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Abstract 

The trend of the utilization of lignite is increasing because of the continuing increase in global 

energy demands, the decrease in high-rank coal reserves, and the wide availability of low-rank coal. 

However, lignite contains a high water content, which is the most important factor that limits its wide 

utilization. Therefore, it is necessary for lignite to dewater. On the other hand, dewatered lignite is 

easy to re-adsorb water. So far, dewatering and re-adsorption mechanisms of lignite are still not fully 

understood.  

Hydrothermal treatment coupled with mechanical expression (HTME) is one of the most 

appropriate techniques. In this study, HTME was employed to remove water from Loy Yang (LY) 

lignite in order to explore dewatering and re-adsorption mechanisms, which facilitate the improvement 

of dewatering techniques and utilization, storage, and handling of lignite. For the HTME, HT stage 

was conducted without adding extra water and ME stage was performed at low temperature (110 
o
C) 

under atmosphere environment. To reveal dewatering and re-adsorption mechanisms, the effects of 

HT–ME on special physicochemical properties of the treated samples were systematically examined. 

Combustion performance of the HTME treated samples was also studied. Freeze drying (FD) 

technique was conducted to support and supplement HTME results. 

The thesis consists of seven chapters. In Chapter 1, characteristics of lignite and previous literature 

related to lignite dewatering (i.e., dewatering techniques and the changes in some physicochemical 

properties of lignite during drying processes) were presented. Afterwards, the significances and 

purposes of this thesis were elucidated. 

Chapter 2 focused on the changes in the hydrogen bonds (HBs) during low temperature HT 

process considering the forms of water in all of the samples. This can help to understand dewatering 

mechanism. HBs were determined using Fourier transform infrared (FT-IR) spectrum, which was 

obtained using diffuse reflectance infrared Fourier transform (DRIFT) method. The number of 

absorption bands, their peak positions, and the area of each peak in each spectrum were determined by 

curve-fitting analysis with the mixed Gaussian and Lorentzian function. The results showed that water 

was linearly and relatively easily removed at temperatures lower than 173 °C, which was referred to as 

non-interfacial water. At temperatures higher than 173 °C, dewatering slope increased, suggesting the 

existence of another form of water, which was relatively difficult to be removed and was named as 

interfacial water. Furthermore, the strength of each HB from low to high was 8.74, 14.50, 20.06, 26.36, 

and 32.59 kJ/mol, respectively. OH– HBs changed apparently compared with the other four types of 

HBs because its strength is the weakest among these five types of HBs. The trend of the number of 

OH– HBs decreased with the increase in HT temperature.  

In Chapter 3, the changes in the gaseous, liquid, and solid products obtained from HT and HTME 

were investigated to describe the process of HT–ME dewatering, which can further help to explain 

dewatering and re-adsorption mechanisms. Gaseous, liquid, and solid products were characterized by 

gas chromatography, total organic carbon (TOC) analyzer, inductively coupled plasma atomic 

emission spectroscopy, high-performance liquid chromatography, and FT-IR. The results showed that 

volume and TOC value of wastewater increased with increasing HT temperature. Contents of 

monovalent cations (Na
+
 and K

+
) in wastewater increased significantly in temperature range 100 to 

150 °C. As to divalent cations (Mg
2+

 and Ca
2+

), their contents increased apparently from 150 to 

200 °C and 150 to 250°C, respectively. One possible explanation of this is that divalent cations are 

more strongly bound to carboxyl groups than monovalent cations. Volatile matter, fixed carbon, and 

acidic groups (i.e., phenolic hydroxyl and carboxyl groups) changed slightly below 150 °C. Above 

150 °C, volatile matter and acidic groups decreased with increasing processing temperature and an 

opposite trend was observed for fixed carbon. These indicate that both HT and HTME upgrade LY 

lignite. Furthermore, water contents of HT treated samples decreased significantly by using the 

following ME treatment, indicating that the next ME treatment is useful for further dewatering. 

Combined with the results of Chapter 2, dewatering mechanism was proposed. 

Chapter 4 focused on equilibrium water contents (EWCs) in samples obtained from HT and 

HTME across a range of relative humidities (RHs) to investigate the performance of EWC and its 
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mechanism, which can provide useful guidelines for water re-adsorption of lignite and its storage. 

Mesopore volume was calculated based on N2 gas adsorption isotherm using Barrett, Joyner, and 

Halenda proposed method. The results showed that at RHs lower than 10%, the factor that controls 

EWC is water moleculesactive sites interactions and one to two water molecules are associated with 

each carboxyl group, while in RH range 10–42%, the amount of monolayer water gains in significance 

and ca. two water molecules are bound to each monolayer water molecule. Within RH range 42–92%, 

EWC is primarily controlled by monolayer water content and mesopore volume. At RHs higher than 

92%, EWC is determined by comprehensive factors such as macropores and cracks. Furthermore, 

EWC was generally higher than residual water content (RWC) below a RWC of ca. 5% and the 

opposite relationship was observed for sample with RWC above ca. 16%.  

    In Chapter 5, combustion performance of HT and HT–ME treated samples was investigated using 

thermogravimetric analysis to evaluate the effects of HT–ME on upgrading in combustion aspect. The 

relationships between various physicochemical properties (i.e., amounts of volatile matter and fixed 

carbon, specific surface area, and pore volume) and combustion performance were also investigated. 

The activation energy was calculated using the Kissinger–Akahira–Sunose method. The results 

showed that the ignition temperatures for samples treated using HT and HT–ME were higher than that 

for raw lignite and increased with increasing processing temperature, suggesting that HT and HT–ME 

decrease the reactivity of LY lignite. The maximum combustion rates and average activation energies 

of the treated samples were higher than those of raw lignite. Activation energy increased with 

increasing extent of conversion because combustion of volatile matter changes to char burning with 

the increase in extent of conversion. The activation energy for char combustion is higher than that 

for volatile matter.  

In Chapter 6, LY lignite was dewatered by FD to check and supplement HT–ME results. RWC, 

sorption behavior, and pore size distribution were investigated. Furthermore, kerosene coating by 

adsorption method to study effect of covering oxygen-containing functional group on restraining 

water re-adsorption was also investigated. The results showed that non-interfacial and interfacial water 
contents determined by FD were 1.258 and 0.093 (g/g-lignite, d), which coincide quite well with those 

by HT method. The moisture holding capacity (MHC) of the FD treated samples was lower than that 

of raw lignite. This is because of their residual water contents, which determine the final water re-

adsorption capacity. Moreover, adding kerosene by adsorption method decreased MHC because 

kerosene is coated on the surface of the lignite, which mainly covers oxygen-containing functional 

groups. For direct-mixing method in this study, it can decrease MHC because kerosene is coated both 

on the surface and in the pores of the lignite. Both of these two methods prevent water re-adsorption. 

The adsorption method is better than the direct-mixing method because water re-adsorption content 

decreased by the former is similar to that by the latter while the former consumes less kerosene. 

 Chapter 7 summarized the main conclusions of this thesis and provided some recommendations.  
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CHAPTER 1 

Introduction 

1.1 Research background 

World energy consumption is constantly increasing with the development of the 

economy, and coal continues to be a very important energy source in many parts of the 

globe [16].  It is known that recoverable coal deposit around the world will last over 150 

years at the current consumption rate [2]. Low-rank coal (i.e., lignite and sub-bituminous 

coals) accounts for approximate 45% of the word’s coal reserves [7,8]. Lignite is one 

typical low-rank coal and is being increasing used now. At present, lignite is primarily 

used for electricity generation at power stations near the mines, and it is believed that 

lignite’s utilization in other aspects will increase in the future because of the rapid 

increase in high-rank coal consumption and lignite’s own advantages over high-rank coal, 

such as abundance, easy access, low cost, and low sulfur content [1,2].  

However, lignite contains a high percentage of water, which is responsible for low 

thermal efficiency, high power consumption, high transportation and storage costs, 

increased CO2 emission, and great spontaneous combustion risk. Currently, the amount of 

CO2/MWh produced by burning lignite is one third higher than burning black coals and a 

relative decrease of 30% in CO2/MWh can be achieved by using lignite with moisture 

content decreased from 60% to 40% [914]. During combustion process, 2025% of heat 

from lignite combustion is wasted in dewatering [7,15].These cause serious application 

problems and inhibit lignite’s wide utilization [1,2]. The continued improvement in living 

standards and increasing world population demand cheaper energy with less 
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environmental impacts, particularly reduced emissions of CO2 and other air pollutions [1]. 

Therefore, dewatering of lignite is a necessary process to increase lignite’s economic 

efficiency and wide spread applications in industry in an environmentally friendly and 

efficient manner. 

1.2 Overview of lignite 

1.2.1 Distribution of lignite 

    Lignite is moderately available. Fig. 1.1 shows lignite resources and reserves 

worldwide as of 2015, by region. As seen, lignite resource of North American is the 

highest, followed by Asia and Commonwealth of Independent States (CIS). Germany, 

USA, China, Indonesia, Turkey, Australia, and India produce a large amount of lignite 

[16]. 

0

500

1000

1500

2000

2500

  Resources (proven, recovery 

            potential unclear)

  Reserves (recovery economically 

            and technically possible)

CIS
 Latin 

America

Europe


Commonwealth of 

 Independent States

Asia

 

R
e
so

u
rc

e
s/

re
se

rv
e
s 

in
 b

il
li

o
n

 m
e
tr

ic
 t

o
n

s

North 

America  

Fig. 1.1 Lignite resources and reserves worldwide as of 2015, by region (in billion metric tons) [17] 
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1.2.2 Characteristics of lignite 

Lignite is brownish-black and is located relatively near the surface, which eliminates 

the risk of CH4 or CO buildup. Lignite contains a high water content (ca. 3065 wt.% on 

an as-received basis), a low level of fixed carbon (2535 wt.% on an as-received basis), 

and a low level of sulfur. Its ash content varies up to 50 wt.%. Lignite’s volatile matter 

content is high ( ca. 32 wt.% on an as-received basis) and it produces high levels of air 

pollution emissions. Calorific value of lignite approximately ranges from 10 to 20 MJ/kg 

on a dry ash-free basis [16,1823]. Compared with high-rank coal, lignite contains much 

higher oxygen content, which main is in the form of oxygen-containing functional groups. 

The main oxygen-containing functional groups in lignite are phenolic hydroxyl groups, 

followed by carboxyl and carbonyl groups. There are also low contents of methoxyl 

groups and ring oxygen in lignite [19]. On the other hand, lignite is highly porous. Fig. 

1.2 shows pore structure in lignite. Generally, there are two types of pores in lignite, i.e., 

open and closed pores. Note that for lignite, open pores have a more effect than closed 

pores and pore structure consists mainly of macro- and mesopores. The number of 

micropores in lignite can be negligible [24].  

         

Fig. 1.2 Pore structure in lignite 

Closed pores 

Mesopores 

Macropores 

Magnified 

Micropores 
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    The first explicit model of lignite was published in 1976 by Wender (Fig. 1.3) [25], 

which is useful as an aid to memory and a basis for prediction in a preliminary way. This 

model captures lots of essential features of lignite structure. For instance, it consists of 

several single aromatic rings linked and cross-linked by aliphatic side chains. The oxygen 

is in a variety of types, such as carboxylic acid, phenol, alcohol, furan, and ketone. This 

model also incorporates an aryl-methoxy group and some C3-aliphatic side chains [26]. 

The modes of lignite have been developed by many researchers based on the products of 

pyrolysis, liquefaction, and extraction with the use of modern analysis instruments, e.g., 

nuclear magnetic resource spectroscopy (NMR), Fourier transform infrared spectroscopy 

(FT-IR), X-ray photoelectron spectroscopy (XPS), high performance liquid 

chromatography (HPLC), gas chromatography-mass spectrometer (GC-MS), and 

computational chemistry [2629].  

 

Fig. 1.3 The molecular representation of lignite proposed by Wender (Wender’s model) [25] 

 

1.3 Water in lignite 
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1.3.1 Waterlignite interaction  

Lignite contains abundant oxygen-containing functional groups resulting in a 

hydrophilic character, which is the main reason for its high water content. On the other 

hand, lignite is porous leading to the easy transport of water, action of capillaries, and 

large volume for retaining water, which is also an important reason why lignite contains a 

high amount of water content [1,2]. The oxygen-containing functional groups and pores 

of lignite result in the interaction of moisture with lignite. Waterlignite interactions can 

be classified as the following: hydrogen interaction, Van der Waals force, capillary force, 

and chemical interaction.       

Water molecules interact with the surface of lignite by hydrogen bonds with oxygen-

containing functional groups. Schafer [30] studied the effects of carboxyl and phenolic 

hydroxyl groups on water content and stated that water content depends primarily on the 

carboxyl groups and, to a lesser extent, on the phenolic hydroxyl groups. Further research 

[31] showed that water adsorption is assumed to occur on the active adsorption sites, and 

carboxyl groups are the main preferential active adsorption sites on the surface of lignite 

when compared with the other functional groups. Furthermore, Van der Waals force is 

between coal chemical structure and water molecules. Water existed in capillaries of coal 

contains capillary force. Huang et al. [32] studied the desorption energy of water in two 

kinds of Chinese lignite and found that physical desorption energy [Eq. (1)], which is 

inversely proportional to the distance between the molecule of lignite species in the 

surface and water molecule over the surface, accounts for about 39.0% and capillary 

desorption energy [Eq. (2)], which is inversely proportional to capillary radius, only takes 

ca. 0.2%, which can be ignorable for thermal drying.  
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   –  

  

             
    (1) 

where Q2 is physical desorption energy; A = 2s
2
 and s is the solid number 

density (the number of the solid molecules per unit of volume);  is the minimum 

potential energy;  is the distance between lattice planes; z is the vertical distance 

between the surface of the solid and the water molecule;  is the critical distance when 

Q2 decreases to zero.  

                                       Q3 = (2/)· 1  (2) 

where Q3 is capillary desorption energy;  is the surface tension of water (0.0756 N/m); 

 is the radius of capillary;  1 is the density of water (1g/cm
3
). 

    Crystal water, which is very difficult to be removed by traditional thermal drying 

techniques, involves chemical interactions between water and metal salts and its content 

is very low [32].  

1.3.2 Forms of water in lignite 

Many fundamental studies have investigated the types of water in lignite and there is 

still a need to clarify this. It is generally accepted that water retained in lignite can be 

divided into two major types (i.e., freezable and non-freezable water) on the basis of the 

characteristic phase transaction, which includes congelation and fusion. Freezable water 

is in the larger pores and exists in a free phase; non-freezable water is either adsorbed on 

the internal surface or is in the smaller pores and exists in a bound phase [2]. 

Early research [33] used the specific heat capacities measured by differential scanning 

calorimetry (DSC) of coal samples and the apparent specific heat capacities of water in 

coal samples compared to that of pure water to classify the forms of water in lignite, as 
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shown in Fig. 1.4. Water content of an as-received Wyodak coal is 37 g/100gdry coal. 

Samples with various water contents were prepared from Wyodak coal by allowing it to 

lose water slowly. Only samples with a larger amount of water exhibit small sharp peaks 

at 273 K, meaning that a phase transition, where ice formed by bulk water melts, occurs, 

(Fig. 1.4). This suggests that a small fraction of water in the coal resembles bulk water. 

Furthermore, largely round peaks of these samples are also observed at 260 K, suggesting 

this fraction of freezable water does not behave as perfect pure water. 

 

 

Fig. 1.4 (a) The specific heat capacity of samples of Wyodak coal containing the indicated amounts of 

naturally occurring water (percent defined as the grams of water per 100 g of dried coal). (b) The 

apparent specific heat capacity of the water in the Wyodak coal samples of (a) compared to that of 

pure water [33] 

Allardice et al. [34] plotted the heat of sorption of moisture on Yallourn lignite as a 

function of moisture content (Fig. 1.5). As seen, the isosteric heat of desorption is 

approximately equal to the heat of water evaporation at moisture contents down to ca. 60 

g/100gdry coal, indicating that the water being desorbed in this region is not bound to 

the lignite in any way but is water from the spaces between the coal particles or in large 

pores with diameter greater than 10
-5

 cm [35]. In the region between 60 and ca. 15 
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gwater/100gdry coal, the heat of desorption increases gradually, which can be 

attributed to desorption of water from progressively smaller capillaries or pores. Below 

water contents of 15 g/100gdry coal, the heat of desorption increases steeply. This is 

because of desorption of multilayer and then monolayer moisture which is gradually 

more strongly bound to the surface with decreasing moisture content. It is not economical 

to remove the last two layers of water due to the steeply increased energy. 

