120 mL/min. During the process, a computer was connected to the thermogravimetric analyzer
to record the quality loss of the tested sample and the differences of input energy between sample and
reference. The moisture binding energy can be calculated using the following formula:

E =
Qm

DTG
− Ew (9)

where Qm
DTG is the total energy consumption of water evaporation in the sludge, Ew is the latent heat of

pure water at 80 ◦C.
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4. Results and Discussion

4.1. Water Distribution in Dredged Sludge Detected by LF-NMR

Sediments of an urban watercourse, as the final receptor of the urban environment, consist of
organic matters, inorganic minerals, and microbial community [5,22], which influences the sludge
morphology and further water distribution in it. Two original samples were analyzed by LF-NMR to
analyze the moisture characteristics. Figure 1 shows the relaxation time (T2) distribution curves of the
samples, with T2 marked in the corresponding peaks. There are three relatively independent peaks for
each sample. We defined three kinds of water according to these detected peaks: free water, capillary
water, and bound water. Based on our previous work [31], there is a linear relationship between water
content and the peak area of T2 curve, and thus each peak could be transferred into the mass of water.

Figure 1. Relaxation time (T2) distribution curves of Lishui sludge (LS) and Hangzhou sludge
(HZ) samples.

The total water content of the LS sludge is 93.5%. Each hydrogen proton in free water interacts
similarly with the surrounding nuclei, and the T2 of free water is probably distributed between 40 ms
and 81 ms [31]. As shown in Figure 1, the content of free water in the LS sludge is relatively high,
and this part of the water can be easily removed by traditional mechanical dehydration. With the
T2 shortening, the mobility of water gradually decreases. The second peak presents a relatively
wide distribution of T2, which demonstrates the existence of multi-scale micropores in the LS sludge.
The amplitude of the third peak is small, illustrating the low mass content of bound water in the
sample. Though the content of bound water is low, rare drying technologies can exceed the threshold
energy of dewatering.

The moisture content of the HZ sludge is 82.4%. Unlike the LS sample, the area of the first peak in
HZ is very small. This is because the HZ sludge was conditioned by PAM and the free water had been
mostly removed. The second peak of the HZ sample is larger than the LS sample, along with a shorter
T2 at peak value than LS. This can be explained by chemically conditioning, as the sludge particles
flocculated and formed a smaller size capillary-channel, and consequently enhanced the constraints of
the droplets. The third peak is about as large as that of the LS sample; however, it presents a stronger
interaction between the bound water and the sludge.

Figure 2 illustrates the water distribution of dried base in samples based on LF-NMR analysis,
and similarly the water distribution of sludge is presented in Table 2. For the LS sludge, the free water
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has a great share in moisture distribution. When the water content decreases from 93.5% (14.4 g/g)
to 84.9% (5.6 g/g), free water would be firstly removed from the sludge. When the moisture content
ranges from 84.9% to 43.3%, the variations in sludge mass are mainly caused by the loss of capillary
water and when the dehydration target is set below 43.3% (0.7 g/g), the dewatering process would
involve the removal of bound water.

Figure 2. Water distribution of dried base in samples.

Table 2. Water distribution of sludge in samples.

Free Water % Capillary Water % Bound Water %

HZ sample 82.0~82.4% 33.6~82.0 0~33.6%
LS sample 84.9~93.5% 43.3~84.9 0~43.3%

For the HZ sludge, free water has been initially removed during the gravity settlement, and thereby
it takes a small mass proportion in the sample. The results show that moisture exists mainly in the form
of capillary water for the HZ sludge. Although the content of free water shows an obvious distinction
in the two samples, the relative quality of the capillary water and bound water is approximate in the
two tested samples.

4.2. Model Analysis

Dried sludge contains a variety of silicate clay minerals, and previous studies [32,33] have shown
that silicate, as a skeleton, can hold one or several layers of water molecules, forming a binding
water film. The physical binding energy between water molecules and these skeleton particles can be
calculated according to Equations (1) and (2). In the calculation, the skeleton particles are assumed
to be silicate tetrahedron, and the distance between the lattice planes is ∇ = 0.547 nm. The critical
distance when the potential energy equals zero adopts σ = 0.340 nm [34]. The minimum potential
energy can be determined by the formula proposed by Linda S. Smith [35]:

ε = kT (10)

where k is the Boltzmann constant; T is the thermodynamic temperature. The solid number density is
selected by referring to a typical value of water–solid mixture as ρs = 70 nm−3 [36]. The model assumes
that water molecules are attached on the skeleton particles layer-by-layer, and the film thickness of
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each layer equals the radius of the water molecule. Thus, Q2 under different water content can be
accumulated on the basis of the number of attached water layers.

Along with the volume shrinkage of sludge during dewatering, the dimensions of capillary
channel would decrease accordingly. Bushuev et al. [37] have found that micro-porous channels prevent
water molecules from gathering to form free water, and the pore size is a dominant factor affecting
water binding energy. Equation (5), as mentioned above, is applied to calculate the energy required
by droplets to overcome the capillary force, for water, where κ = 7.56 × 10−2 N/m; υ1 = 10−3 m3/kg.
With this model, it is assumed that a dried particle and a particle with water are both cube structures.
Selecting a certain diameter from the range of size distribution of the sample as, di the average center
distance between two particles is obtained by introducing Equation (11). Assuming that the water
surface in capillary is hemispherical and the curvature radius of the capillary δ is equal to the radius of
capillary. The clear distance of capillary radius is correspondingly achieved by deducting di, as shown
in Equation (12),

S =
3

√
VρVi

m
(11)

δ =
1
2

 3

√
VρVi

m
− di

 (12)

where, V is the total volume of sludge; Vi is the volume of a single dried particle; m and ρ represent the
mass and true density of dried sludge, respectively. Therefore, Q3 with different water content can be
obtained from Equation (5).