Allardice et al. [36] stated that weakly associated water can be removed by isothermal 

evacuation and more strongly associated water can be removed only by increasing 

temperature. The release of the latter may be associated with the thermal decomposition 

of functional groups. 

 

Fig. 1.5 Heat of sorption of water on brown coal as a function of moisture content [34] 

 

Norinaga et al. [37] applied DSC and proton NMR (
1
H-NMR) techniques to quantify 

different types of water in eight coals ranging from lignite to bituminous. The transition 

of liquid-water-to-solid-ice is accompanied by evolution of latent heat, which can be 

detected by DSC, as well as by a decrease in molecular mobility, which can be detected 
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by 
1
H-NMR. DSC technique cannot directly measure non-freezable water, which is 

calculated by the difference. Tahmasebi et al. [38] suggested that the reason why non-

freezable water cannot be detected in DSC thermograms is the very small amount of heat 

generated during the phase transition of this type of water and Sheng et al. [39] theorized 

that water becomes non-freezable when the molecular cluster is too small; specifically, 

when the number of water molecules involved in the water molecular cluster is less than 

a critical value of around 10. As to 
1
H-NMR technique, it can measure non-freezable 

water directly. They classified water into three types: free water that is identical with bulk 

water, bound water that freezes at a lower temperature than free water, and non-freezable 

water that never freezes in the present temperature range. Compared with previous 

studies, Norinaga et al. [37] divided freezable water into free and bound water and 

determined the amounts of free, bound, and non-freezable water from their respective 

congelation characteristics. Shown in Fig. 1.6 are DSC thermograms of coal samples and 

pure water.  For Yallourn, Loy Yang (LY), and Morwell lignites, their water contents are 

57.5, 56.7, and 55.5 wt% on an as-received basis, respectively. All of them have a large 

sharp peak at 258 K, which is similar to that of pure water, suggesting that a large 

fraction of water in these coals resembles bulk water. In addition, a small round peak at 

226 K is also observed for these three lignites. The authors determined the quantity of 

heat as a function of water content and obtained the congelation heat values of 333 J/g for 

free water and 188 J/g for bound water using DSC technique. The congelation of free and 

bound water in 
1
H-NMR is the conversion of slowly decaying components into a 

Gaussian one at 263 to 273 K and 213 to 263 K, respectively. For Yallourn lignite, the 

contents of free, bound, and non-freezable water determined by DSC method are 52%, 
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26%, and 22%, respectively. 
1
H-NMR result shows that free and bound water contents 

are 56% and 25%,
 
respectively. As to non-freezable water, it still has some mobility and 

thus gives exponential decays even at 213 K. In summary, the amount of freezable water 

(i.e., free and bound water) determined by DSC coincides quite well with 
1
H-NMR result.  

 

Fig. 1.6 DSC thermograms of the coal samples and pure water [37] 

 

Fig. 1.7 Model of slit-like pores of moistened coal: The mobile coal protons are identical with those of 

hydroxyl groups. All of the hydroxyl groups are solvated by pore water on pore surface [40] 
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Hayashi et al. [40] proposed a slit-like model for pores that are filled with water (Fig. 

1.7). They aimed to estimate the size of pores in moist coals on the basis of the NMR 

relaxation characteristics of water adsorbed in the pores as the molecular probe and 

concluded: (1) Pores filled with water are slit-like rather than cylindrical in shape; (2) 

The dimensions of pores for the raw Yallourn and Beulah Zap are about 3 and 2 nm, 

respectively; and (3) The pore dimension decreases with the content of pore water 

roughly in a linear manner. 

More detailed classification of water in coals was reported by Karr [41]: (1) Interior 

adsorption water which is contained in micropores and microcapillaries; (2) Surface 

adsorption water which forms a layer of water molecules adjacent to coal molecules but 

only on the particle surface; (3) Capillary water that is held in capillaries; (4) Interparticle 

water that is held in small crevices formed between coal particles; and (5) Adhesion water 

which forms a layer or film around the surface of individual or agglomerated particles.  

1.3.3 Adsorption and desorption processes of water in lignite 

    With regard to the process of water adsorption in lignite, it includes four steps. First, 

water molecules are bound to the surface of lignite by hydrogen bonds with active 

adsorption sites, which main are oxygen-containing functional groups. This part of water 

is monolayer water. Afterward, with increasing adsorbed water content, water molecules 

are associated with monolayer molecules, which play the role of the secondary adsorption 

sites. This phenomenon includes the formation of water clusters. As the adsorbed water 

increases further, more water is filled in pores and capillary condensation in narrow pores 

occurs, causing the growth of water clusters. Finally, the increased adsorbed water is in 
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the form of free water contained in the places such as spaces between the lignite particles, 

macropores, and cracks [4244].  

Water desorbs in order of increasing bond strength. Water without any interaction 

with lignite (free water) is first removed, followed by weakly adsorbed water (bound 

water). Water strongly adsorbed at active adsorption sites on the surface of lignite (non-

freezable water) is the last desorbed [34,45].  

1.4 Drying techniques for lignite 

     Lignite’s high water content makes drying a necessary component of upgrading or 

utilization process and results in a large number of drying techniques being developed 

and some of these techniques have been widely used. However, a major breakthrough on 

reducing drying cost is still a great challenge [4,4650]. Drying techniques for lignite are 

in general grouped into evaporative drying techniques [e.g., microwave irradiation (MI) 

dewatering, thermal drying, and freeze drying (FD)] and non-evaporative dewatering 

methods [including hydrothermal treatment (HT), mechanical thermal expression (MTE) 

dewatering, solvent dewatering, and so on] [1,5153]. During evaporation drying process, 

the moisture is mainly removed as water vapor from lignite. As to non-evaporative 

dewatering, the removed water from lignite is in the form of liquid. Therefore, the latent 

heat of vaporization is saved. More explanations for some typical and relatively new 

dewatering techniques are given in Sections 1.4.1 and 1.4.2. In this thesis, HT coupled 

with mechanical expression (HT–ME) was used for lignite dewatering. HT stage was 

conducted without adding extra water and ME stage was performed at low temperature 

(110 
o
C) under atmosphere environment. FD was used to examine non-interfacial and 

interfacial water contents obtained by HT. Furthermore, for HT and HT–ME, pores, 
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residual water content, and oxygen-containing functional groups change simultaneously. 

With regard to FD, it has a little influence on oxygen-containing functional groups and its 

effect on pore volumes is not clear. Oxygen-containing functional groups covered by 

kerosene were used to investigate effects of oxygen-containing functional groups on 

water re-adsorption. We hope our studies of these two drying methods can improve and 

broaden lignite dewatering techniques.  

1.4.1 Evaporative dewatering  

Thermal drying, where energy such as hot gases is either directly or indirectly applied 

to lignite at atmosphere pressure, is considered as the most commercialized technique for 

industry except for the high energy consumption.  

MI drying is employed as an alternative to conventional convective and conductive 

heating. MI utilizes electromagnetic energy, which is derived from electrical energy with 

a conversion efficiency less than 85%, to generate thermal energy [5456]. It is widely 

used in various fields (e.g., food industry, agricultural industry, and light industry) and 

plays an indispensable role among all drying techniques because MI offers some unique 

advantages, such as rapid and selective heating, energy transfer (instead of heat transfer), 

penetrating deep into sample, and enhancing water loss [57,58].  Additionally, there is a 

growing interest of MI applied in coal processing, including improvements of 

liquefaction and slurryability [59,60], enhancement of grindability [54], and 

desulphurization [61]. Microwave is an expensive drying technique and there are also a 

substantial fire risk and entrainment of fine particles out of reactor because of rapid 

drying. 
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FD is another alternative dehydration technique, which is widespread and plays an 

indispensable role among various drying techniques [6264]. In general, the operation 

process of FD dewatering includes the following: (1) preparation of the material, (2) 

freezing step during which water in the material becomes frozen by low temperatures, (3) 

ice sublimation phase that is the transition directly from ice to vapor at temperatures and 

pressures below the triple point of water, and (4) ultimate storage of the FD treated 

materials [6466]. For more than 65 years, FD was almost exclusively applied within the 

biological and pharmaceutical industries as a batch type operation. It has gradually 

shifted from batch to semi-continuous and even purely continuous operations with its 

utilization in the food industry, which faces large production demands. This significantly 

increases productivity [64]. In addition, FD can produce high-quality dried products, 

which are suitable for long-term storage and long-distance transportation [64,67]. This 

can solve the primary problem of lignite; it is mostly used at power stations located at or 

near a mine because of its high water content. The major issue of FD is that it is an 

expensive dewatering technique because of vacuum and refrigeration units. Further 

modifications are required to make it more profitable. Researchers have proposed several 

pathways to solve this challenging issue, for instance, atmospheric pressure lyophilization 

[66] and FD combined with microwave heating [63]. 

1.4.2 Non-evaporative dewatering  

Non-evaporative techniques with drying medium of either steam (Fleissner process 

[68]) or hot water (Evans and Siemon [69]) have been proposed. Non-evaporative 

techniques were suggested as far back as that Fleissner patented a semi-continuous drying 

technique using saturated steam in 1927 [68]. Studies have directly focused on 
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hydrothermally treating low-rank coal since 1983 [70]. HT is an effective dewatering 

process, in which lignite is treated with water or steam at temperatures around 150350 

C with autogenously saturated pressures [71]. In addition, HT can upgrade the lignite 

toward a more mature coal by removing soluble organic and inorganic compounds from 

lignite and changing the chemical structure of lignite, thus decrease inorganic and CO2 

emission contents of HT solid products. Simultaneously, the resultant wastewater is 

contained with undesirable organic and inorganic compounds, thus requiring extensive 

treatment. Continuous works to improve HT are generally toward three aspects: (1) the 

effects of process conditions of HT on the physicochemical properties of solid products; 

(2) assessments and improvements of wastewater quality produced from HT; (3) the 

effects of HT process conditions on gaseous products. According to Favas and Jackson 

[72], a temperature of 320 C applying slurry with a dry lignite/water ratio of 1:3 is 

optimum condition. Under the condition, solid products of relatively low porosity without 

too much pollution in wastewater and without the generation of excessive pressure can be 

obtained.  

The original mechanical compression of 16 MPa at both ambient temperature and 100 

C experiments were conducted in the 1940s by Dulhunty, who attempted to recreate the 

coalification process to study coal rank metamorphism [7377]. A more efficient 

technique called MTE has been developed since 1996 at University of Dortmund [78]. A 

25 t/h demonstration plant was built at the Niederauem power station of RWE in 

Germany and came into operation in 2001 [78]. MTE combinedly uses mechanical and 

thermal dewatering methods, which offers the possibility of rapid dewatering even under 

moderate process conditions. Generally, the temperatures and pressures of MTE are 
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approximate 150210 C and lower than 12 MPa, respectively [79,80]. The utilization of 

the subsequent mechanical expression with heating during MTE is very significant to 

improve dewatering technique because of its advantages. It leads to a highly consolidated 

solid product with the collapse of pores and the ruin of colloidal structure, which can 

reduce the content of re-adsorbed water and the reactivity of solid product [79,80]. 

Moreover, the pressured product is easily handled and transported with reducing 

environment contamination. Note that a purely mechanical expression dewatering is not 

suitable for technical application because high pressure should be maintained for at least 

20 min [1]. Many further detailed researches have been conducted mainly in Australia, 

Japan, China, and Germany, which are generally toward three aspects: (1) the effects of 

process conditions of MTE on the physicochemical properties; (2) assessments and 

improvements of the wastewater quality produced from MTE; and (3) the effects of MTE 

process conditions on gaseous products. 

1.5 Changes in lignite structure during dewatering 

This thesis focused on effects of HT–ME on some physicochemical properties (e.g., 

forms of water, hydrogen bonds, pore structure, specific surface area, proximate and 

ultimate analyses, oxygen-containing functional groups, water re-adsorption capacity, 

organic and inorganic matters in wastewater, and combustion performance) of lignite. 

This provides valuable information for the improvement of lignite dewatering techniques 

and the utilization, storage, and handling of the treated samples. Although some indirect 

studies of the above described physicochemical properties have been published, there is 

no direct and systematical investigation of this. Related literature is reviewed as follows. 
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1.5.1 Changes in pore structure  

Many researchers reported that lignite has a gel-like structure that swells and shrinks in 

response to water uptake and loss [81,82]. Lignite shows a marked desorption/re-

adsorption hysteresis, that is, the re-adsorption isotherm following a lower trajectory over 

the full relative pressure range. This implies the irreversible loss of moisture. A capillary 

condensation hysteresis (high-pressure hysteresis) is usually confined to relative 

pressures over approximate 0.5. The low-pressure hysteresis persisted to relative 

pressures below 0.1 can be explained by the irreversible collapse of the pore structure of 

lignite during dewatering process [34]. Mraw et al. [83] also suggested that the 

significant difference between water desorption and re-adsorption isotherms of lignite can 

be attributed to the changes in lignite structure during drying process, such that there are 

relatively few small- and medium-size water clusters present in the re-adsorbed water. 

This is presumable because of the pore collapse in the gel-like structure of the raw lignite. 

More detailed analysis of the collapse of the pore structure was given by Evans [45]. He 

investigated the drying behavior of Yallourn lignite with a water content of 200 g/100 

gdry lignite. Samples were dried by placing them in desiccators with a range of different 

relative humidities. The results showed that the water in large pores (free water) is first 

removed by evaporation, followed by that in the larger capillaries, but collapse of the coal 

structure is relatively small because of the ordered arrangement and structural rigidity of 

the coalified vegetable macrostructure. However, when the water content drops to ca. 40 

g/100 gdry lignite, the shrinkage forces caused by empting small capillaries are large 

enough to result in their complete collapse. As the multilayer water is removed, hydrogen 

bonds cause the gel structure to collapse and distort, leading to more intensive shrinkage. 
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The maximum shrinkage, which occurs at a water content of 16 g/100 gdry lignite, 

corresponds to two water layers surrounding each micelle. When the monolayer water is 

removed, stronger hydrogen bonds between water molecules and active adsorption sites 

cause inter-micellar linkages to be remade, possibly direct linkages from certain active 

adsorption sites to others. In many cases no linkage will be possible, and the relaxation of 

the structure corresponds to the shrinkage drops.  

Norinaga et al. [84] examined effects of the extent of pre-drying on the porous 

structure of water-swollen coal using NMR technique. Irreversible decreases in the total 

volume of pores (Vp) filled with water and pores filled with freezable water take place 

when the pre-drying removes non-freezable water. However, pores filled with non-

freezable water are almost independent of the extent of the pre-drying. The changes in the 

pore size distribution of Yallourn coal clearly demonstrate that the irreversible decrease 

in Vp can be explained by the irreversible shrinkage of pores with radii of ca. 2 nm, which 

are abundant in the raw coal. 

 A fixed-bed reactor was used by Yang et al. [85] to remove water from an Inner 

Mongolia lignite. Total volume, surface area, and porosity of the treated samples 

obtained at temperatures lower than 60 C increase obviously relative to those of raw 

lignite and then gradually decrease with increasing temperature and are similar to raw 

sample at 120 C. At low temperatures, the shrinkage forces caused by removal of the 

water adsorbed on the surface of lignite lead to collapse of the pore structure and the 

disintegration of the macropores, resulting in an increase in mesopores and a larger 

surface area. With increasing temperature, the stronger shrinkage forces lead to the 

disintegration of the mesopores and a decrease in surface area is observed. 
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Investigation on changes in pore size distribution of LY lignite treated by MTE shows 

that total pore volume decreases with increasing MTE temperature and pressure because 

of the progressive collapse of macropores. This is associated with a little increase in 

mesopore volume because macropores are compressed, decrease in diameter, and become 

mesopores [86]. Note that MTE process has a little effect on micropores. Extended study 

was undertaken by Bergians et al. [80] to investigate effects of MTE on the 

compressibility and pore size distribution of three low-rank lignites sourced from 

Australia, Greece, and Germany. The MTE produces a low porosity sample, which 

undergoes further shrinkage upon oven drying at 105 C. An increase in experimental 

temperature (higher than ca. 85 C) results in an increase in mesopore volume, which is 

attributed to a hardening of the coal structure, leading to pore volume retention and a 

consequent decrease in percent shrinkage on oven drying. Both of the macro- and 

mesopore volumes decrease with increasing MTE pressure. Furthermore, the 

compressibility values derived from mercury extrusion data show that the MTE process 

has a slight effect on the network strength of the skeletal network structure of all of these 

three lignites. Effects of acid treatment on pore size distribution of the MTE products 

were studied by Vogt et al. [79]. The results show that effects of acid treatment on pore 

size distribution and shrinkage are not very significant for any of the coals. Only in the 

case of the most severe MTE condition (200 C) on BM coal, an apparent increase in the 

mesopore volume can be observed compared with the water case, which may be because 

pores of mesopore dimensions were closed by discrete mineral particles in water, but 

dissolved by the acid.  
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1.5.2 Changes in functional groups  

The changes in functional groups are predominant in the formation and/or destruction 

of the oxygen-containing polar functional groups primarily including carboxyl and 

hydroxyl groups, which will lead to a decrease in oxygen content and moisture-holding 

capacity. Consequently, reactivity of lignite decreases. In other words, the tendency of 

spontaneous combustion decreases. Oxygen is removed in forms of water, CO2, and CO 

generated by decomposition of oxygen-containing functional groups during heating 

process [2]. In addition, the changes in functional groups also contain aliphatic carbon 

and aromatic carbon group changes. 

Two Morwell lignites were thermally dewatered at temperatures ranging from 150 to 

300 C [87]. Phenolic groups start to break down at 150 C, and the breakdown is 

significant above 200 C. Alcoholic groups are stable to 200 C, but break down 

thereafter. The main product of decomposition of both these groups is probably water. 

Free-carboxylic acid groups are stable up to 150 C, but then decompose markedly. A 

small but steady breakdown of carboxylate groups from 20 to 200 C is observed, with 

increased breakdown above 200 C. CO2 is generated because of the decomposition of 

both these groups. Carbonyl groups are stable below 150 C, but decompose at higher 

temperatures, possibly resulting in the formation of CO and CO2. 

Various methods have subsequently been used to investigate the changes in oxygen-

containing functional groups, such as FT-IR, XPS, GCMS, and NMR. From FT-IR 

spectra, a gradual decrease in the relative intensity of the broad band between 3700 and 

3100 cm
-1

, which is hydroxyl groups, is observed because of the removal of water and the 

decomposition of hydroxyl-functionalized carbohydrates. A band between 3000 and 2800 
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cm
-1

 corresponds to aliphatic carbon groups, showing no obvious change. The relative 

intensity of stretching vibration of carboxyl groups at 17601680 cm
1

 gradually 

decreases with increasing experimental temperature. The peaks of aromatic carbon at 

1603 cm
1

 of the treated samples are a little sharper relative to that of raw lignite, 

suggesting the upgrading of lignite [88]. Similar results were reported by others [89,90]. 

GCMS was used by Blazsó et al. [91] to analyze effects of HT on pyrolysis of 

Mersebury lignite. The results show that less CO2 and CO are produced at 350500 C 

from the treated samples than those from raw lignite because of the partial elimination of 

the carboxyl groups by HT. CO2 could be formed from various carboxyl groups of 

different parts of the organic matter at pyrolysis temperatures 350500 C and it is 

produced from the carbonates of mineral matter at higher temperatures. CO could be the 

product of the thermal decomposition reaction of carbonyl groups, aryl ethers or 

heterocyclic oxygen-containing organic molecular segments. The yield of hexane and 

alkanes above C20 increases by HT, suggesting that the attachment of the long alkyl 

chains to the network of lignite may become looser or less because of HT. The amount of 

alkyl benzenes formed under pyrolysis is little affected by HT. 

As to XPS results, The C1s peak is deconvolved. The relative abundance of CO, 

which is closely related to hydroxyl groups, decreases from 22.35% in raw sample to 

9.79% in sample treated by HT at 300 C. The relative abundance of OCO, which is 

closely related to carboxyl groups, declines from 4.11% in raw sample to 1.26% in 

sample treated by HT at 300 C [88]. Han et al. [92] examined both C1s and O1s peaks 

and similar results were concluded.  
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13
C cross-polarization/total suppression of spinning sidebands NMR spectroscopy was 

used to characterize the changes in functional groups of XiMeng lignite treated by HT 

[93].  The alkyl carbon signal of sample treated at 320 C reduces by 80.1% whereas that 

of aromatic carbons increases by 22.2% relative to those of raw lignite. These may be 

attributed to desorption of volatile aliphatic hydrocarbons and polymerization of aromatic 

groups and/or hydrocarbons. The intensities of Oalk groups from 50 to 90 ppm, which 

are assigned to aliphatic hydroxyl, methoxyl, and ethers groups, initially increase and 

subsequently decrease as HT temperature increases, likely because lignite is oxidized by 

a small amount of residual oxygen trapped in pores at temperatures lower than 250 C. 

As the temperature further increases, oxidation decreases and hydrogen bonded hydroxyl 

groups tends to be destroyed or broken during HT process. The intensities of carboxyl 

and carbonyl groups consistently decrease with increasing temperature, indicating a 

partial decomposition of the unstable carboxyl and carbonyl groups due to the deep HT 

modification. The relative intensities of phenolic hydroxyl groups only slightly decrease 

because of their high bonding energy and stable chemical property. Similar results were 

reported by Liu et al [94].  

1.5.3 Changes in water re-adsorption content  

Valuable works on water re-adsorption behavior of lignite have been presented. These 

studies show that many factors, e.g., oxygen-containing functional groups, pore volume, 

relative humidity, and residual water content, affect water re-adsorption [1,2,9598].  

The relationship between water re-adsorption content and residual water content was 

reported by many researchers. For LY lignite treated by HT and MTE [44], below a 

threshold residual water level (ca. 5 to 16%), its water re-adsorption content is higher 
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than its residual water content. This trend is generally observed. The opposite relationship 

is found for samples with residual water content higher than 16%. However, for samples 

within the threshold, water re-adsorption content can be either higher or lower than 

residual water content depending on relative humidity. The study of Hulston et al. [86] on 

samples with residual water contents higher than ca.16% showed that the water re-

adsorption contents at RH=96% are slightly lower than the residual water content in the 

residual water content range of about 1644%. Above a residual water content of 44%, 

the water re-adsorption contents at RH=96% are substantially lower than the residual 

water contents. Similar results have also been reported by Vogt et al [79]. Superficially, if 

the residual water content of a sample is higher than that of another sample, its water re-

adsorption content shows a general trend of higher than other sample [44]. Essentially, 

water re-adsorption content is mainly determined by oxygen-containing functional groups 

and pores. These two factors determine waterlignite interaction. Pores also provide 

volume for retaining water. Samples with low residual water contents usually are treated 

under severe conditions, meaning much more pore volume and oxygen-containing 

functional groups decrease. Therefore, relatively low water re-adsorption contents are 

observed. Samples with high water contents are dewatered under relatively mild 

conditions, suggesting slight changes in pore volume and, especially, in oxygen-

containing functional groups. Consequently, relatively high water re-adsorption water 

contents are obtained.  

On the other hand, relative humidity of the environment where samples are put should 

also be considered since increased relative humidity means increased water vapor in 

external environment, which provides more water source for the re-adsorption, and 
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difference between the water vapor in external environment controlled by relative 

humidity and the residual water content determines the level of diffusion adsorption or 

desorption force. Water re-adsorption content results from the competitive or synergistic 

effects between waterlignite interactions and diffusion forces (i.e., diffusion adsorption 

or desorption force). In addition, value of the threshold residual water content is 

determined by dewatering conditions and physicochemical properties of lignite sample. 

1.5.4 Changes in other aspects 

Wastewater is generated during lignite dewatering process, which is acidic and 

contains dissolved organic and inorganic compounds. As to evaporative dewatering 

techniques, wastewater is removed in the form of steam. After condensation, liquid water 

can be collected. For non-evaporative techniques, liquid wastewater can be collected 

directly. Because lignite contains a high water content, a substantial water resource is 

produced during dewatering process [99]. For instance, in the Latrobe Valley, 66 million 

tonneslignite/year is mined, which is equal to ca. 40 Giga-litres of water generated. 

Short-term plants for a 150 tonneraw lignite/hour plant followed by a 100 tonneraw 

lignite/hour plant may yield 60 mega-litres of water and 400 Giga-litres of water per year, 

respectively [100].  

Knowledge of the composition of the wastewater is meaningful for determining 

appropriate future management strategies and assessing its potential for reuse. The 

concentrations and types of contaminations in wastewater are related to properties of 

lignite used and experimental conditions. Total organic carbon and biochemical oxygen 

demand are generally employed as guidelines for wastewater, which increase with 

increasing experimental temperature [100]. This implies that more and more dissolved 
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organic matter is removed from lignite. Major organic compounds existed in wastewater 

produced by HT are glucose, xylose, glyceraldehydes, acetic acid, and levulinic acid 

[101]. The HT process at high temperatures gives phenolic compounds in the effluent 

[71].  

Other parameters to assess water quality are concentration and type of inorganic matter. 

The temperature where divalent cations (Ca
2+

 and Mg
2+

) are greatly removed into 

wastewater is higher than that of monovalent cations (Na
+
 and K

+
). One possible 

explanation is that most divalent cations are more strongly bound to carboxyl groups than 

monovalent cations [101]. Moreover, Fe, Al, and Zn cations can also be detected in 

wastewater [102107]. In general, wastewater contains organic and inorganic compounds 

at levels that exceed those recommended for the identified reuse or disposals options. 

Therefore, remediation of wastewater is necessary. Researchers have proposed several 

methods to solve this issue such as using lignite itself as a filter bed adsorbent, anaerobic 

digestion in combination with ozonation and/or coagulation, and gasification [102105].  

In general, calorific values of the dewatered samples increase compared with that of 

raw sample. The decrease in volatile matter content, the increase in fix carbon content, 

and the changes in physicochemical properties of the dewatered samples decrease self-

ignition of lignite [90,108112].  

1.6 Objectives and outline of this thesis 

1.6.1 Objectives 

Despite lignite’s advantages, its utilization is largely confined to electricity generation 

at power stations located at or near a mine up to the present. Lignite contains a high water 

content, which is the most important factor that limits its wide utilization. In summary, 



Chapter 1. Introduction  

26 
 

currently, there is no commercial drying process, which can economically produce a 

dried product. This product can satisfy the demands of storage, handing, transportation, 

environment, and utilization. Furthermore, so far dewatering and re-adsorption 

mechanism of lignite are still not completely understood. HT–ME was employed for 

lignite dewatering in this study. HT stage was conducted without adding extra water and 

ME stage was performed at low temperature (110 
o
C) under atmosphere environment. To 

check non-interfacial and interfacial water contents, a comparison of these two types of 

water determined by HT and FD was made. In addition, for HT and HT–ME, pores, 

residual water content, and oxygen-containing functional groups change simultaneously. 

However, FD has a slight effect on oxygen-containing functional groups and effect of FD 

on pore volumes is not clearly. Oxygen-containing functional groups covered by 

kerosene were used to investigate effects of oxygen-containing functional groups on 

water re-adsorption of FD treated samples. We hope our studies of these two drying 

methods can improve and broaden lignite dewatering techniques.  

 The changes in the hydrogen bonds of the different types of water in lignite as a 

function of temperature during the dewatering process are not completely understood. 

The understanding of this can provide useful engineering design guidelines for the 

targeted control of lignite dewatering technologies and help to understand dewatering 

mechanism. In Chapter 2, we investigated the changes in the hydrogen bonds during low 

temperature dewatering of lignite considering the types of water in lignite.  

    Conventionally, HT and HT–ME are carried out by adding extra water or steam to 

ignite before or during treatment process. However, this will increase the volume of 

wastewater and energy requirement. Furthermore, conventional HT–ME consists of two 
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successive stages: HT (stage 1) and then mechanical expression at the same temperature 

of HT process with autogenously saturated pressure (Stage 2). To our knowledge, there 

are no researches that were conducted to investigate stage 1 and HT–ME products 

separately. Furthermore, we wanted to explore stage 2 under more moderate conditions. 

In Chapter 3, stage 1 was conducted by without adding extra water, and stage 2 was 

performed at low temperature (110 
o
C) under atmosphere environment. We aimed to 

separately investigate stage 1 and HT–ME products. Of particular interest was the 

microscopic description of the process of HT–ME considering the types of water in 

lignite. 

    Although some studies on the performance of equilibrium water content of lignite have 

been published, there is little detailed analysis of the phenomenon. Systematical 

investigation of this can provide useful guidelines for the targeted control of the water re-

adsorption of lignite and its storage. We detailedly reported the influence of carboxyl 

groups, monolayer water content, mesopore volume, and residual water content on the 

equilibrium water contents at various relative humidities in Chapter 4. Of particular 

interest was the analysis of the changes in the mechanism with increasing relative 

humidity. 

TG analysis was used to investigate changes in the combustion performances of 

samples treated using HT and HT–ME with changes in the physicochemical properties, 

namely, the specific surface area, pore volume, and the amounts of volatile matter and 

fixed carbon (Chapter 5).  

FD method was used to support and supplement HT–ME results, namely, it can 

confirm non-interfacial and interfacial water contents determined by HT and investigate 
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effects of residual water content and oxygen-containing functional groups on water re-

adsorption separately (Chapter 6).  

1.6.2 Outline 

There thesis is divided into 7 chapters. 

Background information about lignite is presented in Chapter 1, including 

characteristics of lignite, dewatering techniques, and the changes in lignite structure 

during dewatering. The objectives of this thesis are then specified. 

Chapter 2 describes the changes in hydrogen bands during low temperature 

dewatering. FT-IR was used to determine the changes in the number of the different types 

of hydrogen bands. The number of absorption bands, their peak positions, and the area of 

each peak were determined by curve-fitting analysis with Gaussian and Lorentzian 

functions. 

In Chapter 3, the changes in the gaseous, liquid, and solid products obtained from HT 

and HTME were investigated. Gaseous, liquid, and solid products were characterized by 

multiple techniques. Furthermore, a microscopic description of the changes was 

presented. 

Chapter 4 detailedly discusses effects of the changes in carboxyl groups, monolayer 

water content, pore volume, and residual water content during HT and HTME processes 

on equilibrium water content at various relative humidities.   

Chapter 5 examines effects of HT and HTME on combustion performance of LY 

lignite considering various physicochemical properties, i.e., the amounts of volatile 

matter and fixed carbon, specific surface area, and pore volume. The activation energy 

was also calculated using the KissingerAkahiraSunose method. 
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In Chapter 6, FD was used to remove water from LY lignite. Effects of FD on 

residual water content, re-adsorption or desorption behavior, and pore size distributions 

were investigated. Furthermore, coating with different amounts of kerosene by direct-

mixing or adsorption methods to restrain water re-adsorption was also discussed. 

 Chapter 7 summarizes the main conclusions and some recommendations are made 

for further research. 
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CHAPTER 2 

Investigation of the changes in hydrogen bonds during low temperature 

hydrothermal treatment of Loy Yang lignite process by diffuse 

reflectance FT-IR combined with forms of water 

2.1 Introduction 

Lignite is being increasingly used and has some advantages over high-rank coal [1–5]. 

However, lignite is also characterized by a higher percentage of water, which inhibits its 

economic benefits and competitiveness in electricity production, combustion, gasification, 

and so on. Therefore, the removal of water from lignite is an important process to 

increase its widespread application in industry. Although numerous technologies for 

lignite drying already exist, it is often challenging to find one that is cost-effective in all 

aspects [8,9]. 

    Many fundamental studies have investigated the types of water in lignite, and provide 

theoretical guidelines for the economic efficiency of dewatering technologies. The 

techniques used to investigate the forms of water in lignite include proton nuclear 

magnetic resonance spectroscopy (
1
H-NMR), X-ray diffraction (XRD), and differential 

scanning calorimetry (DSC) [10–13]. It is accepted that water in lignite exists as 

freezable (including free and bound water) and non-freezable water. More detailed 

classification of the types of water in lignite, including free water, bound water, non-

freezable water, crystal water, and closed pore water, has been proposed by several 

research groups [14–16]. 
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It is well known that the hydrogen bands (HBs) in coal have a significant effect on its 

properties (e.g., swelling and reactivity), chemical structure, and utilization. The most 

important types of HBs are formed by hydroxyls groups of water molecules and the 

various oxygen-containing functional groups in lignite [17]. Therefore, it is extremely 

important to study the HBs in lignite for its effective utilization and to better understand 

its structure [18].  