4.3. Comparison of Model Calculation and Experimental Result

In order to measure the actual energy cost during the sludge thermal drying process, TG-DTA
was performed on the chosen samples, and the data are plotted in Figures 3 and 4 as red scattering
points. Several diameters, values from 20 nm, 30 nm, 40 nm and 50 nm, are selected to calculate the
binding energy, respectively, and the results of model calculation for the two sludge samples are also
given in Figures 3 and 4.

Figure 3. Experimental and model results for the HZ sludge.
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Figure 4. Experimental and model results for the LS sludge.

The overall trend of the predicted binding energy for the two samples is similar and consistent
with the experimental results. For the HZ sludge, the experimental results are more consistent with the
predicted values at diameter 30 nm, and it is suggested that under a certain water content, an increasing
amount of energy is required as the particle size decreases. When water content of the HZ sample is
greater than 4 g/g, the water binding energy is almost zero, which means the bulk water could be easily
removed. With water content dropping from 4 g/g to 0.5 g/g, the energy consumption of dehydration
increases mildly, ranging from dozens to hundreds kJ/kg. Based on LF-NMR tests, water content
in this range is mainly in the form of capillary water. The literature [38] has suggested that when
the spacing between montmorillonite layers was 1.55 nm and 1.85 nm, the bound water content was
0.25 g/g, and 0.33 g/g, respectively. Similarly, we find that when water content further reduces to less
than 0.3 g/g, the binding energy increases significantly to near one thousand kJ/kg, which indicates
that this process needs to overcome intermolecular physical interactions. When the water content
is lower than 0.1 g/g, both model and experimental results reveal that the binding energy increases
dramatically to several thousands of kJ/kg. Allardice et al. [39] also observed that as the water content
went below 0.15 g/g in coal, desorption heat increased steeply and this phenomenon can be attributed
to the change from multilayer water evaporation to monolayer water loss. However, the intermolecular
forces become weaker while the distance between particles is greater than ten times of critical distance
σ. A previous study [33] has shown that when the residual water content of silicon dioxide was
higher than 0.5 g/g, the mobility of water increased sharply, and the binding energy decreased, which
is in agreement with the trend of the current model. Therefore, with the water content decreasing,
the energy consumption increases.

For the LS sludge, within the high water content interval, the experimental result agrees more
with the model at d = 20 nm, while in the low water content interval, the trend is more consistent
with the model at d = 30 nm. These deviations can be explained by the fact that drying is a complex,
multi-equilibrium process, which includes molecular diffusion, capillary flow, surface diffusion etc.,
and the model just considers the main process associated with energy cost. For TG-DTA data, as water
ranges from 6 g/g to 1 g/g, the energy consumption fluctuates at a small scale. However, as water
content becomes lower than 1 g/g, the binding energy increases rapidly.
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4.4. Gradient of Energy Consumption Analysis

Both the calculation and experimental results of the HZ sludge are chosen to evaluate the gradient
of energy consumption during dewatering. Figure 5 illustrates the derivative of the binding energy of
the HZ sludge along with the change in moisture. It reveals that the change rate of binding energy rises
gradually when water content decreases. Associated with the LF-NMR results, the dehydration process
is classified into three stages. In the first stage, as water content is higher than 82.0%, the dewatering
process does not need to overcome binding energy, and the total energy consumption of the thermal
drying is equal to the latent heat of evaporation. In the second stage, with the water content ranging
from 33.6% to 82.0%, the capillary water is mainly hampered by microstructures in the sludge and the
binding energy changes slightly, from dozens to hundreds of kJ/kg. Presently, many commercially used
dehydration technologies mainly target this stage. In the third stage, water molecules strongly interact
with the sludge surface, and the binding energy increases at a relatively high rate. Especially for water
content below 15%, the derivative of binding energy increases sharply, and is attributed to a stronger
interaction between the solid surface and the adjacent water films. When the sludge dewatering
process enters the third stage, the dewatering process is no longer energy-efficient. According to many
engineer projects, the target water content of mechanical dehydration is generally higher than 40%.

Figure 5. The derivative of the binding energy of the HZ sludge.

5. Conclusions

In this study, LF-NMR was applied to measure moisture distribution in dredged sludge,
which indicated that the water contained in sludge can be roughly classified into three categories: free
water, capillary water, and bound water. A feasible calculation model for predicting the water binding
energy in dredged sludge was proposed and several grain diameters, values from 20 nm, 30 nm, 40 nm,
and 50 nm, were selected to calculate the binding energy, respectively. In addition, the calculation
results were verified by TG-DTA experiments with two kinds of samples. The trend of the model’s
results was consistent with the experimental values at d = 30 nm for the HZ sludge. For the LS sludge,
within the high water content interval, the experimental result is in more agreement with the model
at d = 20 nm, while in the low water content interval, the trend is more consistent with the model at
d = 30 nm. It was suggested that the water binding energy in sludge is related to multiple factors,
including water–solid bonding form, particle size distribution, and specific surface area.
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Accordingly, the gradient of energy consumption during dehydration is divided into three main
stages. In stage 1, the water content of samples is greater than 82.0% (4.5 g/g) and the total energy
required for dewatering equals the latent heat of free water. In stage 2, with the water content dropping
to about 33.6% (0.5 g/g), the binding energy reaches about 500 kJ/kg, accounting for capillary action.
In stage 3, when the water content further reduces to less than 13% (0.15 g/g), the binding energy
would increase steeply reaching almost thousands of kJ/kg due to intermolecular physical interactions.

This work will provide better insight into the behavior of dredged sludge dehydration. The findings
will provide a practical reference for designing and optimizing the dehydration process in dredged
sludge management.
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