Cannon et al. [19,20] first applied infrared spectrometry to coal research and 

discovered the existence of HBs in coal. Various methods have subsequently been used to 

determine the HBs in coal, including solvent swelling and extraction, Fourier transform 

infrared (FT-IR) spectroscopy, 
1
H-NMR, and DSC [18–24]. Solvent swelling and 

extraction, and FT-IR techniques are the most widely used methods. The significance of 

HBs in coals was recognized as far back as the experiments and analyses of solvent 

swelling and extraction of coal. Painter et al. [22] pointed out that interpretation of the 

swelling of coal based on solubility or Flory–Huggins parameters, which are only 

applicable to systems with weak London dispersion forces, are inadequate because 

relatively strong directional interactions (e.g., HBs) also exist in coal. Since the 

pioneering work, the solvent swelling and extraction method has been used to estimate 

the HB strengths in coals, and the changes in HBs have also been used to explain the 

mechanism of coal swelling [3]. Compared with the solvent swelling and extraction 

method, the FT-IR technique has its own unique advantages, and the occurrence, type, 

and strength distribution of HBs in coal can be examined [23]. Miura et al. [24] attempted 

to quantitatively estimate the number of various HBs using the diffuse reflectance 

infrared Fourier transform (DRIFT) technique. They reported that the HBs in coal range 
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from 10 to 70 kJ/mol in strength, and the number of relatively weak HBs in lignite 

significantly decrease below 150 °C. Based on the literature, the main types of HBs 

formed by hydroxyls groups in lignite are summarized in Table 2.1 [22,25–28].   

Fundamental studies of the forms of water in lignite and the changes in the HBs during 

dewatering are important. It can provide useful engineering design guidelines for the 

targeted control of lignite dewatering technologies and help to explain dewatering 

mechanism. However, the changes in the HBs of the different types of water in lignite as 

a function of temperature during the dewatering process are not completely understood. 

In this chapter, the changes in the HBs during low temperature hydrothermal treatment of 

lignite process were investigated considering the forms of water. 

 

Table 2.1 Main types of HBs formed by hydroxyl groups in lignite [22,25–28] 

Peak center (cm
−1

) Assignment 

3611 Free OH groups [22] 

3516 OH–π HBs [22] 

3400 Self-associated n-mers (n3) [22] 

3300 OH–ether O HBs [22] 

3200 Tightly bound cyclic OH tetramers [22] 

2800–3100 OH–N (acid/base structures) [22] 

- HBs between non-freezable water molecules and oxygen-containing functional groups [25–28] 

- HBs within non-freezable clusters [25–28] 

- HBs within bound water clusters [25–28] 

    - HBs between bound water clusters and active sites on the surface of the capillary of lignite [25–28] 

- Free water molecule HBs [25–28] 
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2.2 Experimental  

2.2.1 Sample 

An Australian lignite (Loy Yang, LY) was used as the coal sample. The lignite sample 

was ground to pass through an 840-μm sieve for the experiments. The proximate and 

ultimate analyses are shown in Table 2.2.  

Table 2.2 Proximate and ultimate analyses of raw lignite 

Lignite                      Proximate analysis (wt %)     Ultimate analysis (wt %, daf ) 

 Mar Mad MHC Ad Vdaf FCdaf C H N S O*(diff.) 

LY 57.47 9.29 36.02 0.74 51.3 48.7 64.8 4.9 0.6 0.3 29.4 

ar – as received basis; ad – air dry basis; MHC – moisture holding capacity; daf – dry ash free basis; d – dry basis. 

 

2.2.2 Hydrothermal treatment 

About 6 g raw lignite was placed in a steel filter ( = 60 m), and three of the steel 

filters were fixed in the middle of the cylinder of a 0.5 L batch-type reactor equipped 

with an automatic temperature controller (MA22, Taiatsu techno, Japan). Fig. 2.1 shows 

the schematic of hydrothermal treatments (HT) batch-type reactor. N2 gas was flushed 

through the sealed system to remove air. The reactor was then pressurized with N2 gas to 

1.5 MPa at room temperature to make sure that hydrothermal condition that the pressure 

in the reactor should be at least a litter higher than saturated steam pressure can be 

maintained. Fig. 2.2 shows saturated steam pressure curve and temperature and pressure 

relationship during the experiments. The results revealed that hydrothermal condition can 

be maintained. A series of HTs were performed at different temperatures (50, 100, 150, 
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200, and 250 °C) for 40 min at an average heating rate of ca. 5 °C/min. Samples were 

collected after the reactor was cooled to room temperature.  

          

Fig. 2.1 Schematic of HT batch-type reactor 

The residual water contents of all of the samples was measured by the fractional mass 

release observed during heating in an oven (WFO-50, Eyela, Japan) at 105 °C, when 

pyrolysis generally does not occur, for 6 h. In brief, samples (mli of raw lignite, weight of 

raw lignite, and mli of treated samples, weight of heat treated lignite) were separately 

placed in weighing bottles (m1, mass of the weighing bottle, lid, and sample). Then, the 

open weighing bottles were placed in the oven at 105 °C. After 6 h, the weighing bottles 

were taken out, cooled in a desiccator, and weighed with lids (mi). The residual water 

content was calculated using  

Residual water content (%) = [(m1−mi)/mli] × 100%.  (1) 

The residual water content on dry basis (d) was calculated using  

Residual water content (g/g-lignite, d) =  

    {residual water content (%)/[100−residual water content (%)]}× 100%. (2) 
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Fig.2.2 Saturated steam pressure curve and measured temperature and pressure relationship 

 

2.2.3 FT-IR analysis  

The FT-IR spectra (400–4000 cm
−1

) were recorded with the DRIFT technique using a 

FT-IR spectrometer (JASCO 670 Plus, Japan). About 0.5 mg finely ground samples were 

used. The number of absorption bands, their peak positions, and the area of each peak 

were determined by the curve fitting program PeakFit v4.12 with the mixed Gaussian and 

Lorentzian function [29–31], and the second derivative method was used for curve 

resolving [31]. Furthermore, enhanced version of Levenburg-Marquardt non-linear 

minimization algorithm was employed by PeakFit v4.12. 

The strength distributions of HBs were determined according to the literature [22,24]. 

Briefly, the amount of OH for the jth peak, (nOH)j, was estimated by Beer’s law: 

                             (nOH)j = (Aj)/{α0[1 + 0.0147(νOH)j]} (mol-OH/kg),  (3) 
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where α0 and (Aj) are the absorption coefficients of the stretching vibration of free OH 

and the integrated area of the jth peak, respectively. (νOH)j is the OH wavenumber shift 

from the wavenumber of free OH (3611 cm
−1

).  

The normalized amount of OH, (nOHn)j, was obtained by  

                                           (nOHn)j = (nOH)j/[(nOH)1]raw,  (4) 

where [(nOH)1]raw is the amount of OH of the first peak of raw lignite.  

The strength of the jth HB, (−H)j, was calculated by 

                                            (−H)j = 0.067(νOH)j + 2.64 (kJ/mol)  (5) 

The integrated area of the jth peak of lignite treated at different temperatures, [(Aj)t], 

was obtained by 

                                             [(Aj)t] = (Aj)t [(A6)raw/(A6)t], (6) 

where (Aj)t is the original integrated area of the jth peak obtained by curve-fitting analysis 

of the FT-IR spectra at different temperatures (Table 2.3). (A6)t is the original integrated 

area of aromatic hydrogen atoms treated at different temperatures. (A6)raw is the original 

integrated area of the aromatic hydrogen atoms of raw lignite. The integrated area of 

aromatic hydrogen atoms was chosen because the structure of aromatic hydrocarbons is 

difficult to decompose or form below 300 °C under N2 conditions, which means that the 

integrated area of aromatic hydrogen atoms should only slightly change [24]. The average 

HB strength was calculated as 

                                             (−H)av = [(nOHn)j (−H)j]/(nOHn)j, (7) 

where j = 1–5. 

 

 

j j 
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Table 2.3 Results of the curve-fitted spectra of the 2800–3560 cm
−1

 region for LY lignite treated at 50 °C 

Peak center (cm
−1

) Assignment Symbol 

Original integrated area 

[(Aj)t] 

Integrated area 

{[(Aj)t] 

3611 Free OH groups - - - 

3520 OH–π HBs 1 37.16 37.26 

3434 Self-associated n-mers (n3) 2 8.07 8.09 

3351 OH–ether O HBs 3 20.43 20.48 

3257 Tightly bound cyclic OH tetramers 4 10.22 10.24 

3164 OH–N (acid/base structures) 5 5.63 5.65 

3030 Aromatic hydrogen atoms 6 7.40 7.42 

2993, 2960, 2920 Aliphatic hydrogen atoms  - - - 

 

2.2.4 Carboxyl groups analysis 

The number of carboxyl groups was measured by an improved barium exchange 

technique [32] to investigate the changes in pyrolysis water from the decomposition 

reaction of carboxyl groups (Detailed experimental process is presented in Section 3.2.4).  

The experiment was repeated three times. 

2.3 Results and discussion  

2.3.1 Forms of water in lignite 

Fig. 2.3 shows the effect of temperature on the residual water content of lignite. Fig. 

2.3(a) shows that the residual water content linearly decreased with increasing 

temperature in the range 50–150 °C, which indicates that a single type of water was 

released in this temperature range. We refer to this type of water as non-interfacial water, 
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which is non-bound and weakly bound to lignite. Above 150 °C, the slope decreases as 

the temperature increases, indicating that another form of water was released, which is 

relatively difficult to be removed because it is strongly bound to the surface of lignite. It 

is named as interfacial water. The water removed in the temperature range 150–200 °C 

included non-interfacial and interfacial water. To determine the amounts of non-

interfacial and interfacial water, the two lines in the temperature ranges 50–150 °C and 

200–250 °C were extended (dashed lines in Fig. 2.3), which meet at point A in Fig. 2.3. 

Point A is the border between these two types of water. From point A [Fig. 2.3(b)], the 

non-interfacial and interfacial water contents of in raw lignite were 1.255 and 0.096 (g/g-

lignite, d), respectively. Furthermore, it is generally accepted that water in lignite exists 

in the forms of freezable and non-freezable water depending on the strength of the water–

lignite interactions [10–13].
 
The relative difficulty of removing the two types of water is 

in the order non-freezable water  freezable water. These suggest that the water removed 

in the temperature ranges 50–150 °C and 200–250 °C were similar to freezable and non-

freezable water, respectively. Above 200 °C, an increase in temperature resulted in only a 

slight decrease in the water content, which means that it is not energy efficient to remove 

the remaining water by HT. 
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Fig. 2.3 Effect of temperature on residual water contents (%) of treated samples 

 

Table 2.4 Concentrations of carboxyl groups of all of the samples (mmol/g, d) 

Sample –COOH  Sample –COOH  

Raw 1.74±0.10  150 °C 1.54±0.11  

50 °C 1.63±0.26  200 °C 1.45±0.05  

100 °C 2.00±0.16  250 °C 0.78±0.10  

 

The number of carboxyl groups was presented in Table 2.4. From Table 2.4, when the 

temperature reached 250 °C, there was a significant decrease in the concentration of 

carboxyl groups, which suggests that pyrolysis water, produced from decomposition 

[Eq.(8)] [24], started to be apparently released at 200 °C. 

                                          2–COOH  –COOCO– + H2O   (8) 
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2.3.2. Effect of temperature on HBs  

2.3.2.1 FT-IR Spectroscopy  

Fig. 2.4(a) shows the DRIFT spectra of all of the samples treated at a range of 

temperatures. Enlargements of the spectra in the range 2800–3650 cm
−1

 are shown in Fig. 

2.4(b). To accurately investigate the changes in the strength distributions of the HBs, the 

spectra in this region were divided into 10 peaks by a curve-fitting method, and the 

results are consistent with the results reported in the literature [22,24]. An example of the 

method is given in Fig. 2.5. It should be mentioned that the peak positions proposed by 

Miura et al. [24] are slightly different from those proposed by Painter et al [22] (Table 

2.1). The assignment, symbols, and integrated areas of the ten peaks in this study are 

summarized in Table 2.3. Typical representative HBs 1–5 are shown in Fig. 2.6. 
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Fig. 2.4 (a) FT-IR spectra of all of the samples treated at a range of temperatures. (b) FT-IR spectra of 

all of the samples in the range 2800–3650 cm
−1 
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Fig. 2.5 Curve-fitted spectra of the 3050–3650 cm
−1

 and 2800–3100 cm
−1

 regions for LY treated at 

50 °C  

                                                                                     

(1) OH–π HBs                                    

Fig. 2.6 Typical representative HBs 1 to 5.  represents the OH group that exists in the form of a 

free OH group in lignite and water, and R represents lignite or H in water 

 

2.3.2.2. Changes in the HBs  

The changes in the amount of OH of the jth peak, (nOHn)j, with temperature are shown 

in Fig. 2.7. The −H value represents the strength of the HB: (−H)1 = 8.74 kJ/mol, 

(−H)2 = 14.50 kJ/mol, (−H)3 = 20.06 kJ/mol, (−H)4 = 26.36 kJ/mol, and (−H)5 = 

32.59 kJ/mol. The results show that (nOHn)j changed with temperature. 

In Fig. 2.7, the trend of the changes in the bars corresponding to HBs 1 and 3 is the 

same. They were both lower at 50 to 100 °C than bars corresponding to the raw lignite. 

Based on the literature [24–28], the HBs 1 and 3 include OH of water moleculeslignite 

interactions and OH of lignitelignite interactions. HBs 1 and 3 showed relatively low 

(3) OH–ether O 

HBs 
(2) Self–associated 

n-mers 
(5) OH–N  

    HBs 

(4) Tightly bound 

cyclic OH tetramers 

R 
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strength, 8.74 kJ/mol and 20.06 kJ/mol, respectively, and they decreased within this low 

temperature range, indicating the decrease in OH of water molecules–lignite interaction. 

In addition, bound water is retained by molecular interactions with the porous system of 

the lignite [3,12], suggesting that bound water includes OH of water moleculeslignite 

interactions and interactions between OH of water molecules. Therefore, the decrease in 

the number of HBs 1 and 3 in the temperature range indicates that the removal of bound 

water took place and bound water was a constituent of non-interfacial water. HB 2 is also 

a relatively weak HB, 14.50 kJ/mol, and formed by OH of water moleculeslignite 

interactions, OH of lignitelignite interactions, and interactions between OH of water 

molecules. The removal of free water (free water is the other part of non-interfacial water. 

It has no specific interactions with the lignite matrix and only includes interactions 

between OH of water molecules) led to the decrease in the number of interactions 

between OH of water molecules. Therefore, the bar corresponding to HB 2 for the sample 

treated at 50 °C is lower than that for raw lignite. Furthermore, the number of water 

molecules in the water cluster decreases because of fractional removal of free water with 

increasing temperature. Norinaga et al [10]. reported that coal can shrink in response to 

the loss of water, and this behavior might then lead to the transition of one type of water 

to another type within the coal matrix. The transition of one type of water to another type 

of water because of the increase in its cluster size has also been reported [33].
 
Based on 

the above analyses, the decrease in the free water molecules in the cluster might then lead 

to transition of the remaining free water to bound water and increase the number of OH 

of water moleculeslignite interactions. Consequently, the normalized amount of HB 2 in 

the sample treated at 100 °C increased relative to the sample treated at 50 °C (Fig. 2.7). 
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Fig. 2.7 Change of (nOHn)j with temperature for LY lignite 
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With an increase of the temperature from 100 to 200 °C, the number of HBs 1 and 3 

increased. Interfacial water is difficult to be removed because it is likely to be condensed 

in micropores and/or bind to carboxyl groups on the surface of lignite via specific 

interactions such as HBs,
 
which means that interfacial water includes OH of water 

moleculeslignite interactions and interactions between OH of water molecules. In 

summary, the increase in the number of HBs 1 and 3 is directly related to the competition 

between the transition of bound water to interfacial water, which increases the number of 

OH–lignite interactions, and the desorption of bound and interfacial water, which 

decreases the number of OH–lignite interactions. HB 2 showed a general trend of 

decreasing with increasing temperature. When bound water transformed to interfacial 

water, the amount of HB 2 between OH of water decreased because the size of bound 

water cluster is larger than that of interfacial water cluster. However, the amount of HB 2 

between OH of water molecules and OH of carboxyl groups on the surface of lignite 

increased because interfacial-water–lignite interactions are the strongest of all of the 

forms of water. Furthermore, the removal of interfacial water led to a decrease in the 

number of OH–OH interactions. The changes in the amount of HB 2 can be attributed to 

the competition of the above factors. 

In the temperature range 200–250 °C, the main type of removed water was interfacial 

water (Fig. 2.3). There was also a significant decrease in the concentration of carboxyl 

groups (Table 2.4). Tahmasebi et al. [34,35] suggested that a decrease in the 

concentration of oxygen-containing functional groups results in a lower strength of HBs 

between water molecules and active sites on the coal structure. This leads to a decrease in 

OH–lignite interactions. The amounts of HB 2 in LY treated at 200 and 250 °C were the 
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same, which suggests that increasing the temperature from 200 to 250 °C had little effect 

on the number of OH–OH interactions. 

Fig. 2.8 shows the change in the average HB strength, (−H)av, with temperature, 

which is around 13 kJ/mol for all of the samples. Therefore, temperature has little effect 

on the (−H)av value. This agrees with the observations of Miura et al [24],
 
who reported 

that the (−H)av values for high-rank coals decreased between 230 and 270 °C associated 

with a glass transition, but it did not change for low-rank coal. The (−H)av values for 

low-rank coal are 20 to 24 kJ/mol, which are significantly higher than those reported in 

this study. The (−H)av values estimated here and those in the literature [24] are in the 

range of typical HBs strength, whose values vary between ca. 8.4 and 63 kJ/mol [36,37]. 
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Fig. 2.8 Change of the average strength of hydrogen bonds, (−H)av, with temperature for LY lignite 
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It should also be noted that only the number of the relatively weak HBs 1, 2, and 3 

changed, and there was little change in the number of relatively strong HBs 4 and 5. This 

is in agreement with the types of water in lignite, among which interfacial-water–lignite-

matrix interactions are the strongest. 

2.3.2.3. Microscopic changes in the HBs during low-temperature dewatering  

When lignite is heated at low temperatures (T ≤ 100 °C), the main removed water is 

non-interfacial water. The number of OH–lignite interactions (HBs 1 and 3) containing 

OH of water–lignite interactions and OH of lignite–lignite interactions decrease in this 

temperature range. This can be attributed to the removal of bound water, a constituent of 

non-interfacial water. The size of the bound water cluster is smaller than that of the free 

water cluster. Therefore, bound water clusters can be condensed in capillaries with 

diameters less than several microns [38], which means that there are interactions between 

bound water clusters and lignite. Free water has no specific interactions with lignite. 

Consequently, the number of HBs 1 and 3 decrease in these conditions. This can be 

attributed to the breaking of bound-water-cluster–lignite HBs. Furthermore, the number 

of OH–OH interactions (HB 2), that is, interactions between OH groups of water 

molecules, interactions between OH groups of water molecules and OH groups of lignite, 

and interactions between OH groups of lignite, first decreases and then increases. First, 

the removal of free water leads to a decrease in the number of interactions between water 

molecules. Then, the HBs broken between free water molecules decreases the number of 

water molecules in the free water cluster, thereby inducing the transition of free water to 

bound water, which includes bound-water-molecule HBs. Consequently, the amount of 

HB 2 increases. At medium temperatures (100 < T ≤ 200 °C), the main released water is 

bound and interfacial water. The interactions between interfacial water clusters and 



Chapter 2. Investigation of the changes in hydrogen bonds during low-temperature dewatering and   

pyrolysis of lignite by diffuse reflectance FT-IR combined with forms of water 

56 
 

carboxyl groups on the surface of lignite are the strongest among the all types of water. 

The number of OH–lignite interactions (HBs 1 and 3) increase. An explanation for this 

behavior could be the competition between the transition of bound water to interfacial 

water, and the desorption of bound and interfacial water. Furthermore, the number of 

OH–OH interactions (HB 2) decreases. The dewatering leads to a decrease in the number 

of OH–OH interactions of water molecules. Because interactions between interfacial 

water clusters and carboxyl groups on the surface of lignite are the strongest, the 

interactions between the OH groups of carboxyl groups and the OH groups of water 

molecules increase when bound water transforms to interfacial water. The removal of 

bound and interfacial water leads to a decrease in the number of OH–OH interactions. 

Changes in HB 2 can be attributed to the comprehensive effect of the above factors. At 

higher temperatures (200 < T ≤ 250 °C), the main removed water is interfacial water, and 

the number of carboxyl groups drastically decreases because of lignite pyrolysis. OH–

lignite interactions (HBs 1 and 3) decreased as a result of the removal of interfacial water 

and pyrolysis of carboxyl groups. The amounts of HB 2 in LY treated at 200 and 250 °C 

were the same. Changes in this temperature range were the removal of interfacial water 

and the decomposition of carboxyl groups, which lead to the decrease in the number of 

interactions between OH of water molecules and interactions between OH of carboxyl 

groups, respectively. However, decomposition reaction in this temperature range leads to 

the formation of new oxygen-containing functional groups [39],
 
which may increase the 

number of OHOH interactions. The result of HB 2 in this temperature range can be 

attributed the comprehensive effects of the above two. 

2.4 Conclusions 
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    In this study, pyrolysis water produced from decomposition of carboxyl groups, which 

started to be drastically released at 200°C. The non-interfacial and interfacial water 

contents of the total water weight in raw lignite were 1.255 and 0.096 (g/g-lignite, d), 

respectively. 

The changes in the number of relatively weak HBs can be understood in terms of the 

removal of the different types of water and decomposition of carboxyl groups. At low 

temperatures (T ≤ 100 °C), the main removed water was non-interfacial water, including 

free and bound water. The number of OH–lignite interactions decreased in this 

temperature range. This can be attributed to the breaking of bound-water-cluster–lignite 

HBs. Furthermore, the removal of free water induces a decrease in the number of OH–

OH interactions. Then, the breaking of HBs between free water molecules decreases the 

number of water molecules in the free water cluster, thereby inducing the transition of 

free water to bound water. Consequently, the amount of HB 2 increased. At medium 

temperatures (100 < T ≤ 200 °C), the main released water was bound and interfacial 

water. The change in the number of OH–lignite and OH–OH interactions was the result 

of the competition between the transition of bound water to interfacial water and the 

desorption of bound and interfacial water. At higher temperatures (200 < T ≤ 250 °C), the 

main removed water was interfacial water. The decrease in OH–lignite interactions is 

because of the removal of interfacial water and decomposition of carboxyl groups. 
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CHAPTER 3 

Effects on some physicochemical properties of Loy Yang lignite during 

hydrothermal treatment coupled with mechanical expression 

dewatering and upgrading process 

3.1 Introduction 

    Fundamental studies of forms of water in Loy Yang (LY) lignite and changes in 

hydrogen bonds between lignite and water during hydrothermal treatment (HT) have 

been investigated in Chapter 2. Furthermore, environmentally friendly and efficient use 

of lignite and a better understanding of dewatering and water re-adsorption mechanisms 

should consider special physicochemical properties. Consequently, the discussion of the 

changes in some physicochemical properties during HT and HT coupled mechanical 

expression (HT–ME) is the subject of this chapter.  

    A variety of techniques, which are in general grouped into evaporative and non-

evaporative drying techniques, have been investigated to remove water from lignite
 

[113]. Detailed explanation of evaporative and non-evaporative drying techniques has 

been given in Sections 1.4.1 and 1.4.2, respectively.  

 Conventionally, HT and HT–ME are carried out by adding extra water or steam to 

lignite before or during treatment process. However, this will increase the volume of 

wastewater and energy requirement [1]. Furthermore, conventional HT–ME consists of 

two successive stages: HT (stage 1) and then ME at the same temperature of HT process 

with autogenously saturated pressure (Stage 2). To our knowledge, there are no 

researches that were conducted to investigate stage 1 and HT–ME products separately. 
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Furthermore, we wanted to explore stage 2 under more moderate conditions. In the 

present work, stage 1 was conducted without adding extra water, and stage 2 was 

performed at low temperature (110 
o
C) under atmosphere environment. We aimed to 

separately investigate stage 1 and HT–ME products. Of particular interest was the 

microscopic description of the process of HT–ME considering the types of water in 

lignite. 

3.2 Experimental 

3.2.1 Sample 

Sample is the same as Section 2.2.1. 

3.2.2 Hydrothermal treatment  

About 6 g raw lignite was placed in a steel filter ( = 60 m), and three of the steel 

filters were fixed in the middle of the cylinder of a 0.5 L batch-type reactor equipped 

with an automatic temperature controller (MA22, Taiatsu Techno, Japan; Fig. 2.1). N2 

gas was flushed through the sealed system to remove air. The reactor was then 

pressurized with N2 gas to 1.5 MPa at room temperature. A series of hydrothermal 

treatments were performed at different temperatures (50, 100, 150, 200, and 250 
o
C) with 

the desired time of 40 min at an average heating rate of ca. 5 
o
C/min. Gaseous, solid, and 

wastewater products were collected after the reactor was cooled to room temperature. 

Samples were labeled as HT50, HT100, HT150, HT200, and HT250 (samples obtained 

by stage 1). 
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3.2.3 Hydrothermal treatment coupled with mechanical expression 

HT solid products (samples obtained by stage 1) and raw lignite were placed in the 

fixed regions of filter papers so that the sizes of samples treated by the next ME are the 

same. A small press machine (AH-2003, ASONE, Japan; Fig. 3.1) was heated to a 

prescribed temperature (110 
o
C). After confirmation that the temperature had reached the 

desired value, mechanical pressure of 6 MPa was applied to the samples by the small 

press machine for 20 min under atmosphere environment. For brevity, the treated samples 

are named as HT50–ME and the like (HT–ME products). We refer to raw lignite directly 

treated by ME as RLME. 

 

Fig. 3.1 Schematic of ME equipment 

3.2.4 Characterization 

   The residual water contents of all of the solid samples was measured immediately 

after HT and HTME treatment. In brief, samples (mli, weight of treated lignite) were 

separately placed in weighing bottles (m1, mass of the weighing bottle, lid, and sample). 

Then, the open weighing bottles were placed in the oven at 105 °C. After 6 h, the 

weighing bottles were taken out, cooled in a desiccator, and weighed with lids (mi). The 

residual water content was calculated using  
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Residual water content (%) = [(m1−mi)/mli] × 100%.  (1) 

Ash content was determined by the weight of waste left after lignite was burned in a 

furnace (TFM-2200, Eyela, Japan) at 815 °C for 2.5 h. Volatile matter was measured by 

the mass release observed in the furnace at 900 °C for 7 min.  

Other characterizations were according to the same procedures as reported in the 

literature [14,15]. In brief, the gas composition was determined by gas chromatography 

(GC, GC-2014, Shimadzu, Japan) using Molecular Sieve 5A and Porapak Q columns, 

whose temperature was set at 60 C, and a Shimadzu GC-4C thermal conductivity 

detector. Ar gas was the carrier gas. Total organic carbon (TOC) content was measured 

by a Shimadzu TOC-5000A VCSH TOC analyzer. Inorganic matter was analyzed using 

inductively coupled optical emission spectroscopy (ICP-OES, optima 8300, PerkinElmer, 

USA). The composition of organic compounds in the wastewater was determined by high 

performance liquid chromatography (HPLC, JASCO, Japan) using a JASCO UV-2075 

Plus detector and a Shodex KS-811 column with a CO-2065 Plus column oven and the 

eluent was 2 mM HClO4 at a flow rate of 0.7 mL/min. The FT-IR spectra were recorded 

with the diffuse reflectance infrared Fourier transform (DRIFT) technique using a FT-IR 

spectrometer (670 Plus, JASCO, Japan). The concentrations of carboxyl groups and the 

total acidic values were measured by an improved barium exchange technique, and the 

concentration of phenolic hydroxyl groups equaled to the difference between total acidic 

values and carboxyl groups [16]. In brief, sample (ca. 250 mg, d) was mixed with either 

60 ml BaCl2/triethanolamine/HCl buffer (carboxyl groups determination) or 50 ml 

BaCl2/Ba(OH)2 buffer (total acidic determination) for 30 min and then the mixture was 

filtered and rinsed with 3  5 ml either distilled water (carboxyl groups determination) or 
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BaCl2/NaOH solution (total acidic determination). The filter cake was collected and 

stirred with 10 ml, 0.2 M HCl for 30 min. Then, the acid solution was filtered and rinsed 

with 3  10 ml distilled water (carboxyl groups and total acidic determination) and the 

filtrate made up to 100 ml. Titrate a 20 ml the filtrate using 0.005 M NaOH. The volume 

of NaOH used was recorded at the titration endpoint of pH 5.00. All characterization was 

repeated 3–4 times.  

3.3 Results and discussion 

3.3.1 Gaseous products 

Pressures generated with gaseous products and initial N2 gas of experiment (after the 

reactor was cooled to room temperature) varied from ca. 1.5 to 1.7 MPa in the processing 

temperature range of 50 to 250 
o
C. It should be mentioned that the initial pressure 

generated with N2 gas of experiment was 1.5 MPa at room temperature. This indicates 

that some gases were produced. To investigate what kinds of gases were released during 

dewatering process, GC was used to measure the gaseous products. N2 was the most 

abundant gas in the whole process, which originates from initial atmospheric N2 gas in 

the reactor, and proportion of N2 gradually decreased with increasing temperature 

because some gaseous products were progressively released during the process. CO2 

started to be detected from 200
 o

C, a significant contribution to the formation of CO2 

results from decarboxylation. CO2 made up 0.46 and 1.92% of the gaseous products at 

200 and 250 
o
C, respectively. The amount of released CO2 increased with increasing 

temperature as increased temperature accelerates decarboxylation. The increase in the 

amount of CO2 is consistent with the loss of carboxyl groups. Wu et al. [17] and Blazsó 
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et al. [18] suggested that CO2 product during HT process can be attributed to CO2 release 

from coal micropores and CO2 formation from decarboxylation.  

3.3.2 Wastewater products  

3.3.2.1 Changes in the volumes of wastewater through HT process 

Wastewater was generated during the process of HT, which was acidic, and contained 

significant amounts of dissolved inorganic and organic compounds. It should be 

mentioned that wastewater cannot be collected from the sample treated at 50 
o
C in this 

paper, because it existed in the form of droplet on the surface of the reactor at room 

temperature.  
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Fig. 3.2 Effects of temperature on the volume of wastewater 

Fig. 3.2 shows effect of temperature from 100 to 250 
o
C on the volume of wastewater. 

It was observed that the volume of wastewater generally increased with increasing 

temperature, which is in agreement with the result that more and more water was 
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dewatered with increasing temperature. Noteworthy thing is that because the volumes of 

the wastewater collected from samples treated at different temperatures are not big, it 

easily causes big experimental errors during collection process, as shown by big error 

bars in Fig. 3.2.  

3.3.2.2 Changes in TOC values through HT process 

Shown in Fig. 3.3 is the effect of temperature on TOC value. TOC is the carbon 

content, which is bound in organic matter, and is generally employed as a guideline for 

wastewater treatment. TOC values in the wastewater products showed a significant 

increase from 28 to 698 mg/L between 100 and 250 
o
C, which suggests that more and 

more dissolved organic matter were removed from lignite during HT process. Therefore, 

the severity of the problems of direct use of wastewater without treatment toward 

environment, such as contaminating surface water and damaging soil structure, increased 

with increasing processing temperature. In other words, increased TOC value would 

prevent the direct disposal of wastewater to the environment. The effect has been 

observed by others [17,19,20]. It can also be noted that the leaching of soluble organic 

compounds was greatly enhanced at 250 
o
C, indicating that the amount of organic 

compounds leached, especially aliphatic compounds because there are some low 

molecular weight aliphatic compounds in lignite’s macromolecular structure and 

aromatic compounds are difficult to decompose at the temperature, were increased at 

high temperature. In the study of Wu et al. [17], HT was employed to a Chinese lignite 

between 200 and 320 
o
C, and TOC contents of HT320 and HT200 are 5350 and 615 

mg/L, respectively. Yu et al. [20] reported that TOC values of the wastewater produced 

from HT process range from 540 mg/L at 220 
o
C to 4792 mg/L at 320 

o
C. In summary, 
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TOC value of sample treated at 250 
o
C is not too big but still require some remediation 

prior to disposal. It is necessary to develop remediation technologies for HT wastewater. 

If the technologies are successfully investigated, the wastewater may be a valuable 

resource [19]. 
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Fig. 3.3 Effects of temperature on TOC value 

 

3.3.2.3 Changes in inorganic compounds through HT process 

To provide a guideline that what kinds of inorganic components may exist in the 

wastewater, X-ray Fluorescence (XRF) was used to measure the composition of the ash 

of raw lignite (Table 3.1). pH values of the wastewater, which were in the range of 3.5 to 

4.2, were measured by pH meter. As seen, the main cation was Si
4+

, which is commonly 

in the form of quartz and difficult to dissolve into wastewater. Besides, raw sample also 

contained a large amounts of Al, alkali and alkaline earth metal ions, which may be 
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present primarily as exchangeable and soluble metal ions [21,22]. Na
+
, K

+
, Ca

2+
, Mg

2+
, 

and Al
3+

 in wastewater were measured by ICP-OES, since these dissolved salts can be 

expressed with the wastewater during dewatering. The concentrations of these cations in 

the wastewater can be measured by ICP-OES and the volumes of wastewater also were 

known (Fig. 3.2). Therefore, total amount of these cations in the wastewater can be 

calculated. Experiments were repeated four times; the results are given in Table 3.2, 

which suggests quite large error bars. Thus, we will discuss the trends of the removal of 

these cations with increasing HT temperature. 

Table 3.1 Concentrations of major elements of the ash of raw lignite as determined by XRF 

Element compounds SiO
2
 Al

2
O

3
 MgO Na

2
O CaO K

2
O Others 

Amount (wt.%) 27.70 26.20 11.30 8.59 5.01 0.81 20.39 

 

Table 3.2 Total amounts of main cation components in wastewater of HT (10
-6

g) 

Sample Na
+
 K

+
 Mg

2+
 Ca

2+
 Al

3+
 

HT100 47.85±27.62 53.67±28.60 6.41±5.66 5.75±7.12 1.07±1.14 

HT150 153.25±68.01 69.47±51.57 29.75±6.84 11.66±4.33 2.19±3.50 

HT200 159.02±16.21 70.24±12.93 60.09±5.07 32.22±7.84 1.12±1.12 

HT250 189.97±60.01 71.62±25.36 51.38±15.67 47.91±13.42 4.08±2.70 

 

Dewatering treatment removed significant amount of Na
+
 from lignite. This stands out 

because Na
+
 partly is present as soluble cation. Similar change in Na

+
 has been reported 

previously [23], who stated that 70% of Na
+
 in the coals is leached out into the 

wastewater. Furthermore, the total amounts of Na
+
 and K

+
 in wastewater increased 

significantly from 100 to 150 
o
C and then changed slight with increasing temperature. It 
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can be seen that the relative abundance of K
+
 in wastewater was not roughly consistent 

with its amount in the ash of raw lignite compared with Ca
2+

 and Mg
2+

. As can be seen, 

the total amount of Mg
2+

 in wastewater was a little at 100
 o

C and increased apparently 

from 100 to 200 
o
C then changed little from 200 to 250 

o
C, and the total amount of Ca

2+
 

in wastewater was also a little at 100 
o
C and increased apparently from 150 to 250

 o
C. 

One possible explanation of the trend is that most divalent cations are more strongly 

bound to carboxyl groups than monovalent cations, which can be more easily removed 

under severe conditions (high temperature) [19]. Hence the temperature where divalent 

cations (Ca
2+

 and Mg
2+

) were greatly removed was higher than that of monovalent 

cations (Na
+
 and K

+
). The relative movement rates of Ca

2+
 and Mg

2+
 because of the 

removal of water from lignite are in the order of: Ca
2+

  Mg
2+

 [3]. Therefore, the amount 

of Ca
2+

 in the wastewater increased at 250 
o
C relative to 200 

o
C but kept almost constant 

for Mg
2+

. 
 
Although the amount of Al

3+
 was larger than that of the other fours, its 

concentration was the lowest in the wastewater, which can be attributed to that it is likely 

to be representative of a large proportion of insoluble clay [19]. 

3.3.2.4 Changes in organic compounds through HT process 

HPLC was used to measure the wastewater to find that what kinds of major organic 

compounds exist in the wastewater. Table 3.3 is the amount (wt.%) of organic matter in 

the wastewater products determined by HPLC. Sugar compound glucose was observed at 

all processing temperatures. Its presence increased up to maximum at 200 
o
C then 

decreased at 250 
o
C. This may be because of its decomposition with increasing 

temperature or the big error bars of wastewater volume. Sugar compound xylose began to 

be detected at 250 
o
C. The detection of glucose and xylose agrees well with the study [24] 
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that glucose and xylose are detected from lignite humic acids. Small peaks of 

glyceraldehyde were detected in the temperature range 100–200
 o

C, indicating that the 

amount of glyceraldehyde in wastewater was small, and it was not present at 250 
o
C, as 

also shown in Table 3.3. For acetic acid, it can be detected within the range 100–200
 o
C. 

As to levulinic acid, it was first detected at 250 
o
C. Mursito et al. [15] analyzed the 

wastewater obtained from HT of raw peat, and reported that the wastewater contains 

glyceraldehydes, acetic acid, and levulinic acid. Changes in sugar compounds, organic 

acid, and aldehyde indicate that organic matter in the treated lignite underwent some 

decomposition during HT process.  

Table 3.3 The amount of organic matter in the wastewater produces determined by HPLC 

Amount (wt.%) Glucose Xylose Glyceraldehyde Acetic acid Levulinic acid 

HT100 0.84±0.60 0 0.01±0.01 0.02±0.02 0 

HT150 7.61±0.81 0 0.15±0.03 1.61±0.35 0 

HT200 12.49±2.47 0 0.17±0.11 5.05±3.50 0 

HT250 7.56±2.05 2.94±2.04 0 0 0.003±0.001 

 

3.3.3 Solid products 

3.3.3.1 Changes in functional groups through HT and HT–ME processes  

Oxygen-containing functional groups on the surface of lignite play an important role in 

lignite–water interactions by providing active sites for the adsorption of water. Shown in 

Fig. 3.4 are DRIFT spectra of raw lignite and the treated samples obtained by HT or HT–

ME at varying temperature. The relative intensity of the bands at 1780 cm
–1

, which can 

be attributed to the carbonyl stretching vibration of carboxyl groups C=O [25,26], 

gradually decreased, suggesting the decomposition of carboxyl groups, which is in 
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agreement with the results of Table 3.4. The bands at around 1690 cm
–1

 revealed the 

presence of ketone carboxyl band C=O groups [15]. The increase in its relative intensity 

of peak is probably due to the reaction between side chains of oxygen-containing 

functional groups during dewatering process under N2 atmosphere. An aromatic C=C 

stretch at 1520 cm
–1

 changed slightly in relative intensity with increasing temperature, 

suggesting decomposition or formation of aromatic hydrocarbons was negligible for 

temperature lower than 250 
o
C under N2 atmosphere. Murakami et al. [27] also showed 

that aromatic ring structures appear to decompose very slowly up to 250 
o
C. The 

assignment of 1360 cm
–1 

is C–H bond of –CO–CH2– or –CO–CH3 [28,29]. Its relative 

intensity sharpened gradually with temperature, which is consistent with the changes in 

the band at ca. 1690 cm
–1

. It can also be noted that the difference in DRIFT spectra was 

hardly found between HT and corresponding HT–ME solid products. Overall, it can be 

concluded that the changes in functional groups is the result of decomposition during 

dewatering process. 
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Fig. 3.4 DRIFT spectra of: (a) hydrothermally treated LY lignite; (b) hydrothermally coupled with 

mechanically expression treated LY lignite. 1780 cm
–1

: carboxyl groups C=O groups; 1690 cm
–1

: 

ketone carboxyl band C=O groups; 1520 cm
–1

: aromatic C=C stretch; 1360 cm
–1

: C–H bond of –CO–

CH2– or –CO–CH3 
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Table 3.4 Concentrations of carboxyl groups and total acidity of all of the samples (mmol/g, dry basis) 

Sample –COOH Total acidity Phenolic hydroxyl groups 

Raw 1.74±0.10 6.95±0.02 5.21±0.11 

HT50 1.63±0.26 6.80±0.02 5.17±0.22 

HT100 2.00±0.16 7.23±0.07 5.23±0.14 

HT150 1.54±0.11 6.03±0.39 4.49±0.24 

HT200 1.45±0.05 5.87±0.10 4.42±0.47 

HT250 0.78±0.10 3.40±0.31 2.77±0.36 

RLME 1.98±0.09 6.97±0.04 5.00±0.05 

HT50–ME 1.71±0.12 6.95±0.11 5.24±0.23 

HT100–ME 1.83±0.06 7.01±0.06 5.18±0.06 

HT150–ME 1.60±0.13 6.74±0.26 5.14±0.14 

HT200–ME 1.40±0.14 5.81±0.02 4.41±0.13 

HT250–ME 0.88±0.13 2.95±0.27 2.07±0.33 

 

        Because acidic groups (carboxyl and phenolic hydroxyl groups), especially, 

carboxyl groups [3], are the main hydrophilic groups in lignite and one of the primary 

factors influencing the high water content in lignite [10,11], quantitative determination of 

carboxyl, phenolic hydroxyl groups, and total acidic groups is shown in Table 3.4. It can 

be seen that carboxyl groups changed a little below 200 
o
C and drastically decomposed 

above 200 
o
C. Similar results have been reported by other researchers [4,26]. At 250 

o
C, 

ca. a half of carboxyl groups was eliminated. Up to 200 
o
C, the number of carboxyl 

groups reached the maximum value at 100
 o

C and then decreased. As can be seen from 

TOC and HPLC results, some dissolved organic compounds were released including 

some dissolved carboxyl groups. Furthermore, the number of carboxyl groups can be 
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reduced by decompostion. Concentration of carboxyl groups is the ratio of the number of 

carboxyl groups to the weight of total organic compounds of lignite. Therefore, the 

changes in the concentration of carboxyl groups are mainly associated with the removal 

of dissolved organic compounds below 100 
o
C, and the small but steady decrease in the 

concentration of carboxyl groups can be mainly attributed to the dissolution and 

decomposition of carboxyl groups above 100
 o
C. When temperature was increased to 250

 

o
C, a significant decrease in the concentration of carboxyl groups was observed because 

of the drastic decomposition of carboxyl groups. From the GC result, it can be known 

that CO2 was first detected at 200 
o
C, which is the product of the decomposition of 

carboxyl groups. However, from Table 3.4, it can be known that carboxyl groups started 

to decompose at temperature lower than 200 
o
C. Maybe this is because at low 

temperature H2O is produced as the result of the decomposition of carboxyl groups and at 

high temperature the product is CO2. Murray et al. [4] reported that the products of the 

decomposition of carboxyl groups are probably CO2. However, based on Miura et al. [30], 

H2O can be formed during the decomposition process of carboxyl groups. It should be 

stressed that changes in the concentration of carboxyl groups of samples treated by HT 

and HT–ME were slight, suggesting that the subsequent ME at 110 
o
C under atmosphere 

condition has a little effect on the concentration of acidic groups. Furthermore, changes 

in phenolic hydroxyl groups and total acidic groups were similar to that of carboxyl 

groups.  

3.3.3.2 Changes in proximate and ultimate analyses through HT and HTME 

processes 
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   Table 3.5 shows the changes in proximate and ultimate analyses of all of the samples. 

Lignite contains a large amount of volatile matter, and is also easily susceptible to 

devolatilization. It can be seen from Table 3.5 that volatile matter and ash contents of the 

sample HT50 changed only slightly relative to raw lignite. Up to a temperature of 100 
o
C, 

contents of the volatile matter and ash of samples treated by HT and HT–ME reached 

their maximum values. The increase is probably because that some soluble organic matter, 

which is in the form of fixed carbon (e.g., some low molecular weight aliphatic 

compounds), is removed during dewatering process.  

At the temperatures of 100–250 
o
C, the volatile matter contents decreased with 

increasing temperature for HT and HT–ME treated samples, indicating volatile matter 

started to be released at 100 
o
C. As to ash contents of HT and HT–ME treated samples, 

they decreased gradually at temperature from 100 to 200 
o
C because of the dissolution of 

inorganic and organic compounds during dewatering. More specifically, it is that the 

removal of inorganic matter surpasses that of organic matter. Then, ash content of HT250 

(HT250–ME) increased compared to that of HT200 (HT200–ME). From TOC and FT-IR 

results, it can be known that TOC values increased significantly and carboxyl groups 

decomposed drastically at the temperatures of 200250 
o
C. This suggests that a 

considerable amount of organic matter was removed, which will lead to corresponding 

gain in the ash content. Furthermore, the changes in volatile and ash contents between 

samples RLME and HT50–ME can be negligible, which is consistent with their similar 

water content removed from lignite. Compared to raw lignite, their volatile matter 

decreased and ash contents increased. This can be attributed to that a large amount of 

water is removed [Fig. 3.5(b)], which is accompanied by the great loss of organic matter.  
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Table 3.5 Proximate and ultimate analyses of all of the samples (wt.%) 

Sample Proximate analysis  Ultimate analysis (daf) 

 V daf FCdaf Ad C H N (O+S) (diff.) 

Raw 51.34±0.09 48.66±0.09 0.74±0.02 64.8 4.9 0.6 29.7 

HT50 51.20±0.37 48.80±0.37 0.80±0.06 64.2 4.9 0.6 30.3 

HT100 52.45±0.14 47.55±0.14 0.84±0.03 63.8 4.9 0.6 30.7 

HT150 51.45±0.03 48.55±0.03 0.71±0.01 63.8 4.9 0.6 30.7 

HT200 49.73±0.56 50.27±0.56 0.43±0.05 64.2 4.9 0.6 30.3 

HT250 49.06±0.62 50.94±0.62 0.72±0.02 66.5 4.8 0.7 28.0 

RLME 50.52±0.09 49.48±0.09 0.84±0.01 63.1 4.9 0.6 31.4 

HT50–ME 50.39±0.40 49.61±0.40 0.83±0.01 63.1 5.0 0.6 31.3 

HT100–ME 51.08±0.20 48.92±0.20 0.85±0.01 63.0 4.9 0.6 31.5 

HT150–ME 50.62±0.16 49.38±0.16 0.70±0.01 64.0 4.9 0.6 30.5 

HT200–ME 49.25±0.38 50.75±0.38 0.61±0.02 65.6 4.6 0.7 29.1 

HT250–ME 49.28±0.11 50.72±0.11 0.75±0.02 66.2 4.7 0.6 28.5 

 

In generally, volatile matter contents of HT treated samples was higher than that of 

corresponding HTME treated samples but lower for ash contents, because more amount 

of water is removed by HT–ME relative to HT. The amount of removed organic and 

matter during HT–ME dewatering process exceeds that during corresponding HT process. 

Thus, these results were observed.  

For HT treated samples, the carbon content slightly decreased up to a temperature of 

100 C when compared with that of raw sample and then increased a little relative to that 

of HT100. The decrease is because some volatile matter is removed during dewatering 

(Table 3.5) and the increase is attributed to that the decomposition of oxygen-containing 
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functional groups increases with increasing temperature, which can reduce oxygen 

content. Furthermore, the contents of hydrogen and nitrogen kept almost unchanged. The 

same phenomena of HTME treated sample were also observed.  
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Fig. 3.5 Residual water contents of HT and HTME samples 

 

Fig. 3.5 presents residual water contents of HT solid products (stage 1 products) 

treated by the following ME (stage 2) decreased significantly compared to the 

corresponding HT solid products, indicating that the next ME is an effective dewatering 

method. Since changes, such as oxygen-containing functional groups, TOC values, and 

inorganic matter, are slight by HT in this temperature, the upgrading of HT solid products 

is not enough. Considering the contradiction between reducing the amounts of gaseous, 

wastewater products, and energy consumption and upgrading solid products, a 

temperature of 250 
o
C is close to optimum for HT process. In addition, residual water 

content of HT250ME was low (0.92%). In summary, HT–ME method described here 
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produced low water content solid products with using less water, releasing less 

wastewater for HT stage, and utilizing lower temperature for ME stage relative to 

conventional HT–ME.  

3.3.4 Microscopic description of HT–ME process  

Fig. 3.6 shows the simplified schematic diagram of the changes in gaseous, liquid and 

solid products obtained from HT–ME. Chemically and physically, lignite can be 

described as an average of one to two aromatic rings per cluster with macromolecular 

network and is highly porous [3,31]. The active sorption sites on the surface of lignite 

that significantly affect the amount of water in lignite main are carboxyl groups and 

carboxylate [3,32]. It is known that some organic matter and inorganic ions dissolve in 

the water of lignite. Furthermore, interfacial water is difficult to be removed because it 

likely to condense in micropores and/or bind to active sorption sites via specific 

interaction such as hydrogen bonds and its layer is around one to two, and non-interfacial 

water includes free water (without specific interaction with lignite matrix) and bound 

water (condensed in capillary; Chapter 2). According to these, sketch of lignite was 

drawn, as shown in the part of magnified sketch of sample in Fig. 3.6. When lignite is 

treated by HT at temperature lower than 173 °C, the main removed water is non-

interfacial water (Section 2.3.1). Meanwhile, organic matter, containing glucose, 

glyceraldehydes, and acetic acid, dissolved in the water of lignite are leached out along 

with the removal of water from lignite. As to inorganic matter, most Na
+
 and K

+
 are 

removed in this temperature range, and the total amounts of Na
+
 and K

+
 in wastewater 

increase significantly from 100 to 150 
o
C and then change slight with increasing 

temperature. Total acidity (carboxyl and phenolic hydroxyl groups) in lignite starts to be 
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dissolved and decomposed at 100 
o
C where its concentration reaches the maximum value 

(Table 3.4) and volatile matter begins to be released also at 100
 o

C where their mass 

percent is the maximum value (Table 3.5). As to HTME samples, their residual water 

contents are lower than 5% which are lower that the interfacial water content [8.74%, Fig. 

3.5(a) and Section 2.3.1] and the remaining water in HT treated samples at temperature 

lower than 173 °C was non-interfacial and interfacial water. Thus, the subsequent ME 

treatment in this temperature range leads to the release of all of the non-interfacial water 

and a large proportion of interfacial water. At the same time, organic and inorganic 

compounds are also removed based on the changes in contents of volatile matter and ash. 

The subsequent ME treatment affects the number of acidic groups little. Moreover, 

devolatilization results in the loss of volatile matter in lignite during the subsequent MT 

process. With further increasing the HT processing temperature from 173 to 250 
o
C, 

interfacial water is the main form of water removed (Section 2.3.1). Organic matter 

continues to be leached out, and new organic matters (xylose and levulinic acid) are first 

detected at 250 
o
C. The total amount of Mg

2+ 
significantly increases up to 200 

o
C and 

then changes little, and the total amount of Ca
2+

 removed
 

increases within this 

temperature range. Besides, decarboxylation results in the detection of CO2 in gaseous 

products by GC. For the subsequent ME treatment in this temperature range, interfacial 

water is the main type of water released. Residual water content of sample HT250–ME is 

0.92%, and the remaining water in HT treated samples at temperature higher than 173 °C 

includes interfacial water, meaning that the subsequent ME treatment in this temperature 

range leads to the removal of interfacial water. Organic and inorganic compounds, acidic 
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groups containing carboxyl and phenolic hydroxyl groups, and volatile matter are 

continued to be released during the following ME treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3.6 Simplified schematic diagram of the changes in gaseous, liquid, and solid products obtained 

from HT–ME 

Note: 
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In this study, considering the contradiction between reducing the amounts of gaseous 

and wastewater products and upgrading solid products, a temperature of 250 
o
C is close 

to optimum for HT process without adding extra water. The subsequent ME treatment at 

110 
o
C under atmosphere condition can reduce the residual water content to 0.92%. HT–

ME method described here produced low water content of solid products with using less 

water, releasing less wastewater at HT stage, and utilizing lower temperature at ME stage 

compared with conventional HT–ME. 

At temperatures (T ≤ 173 °C), the main removed water was non-interfacial water. 

Meanwhile, most monovalent cations (Na
+
 and K

+
) were removed from lignite in this 

temperature range, and the total amounts of Na
+
 and K

+
 in wastewater increased 

significantly from 100 to 150 
o
C and then changed slight with increasing temperature. 

Acidic groups containing carboxyl and phenolic hydroxyl groups in lignite first dissolved 

and decomposed at 100 
o
C. Furthermore, volatile matter released was also observed. 

Non-interfacial and interfacial water left after HT were removed by the following ME 

treatment, and organic and inorganic compounds were also removed. There were little 

effects of the subsequent ME treatment on the concentration of acidic groups. As to 

volatile matter, its loss can be attributed to devolatilization. At temperatures (173 < T ≤ 

250 °C), the main released water was interfacial water. The amount of removed organic 

compound began to significantly increase at 200 °C. As to inorganic matter, most 

divalent cations (Ca
2+

 and Mg
2+

) were leached out in this temperature range. The total 

amount of Mg
2+

 in wastewater increased apparently up to 200 
o
C then changed little with 

increasing temperature, and the total amount of Ca
2+

 increased apparently up to 250
 o

C. 

Furthermore, one explanation for the detection of CO2 in gaseous products is 
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decarboxylation. For the following ME treatment in this temperature range, the main 

removed water was interfacial water.  
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CHAPTER 4 

Effects of hydrothermal treatment coupled with mechanical expression 

on equilibrium water content of Loy Yang lignite and mechanism 

4.1 Introduction 

  Water re-adsorption is placed in a separate chapter to explore its mechanism. Water re-

adsorption is an important parameter to characterize dewatering and upgrading effect and 

its mechanism can provide useful guidelines for the targeted control of the water re-

adsorption of lignite and its storage.  

  Dried lignite is easy to re-adsorb water under atmosphere environment, which can be 

attributed to relative humidity (RH) of atmosphere environment and some physico-

chemical properties of lignite. It is well known that RH changes with time, temperature, 

pressure, location, and so on. Thus, it is essential to investigate the mechanism of 

equilibrium water content (EWC) in lignite at different RHs.  

Valuable works on the EWC behavior of lignite have been presented. These studies 

showed that there are many factors [e.g., oxygen-containing functional groups, residual 

water content (RWC), pore volume, and RH] that affect EWC of dewatered lignite 

[113]. Early work was based on the measurement of adsorptiondesorption isotherms of 

water, and water in lignite can be categorized into free, capillary, multilayer, and 

monolayer water, which is the basis for the scientific studies today [7,8]. Generally, 

monolayer and the second layer of adsorbed water roughly belong to non-freezable water 

[9]. Other multilayer and capillary water are called bound water. Schafer [10] studied the 

effects of carboxyl and phenolic hydroxyl groups on the EWC and found that the EWC 



Chapter 4. Effects of hydrothermal treatment coupled with mechanical expression on equilibrium 

water content of Loy Yang lignite and mechanism 

88 
 

depends primarily on the carboxyl groups and, to a lesser extent, on the phenolic 

hydroxyl groups. Further research [11] showed that water adsorption is assumed to occur 

on the active adsorption sites, and carboxyl groups are the preferential active adsorption 

sites on the surface of lignite when compared with the other oxygen-containing functional 

groups. Correlation between the RWC of Loy Yong lignite dewatered by mechanical 

thermal expression and the EWC at RH=96% was investigated by Hulston et al. [3], who 

found that the EWC increases with increasing RWC. This is because the difference 

between the internal water content of sample and water vapor in the external environment 

determines the ultimate steady state [12]. Furthermore, during dewatering process, the 

pore structure may collapse, become cross-linked, or shrink, which leads to significant 

change in water adsorption capacity of dewatered lignite [13]. Yang et al. [14] reported 

that the change in mesopore is the main factor that influences the EWC of dewatered 

lignite.  

    Numerous studies showed that dewatered lignite with different RWCs either re-adsorb 

or evaporate water at various RHs [615]. As reported by Shigehisa et al. [6] and 

Charrière et al. [15], adsorption process includes three steps. (1) Adsorption on active 

adsorption sites; (2) formation of water clusters; and (3) pores filling of water clusters 

and capillary condensation in narrow pores. As to evaporation process, the relative 

difficulty of removing different types of water is in the order: free water  capillary water 

 multilayer water  monolayer water [8,16].  

Although some studies on the performance of EWC of lignite have been published 

[1115], there are little detailed analysis of the phenomenon. Systematical investigation 

of this can provide useful guidelines for the targeted control of the water re-adsorption of 
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lignite and its storage. In this study, Loy Yang (LY) lignite was treated by hydrothermal 

treatment (HT) and HT coupled with mechanical expression (HTME). We detailedly 

reported the influence of carboxyl groups, monolayer water content, mesopore volume, 

and RWC on the EWCs at various RHs. Of particular interest was the analysis of the 

changes in the mechanism with increasing RH. 

4.2 Experimental  

4.2.1 Sample 

Sample is the same as Section 2.2.1. 

4.2.2 Hydrothermal treatment  

The as-received raw lignite (about 6 g) was placed in a steel filter ( = 60 m), and 

three of the steel filters were fixed in the middle of a 0.5 L batch-type reactor that was 

equipped with an automatic temperature controller and had a maximum temperature of 

400 
o
C and a maximum pressure of 30 MPa (MA22, Taiatsu Techno, Japan; Fig. 2.1). In 

order to remove air, N2 gas was flushed through the sealed system, which was then 

pressurized to 1.5 MPa with N2 gas at room temperature. A series of hydrothermal 

treatments were conducted at 50, 100, 150, 200, and 250 
o
C for 40 min at an average 

heating rate of ca. 5 
o
C/min. Products, which were referred to as HT50, HT100, HT150, 

HT200, and HT250, were collected after the reactor was cooled to room temperature.  

4.2.3 Hydrothermal treatment coupled with mechanical expression 

HT solid products and raw lignite were placed in the fixed regions of filter papers so 

that the sizes of samples treated by the next ME are the same. A small press machine 

(AH-2003, ASONE, Japan; Fig. 3.1) was heated to a prescribed temperature (110 
o
C). 
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After confirmation that the temperature had reached the desired value, mechanical 

pressure of 6 MPa was applied to the samples by the small press machine for 20 min 

under atmosphere environment. For brevity, the treated samples are named as HT50–ME 

and the like. We refer to raw lignite directly treated by ME as RLME.  

4.2.4 Residual water content, water content, and equilibrium water content 

determination 

Samples (ca. 1.00 g) were separately placed in weighing bottles (m1, mass of the 

weighing bottle, lid, and sample). Then, the open weighing bottles were positioned in a 

desiccator with one of a set of saturated salt solutions inside. The desiccator was placed 

in a 25
 o

C room, and each saturated salt solution can maintain a specific RH, as shown in 

Table 4.1. RH was measured by hygrometer. After several hours the weighing bottles 

were taken out, closed with lids, and weighted (mi). Experiments were repeated until 

reaching the equilibrium (mi,e), and water content is called EWC in such a case. The 

RWC and EWC of sample were measured by the method used in our previous work [17]. 

In brief, after reaching equilibrium, weighing bottles without lids were placed in an oven 

(WFO-50, Eyela, Japan) at 105 °C. After 6 h, the weighing bottles were taken out, cooled 

in a desiccator, and weighed with lids (mb). The RWC of the total weight (tw) of sample 

was calculated using  

 RWC (%, tw) = [(m1 − mb)/(m1  mw)] × 100%,                                   (1) 

where mw is the mass of the weighing bottle and lid. 

The water content of the total weight (tw) of sample was calculated using  

Water content (%, tw) = [(mi  mb)/(mi  mw)] × 100%                        (2) 

EWC of the total weight (tw) of sample was calculated using  
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EWC (%, tw) = [(mi,e  mb)/(mi,e  mw)] × 100%                                  (3) 

EWC of lignite of 100 g, on a dry (d) basis, was calculated using 

    EWC (g/100glignite, d) = {(EWC (%, tw)/[100−EWC (%, tw)]} × 100          (4) 

The experiments were repeated three times. 

Table 4.1 RH of saturated salt solution at 25 
o
C measured by hygrometer 

Salt solution LiBr LiCl K2CO3 KNO3 K2SO4 

RH (%) 6 10 42 92 97 

 

4.2.5 Characterization 

    The number of carboxyl groups was measured by an improved barium exchange 

technique [18]. Mesopore (pores 2 to 50 nm diameter) volume was calculated based on 

N2 gas adsorptiondesorption isotherms, which were measured by a high 

precisionspecial surface area/pore size distribution unit (BELSORPmax, BEL, Japan) 

using Barrett, Joyner, and Halenda proposed method, BJH method. For N2 

adsorptiondesorption experiment, pretreatment under vacuum at 110 
o
C for 15 h was 

performed to remove the adsorbed gases. All experiments were performed at least two 

times. 

4.3. Results and discussion 

4.3.1 Analysis of factors that control EWC at various RHs  

To investigate the relationship between RH and EWC, EWCs variations against all of 

the RHs are shown in Fig. 4.1. These isotherms can be divided into three regions. The 

slope of region 1 (RH  10%) is greater than that of region 2 (10  RH  92%), 

suggesting a stronger monolayer adsorption capacity. The higher monolayer adsorption 
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capacity can be attributed to that monolayer water molecules interact with the surface of 

lignite by hydrogen bonds with the adsorption active sites. As mentioned above, 

hydrophilic carboxyl groups act in the primary active adsorption sites, which have a 

greater affinity to chemically bind the water. With increasing RH, a decreased slope is 

observed in region 2 because the extra adsorbed water is in the form of bound water. The 

amount of bound water is mainly determined by the amount of monolayer water and 

mesopore volume. The lower adsorption capacity in region 2 is because waterwater 

bonding energy and capillary force are smaller than the bonding energy of hydrogen 

bonds. As the RH increased further, the increased slope of region 3 (RH  92%) 

corresponds to more free volume allowing the filling of more amount of free water. The 

division is coincident with Allardice et al. [19], Fei et al. [20], and Charrière et al. [15], 

who reported that the factors that control water adsorption at RHs lower than 92% differ 

from those that control the extra water adsorbed at RHs higher than 92% [19]; there is a 

good linear correlation between the EWCs at RHs=11, 32, and 51% [20]; and adsorption 

process of water vapor in coal with increasing RH includes four stages, and the slopes of 

the second and third stages are similar [15]. The factors that control EWCs at different 

RHs are systematically discussed later (Sections 4.3.1.1, 4.3.1.2, and 4. 3.1.3).  
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Fig. 4.1 EWCs of all of the samples at various RHs. EWC (%, tw): EWC of the total weight (tw) of 

sample 

 

It is interesting that for raw lignite and HT50, there was the non-linear correlation 

between the EWCs and RHs=10, 42, and 92%. Fig. 4.2 shows the effect of time on water 

content at RH=92%. As can be seen, raw and HT50 dewatered at RH=92% [Fig. 4.2(a)]. 

Furthermore, RWCs of raw lignite and HT50 were 57.47 and 50.22%, respectively, 

which were significantly relatively high. It also known that free water is the most easily 

removed one among all types of water. These indicate that the removed water was mainly 

in the form of free water for raw and HT50. Meanwhile, for sample of HT100, its water 

content changed slightly with time. However, the other HT treated samples and HTME 

treated samples re-adsorbed water under the same condition (Fig. 4.2). The EWCs of raw 

lignite and HT50 at RH=92%, whose values were 31.03 and 31.50%, respectively, were 

apparently higher than that of HT100, HT150, HT200, and HT250, whose values were 

22.70, 14.96, 10.81, and 8.72%, respectively. On the basis of the above analyses, the 
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forms of EWCs at RH=92% for raw lignite and HT50 include fractional free water 

besides bound water. Consequently, one possible explanation of the changed slope in the 

RH range of 4292% is that the existing water includes fractional free water besides 

bound water for raw lignite and HT50, while the other samples just contain bound water.  
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Fig. 4.2 Effects of time on water content of HT treated samples at RH=92%. Water content at 0 h is 

RWC 

 

As to HTME treated samples, their changes in EWC with increasing RH were similar 

to those of HT treated samples at temperature higher than 100
 o

C. Note that the slope of 

HTME250 at RH below 10% is extraordinary relative to the other HTME samples in 

the same RH range, which can be attributed to that the measurement uncertainty in EWC 

of HTME250 at RH=6% is greater than those of the others because in this narrow RH 

range EWC of HTME250 sample changes more slightly compared with the others. 

It was also observed that EWCs at all of the RHs decreased with increasing processing 

temperature of HT and HTME. EWCs of samples obtained from HTME were lower 
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than those of samples obtained from HT, which suggests that HT and HTME can 

upgrade the lignite by reducing water loading capacity and HTME was better than HT. 

At low RHs (RH  10%), the factor that controls EWC is water moleculesactive sites 

interactions (Detailed analysis is shown in Section 4.3.1.1). Therefore, the decrease in 

EWC with increasing temperature of HT and HTME within low RH range is because of 

the decrease trend in the concentrations of carboxyl groups (Table 4.2). The difference 

between EWCs of HT and HTME treated samples at low RHs was not significant due to 

the slight changes in carboxyl groups between HT and HTME samples. At medium RHs 

(10  RH  92%), the effects of the amount of monolayer water and mesopore volume on 

EWC are important (Detailed analysis is shown in Section 4.3.1.2). Thus, the difference 

between EWCs of HT and HTME treated samples at medium RHs became more clearly, 

which can be attributed to mesopore volumes of HTME samples are smaller than those 

of corresponding HT samples (Table 4.2). At high RHs (RH  92%), EWC is strongly 

influenced by the comprehensive factors including total volume of macropores and 

cracks, the size of spaces between the particles, the concentration of carboxyl groups, and 

interaction between water molecules (Detailed analysis is shown in Section 4.3.1.3). 

Hence, the changes in EWC with increasing temperature and the lower EWCs of HTME 

samples relative to HT samples are dependent on the factors that affect EWC in this RH 

range. 
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Table 4.2 Concentrations of carboxyl groups and mesopore volumes of all of the samples 

      Sample  Carboxyl groups (mmol/g, d) Mesopore volume (cm
3
/g, d) 

Raw 1.74±0.10  0.0076±6.810
-5

 

HT50 1.63±0.26  0.0084±3.210
-4

 

HT100 2.00±0.16  0.0109±6.410
-4

 

HT150 1.54±0.11  0.0073±4.510
-4

 

HT200 1.45±0.50  0.0092±3.110
-4

 

HT250 0.78±0.10  0.0040±1.010
-3

 

RLME 1.98±0.09  0.0111±2.410
-4

 

HT50–ME  1.71±0.12  0.0074±1.710
-4

 

  HT100–ME 1.83±0.06  0.0088±1.110
-4

 

HT150–ME  1.60±0.13  0.0068±8.910
-5

 

HT200–ME  1.40±0.14  0.0041±3.310
-5

 

HT250–ME   0.88±0.13  0.0041±2.410
-5

 

 

4.3.1.1 Analysis of factor that controls EWC at low RHs  

    The EWC at ca. RH=10% corresponds to monolayer adsorption water, which is not 

strongly related to the surface area but significantly influenced by the active adsorption 

sites on the surface of lignite [8]. Carboxyl groups are the primary active adsorption 

sites [10]. Furthermore, the slope of RHs lower than 10% is different from those of the 

other RH regions (Fig. 4.1). Therefore, the concentrations of carboxyl groups are plotted 

against the EWC at RH=10% for a quantitative discussion of the relationship between 

carboxyl groups and monolayer adsorption capacity, as shown in Fig. 4.3. The slope is 

1.31 with a moderately good correlation (R
2
=0.66), which means that each carboxyl 

group bound one to two water molecules to complete the monolayer adsorption. 
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Fig. 4.3 Relationship between carboxyl groups and EWC at RH=10% 

 

    Carboxyl groups are the preferential active adsorption sites of monolayer water 

adsorption. Meanwhile, other oxygen-containing functional groups (e.g., hydroxyl and 

carbonyl groups), whose water adsorption capacity is less significant compare with that 

of carboxyl groups, and cations-exchanged oxygen-containing functional groups (e.g., 

carboxylate and phenolate), which could result in a greater affinity for water relative to 

corresponding oxygen-containing functional groups, are also able to act as the active 

adsorption sites of monolayer adsorption [11,21]. In summary, carboxyl groups are the 

main factor that controls monolayer adsorption capacity but not the only one. Therefore, 

a moderately good correlation between carboxyl groups and EWCs at RH=10% was 

observed. 

4.3.1.2 Analysis of factor that controls EWC at medium RHs  
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The EWC at RH=42% is main in the form of multilayer water. Literature has 

proposed that water adsorption is involved at active adsorption sites on the surface of 

lignite, which have high binding energies. Afterward, the monolayer water molecules 

occupied the active adsorption sites play the role of the secondary adsorption sites, 

having lower binding energies, because of water molecules interactions [13]. This 

phenomenon induces the formation of water clusters [15]. Charrière et al. [15] also 

concluded that after the adsorption of water on active adsorption sites on the surface of 

lignite, the surface is weakly hydrophilic. Actually, the amount of multilayer water is 

determined by monolayer water content. Therefore, the EWC at RH=10% is plotted 

against the EWC at RH=42% to investigate the effect of monolayer water on multilayer 

water, as shown in Fig. 4.4. The slope is 2.05 with a high correlation coefficient 

(R
2
=0.90), suggesting that ca. two multilayer water molecules were bound to each 

monolayer water molecule via waterwater interaction. At the RH, the amount of EWC is 

high enough to form water clusters around active adsorption sites.  
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Fig. 4.4 Relationship between EWC at RH=10% and EWC at RH=42% 
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Fig. 4.5 Effects of EWC at RH=10% and mesopore volume on EWC at RH=92% 
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A high correlation between the EWCs at RHs of 10% and 42% was found, but 

moderately good between the EWCs at RHs of 10% and 92% [R
2
=0.73, Fig. 4.5(a)]. A 

RH increase will lead to an increase in EWC with water clusters growing and pores 

filling, and the main type of the EWC at RH=92% in lignite is capillary water which is 

also affected by the mesoproe volume. Therefore, Fig. 4.5(b) plots EWC at RH=92% as a 

function of mesopore volume. It was found that the linear correlation between the EWC 

at RH=92% and mesopore volume decreased further (R
2
=0.49). These results are because 

the EWC at the RH is mainly determined by both monolayer water content and mesopore 

volume. However, other factors, such as capillary force and bonding energies between 

capillary water molecules, also have an effect on EWC. Furthermore, multilayer water 

also exists at the RH. As shown in Fig. 4.1 (big error bar), the measurement uncertainty 

in the EWC at RH=92% was greater than that at low RHs. Consequently, the 

comprehensive effect of the above factors finally leads to the results.  

Generally, there was a good linear correlation between EWC in the RH range 1092% 

(Fig. 4.1). However, based on the above analyses, the factor that control EWCs in the RH 

from 10 to 42% differs from that in the RH range 4292%. It is known that multilayer 

water exists in the RH range 1042% and the extra adsorbed water is in the form of 

capillary with further increasing RH. Allardice et al. [8] reported that the transition in the 

isosteric heat from capillary water to multilayer water is indistinct, which can be 

attributed that some overlap where the more-loosely-held multilayer water is desorbed 

simultaneously with capillary water held tenaciously in small pores. Furthermore, 

Multilayer (except the second layer) and capillary water are bound water [9]. These may 

be the reason for the same slope of the two RH ranges.  
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4.3.1.3 Analysis of factor that controls EWC at high RHs  

    As RH increases further, more water is being adsorbed on lignite, and finally EWC 

increases. In this stage, the increased EWC is in the type of free water which is contained 

in the places such as spaces between the lignite particles, macropores, and intraparticle 

cracks [22]. Meanwhile, forms of monolayer, multilayer, and capillary water also exist. 

Furthermore, the slope in the RH range higher than 92% changes (Fig. 4.1). Therefore, 

the factors that control EWC at high RHs changed. Based on the forms of water in lignite 

at high RHs and their influence factors, it can be concluded that these factors (e.g., total 

volume of macropores and cracks, the size of spaces between the particles, the content of 

carboxyl groups, and interaction between water molecules) significantly affect the EWC 

at high RHs. Because the comprehensive effect of these factors on EWC is very 

complicated, it is difficult to further discuss. 

4.3.2 Mechanism of EWC in lignite at various RHs 

The porous structure of lignite mainly comprises of mesopores and macropores [23] 

and the similar result that micropores of the lignite can be negligibly was found by 

adsorptiondesorption isotherms of N2 at 77 K (not shown). These suggest that EWC is 

greatly controlled by mesopores and macropores in porous structure aspect, which is one 

of the most important factors that influence EWC. Furthermore, spaces between lignite 

particles and intraparticle cracks also have a significant effect on EWC. Based on the 

results and discussion presented above, a mechanism of EWC in lignite at various RHs is 

proposed, as shown in Fig. 4.6. At low RHs, water molecules are bound to active 

adsorption sites on the surface of lignite and carboxyl groups are the preferential active 

adsorption sties. Each carboxyl group binds one to two molecules. This roughly falls in 
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the range of monolayer adsorption. The monolayer water is in the types of non-freezable 

water. Because the van der Waals diameter of a water molecule is ca. 0.3 nm [24], the 

thickness of the monolayer adsorption is about 0.3 nm [Fig. 4.6(a)]. With increasing RH, 

water molecules are associated with monolayer water molecules, which act in the 

secondary active adsorption sites. Each monolayer water molecule is occupied by ca. two 

multilayer water molecules via waterwater interactions, meaning the formation of water 

clusters [Fig. 4.6(b)]. The second layer water belongs to non-freezable water and the 

other multilayer water is a part of bound water. As the RH increases further, more water 

molecules are filled in mesopores, which causes the growth of water clusters and the 

continuous filling of mesopores [Fig. 4.6(c)]. The increased water in this RH range exists 

in the form of capillary water, a constituent of bound water. At high RHs, with increased 

EWC as a result of increased RH, the filling of spaces between lignite particles, 

macropores, and cracks occurs. The additional increased EWC is in the forms of free 

water [Fig. 4.6(d)].  

 

                             

 

 

 

 

 

Fig. 4.6 Simplified schematic diagram of the mechanism of EWC in lignite at various RHs 
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4.3.3 Effects of RWC on EWC at various RHs   

Shown in Fig. 4.7 is the relationship between EWCs at various RHs and RWCs. As 

can be seen, if the RWC of one HT treated sample was higher than that of another sample, 

its EWC showed a general trend of higher than that other sample at all of the RHs. The 

same relationship between EWCs and RWCs was also obtained for HTME treated 

samples. It is interesting that for a sample below a threshold residual water level (ca. 5 to 

16%), its EWC was higher than its RWC. This trend was generally observed. The 

opposite relationship was found for samples with RWC higher than 16%. However, for 

samples within the threshold, EWC can be either higher or lower than RWC depending 

on RH. The study of Hulston et al. [3] on samples with RWC higher than ca.16% showed 

that the EWCs at RH=96% are slightly lower than the RWCs in the RWC range of about 

1644%. Above a RWC of 44%, the EWCs at RH=96% is substantially lower than the 

RWCs. Similar results have also been reported by Vogt et al [1]. Compared with the 

previous works [1,3], we extended the ranges of RWC and RH, and found that the 

relationships between RWC and EWC below a RWC of 5%, within a threshold residual 

water level (ca. 5 to 16%), and above a RWC of 16% differ from each other, which is 

significant and can provide information for the operation of lignite dewatering technique, 

the control of its water re-adsorption, and storage. If RWC of a sample is below 5%, 

EWC of the sample will increase, indicating that water re-adsorption will occur under 

atmosphere condition during storage. Therefore, some measures should be taken to forbid 

the re-adsorption. If RWC of a samples is within a threshold level (ca. 5  16%), EWC of 

the sample will increase or decrease, suggesting that the sample will either re-adsorb or 

dewater depending on the RH in the locality. As a consequence, corresponding measures 
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should be taken according to the RH. If RWC of a sample is above 16%, EWC of the 

sample will decrease. Consequently, measures do not need to be taken. On the other hand, 

taking relationship between EWC and RWC and avoiding re-adsorption into account, 

some information for the extent of dewatering of lignite can be obtained in target-user 

location. 
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Fig. 4.7 Relationship between EWCs of HT and HTME treated samples at various RHs and 

RWCs. (a) HT treated samples. (b) HTME treated samples 

 

4.4. Conclusions 

    In the present work, EWCs at all of the RHs decreased with increasing temperature of 

HT and HTME, and EWCs of HTME samples were lower than those of 

corresponding HT samples, suggesting that HT and HTME can upgrade the lignite by 

reducing water loading capacity and HTME was better than HT. 
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At low RHs (RH  10%), the factor that controls EWC is water moleculesactive sites 

interactions and each carboxyl group is occupied by one water molecule. Within 10  RH 

 42%, monolayer water content is relative important and each monolayer water 

molecule binds ca. two multilayer water molecules. At medium RHs (10  RH   92%), 

the amount of monolayer water and mesopore volume are more important.. However, at 

high RHs (RH  92%), EWC is related to the comprehensive factors including total 

volume of macropores and cracks, the size of spaces between the particles, the amount of 

carboxyl groups, and interactions between water molecules. 

The relationship between RWC and EWC has a threshold residual water level (ca. 5 to 

16%). EWC was generally higher than RWC below a RWC of ca. 5% and the opposite 

relationship was observed in the RWC range above ca. 16%. Within the threshold, EWC 

can be either higher or lower than RWC depending on RH. These can provide 

information for the operation of lignite dewatering technology, the control of its water re-

adsorption, and storage.  
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CHAPTER 5 

Effects of hydrothermal treatment coupled with mechanical expression 

on combustion performance of Loy Yang lignite 

5.1 Introduction  

    Previous three chapters focused on effects of hydrothermal treatment (HT) and HT 

coupled with mechanical expression (HT–ME) on physicochemical properties. Now, 

lignite is primarily used for electricity generation at power stations located at or near a 

mine. In addition, the changes in physicochemical properties of lignite can lead to the 

changes in the combustion performance. Moreover, Investigation of the utilization in 

combustion aspect of HT and HT–ME treated samples help to evaluate upgrading effect 

of lignite. Therefore, changes in combustion performance are the subject of this chapter.  

The combustion performance of lignite for use in industrial pulverized coal furnaces 

can be investigated using thermogravimetric (TG) analysis. TG analysis is an effective 

and simple technique [1–9]. It provides a rapid quantitative method for examining the 

overall combustion process and estimating the effective kinetic parameters; these are 

useful in engineering design and economic assessment. The ignition temperature, peak 

temperature (Tp), burnout temperature, and maximum combustion rate (MCR) are 

generally used to characterize combustion [2–11]. The activation energy (E), which is 

associated with the energy barrier, the pre-exponential factor (A), which is related to the 

vibrational frequency of the activated complex, and the dependence on the extent of 

conversion (α) by the reaction model [ƒ(α)], which is regarded as the reaction mechanism, 

are used to analyze the combustion kinetics [2–11]. Many studies of the combustion 
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performance of lignite have been performed using TG analysis. In early studies, the 

combustion performance of lignite alone was studied [5–8]. Recently, researchers have 

focused on co-combustion of lignite and other substances such as coal gangue, sewage 

sludge, and chemical wastewater [9–11]. The combustion performance depends greatly 

on a number of factors such as the operating conditions (e.g., heating rate, reaction 

atmosphere, sample size, and water content of the sample) and physicochemical 

properties [e.g., specific surface area (SSA), pore volume, and amounts of volatile matter 

and char]. Different operating conditions can give different combustion characteristics 

and kinetic parameters. However, under the same conditions, TG analysis is a valuable 

tool for investigating changes in the combustion characteristics and kinetic parameters, 

which are useful for evaluating the combustion performance [2]. 

In this study, instead of conventional hydrothermal treatment (HT), HT without 

addition of extra water was performed; this reduces the amounts of wastewater and 

energy consumption. Solid samples obtained using HT were also treated using ME (HT–

ME) at 110 C under atmospheric conditions. Few studies have considered how the 

changes in the physicochemical properties caused by HT and HT–ME influence the 

combustion performance. In this work, TG analysis was used to investigate changes in 

the combustion performances of samples treated using HT and HT–ME with changes in 

the physicochemical properties, namely the SSA, pore volume, and amounts of volatile 

matter and fixed carbon. Non-isothermal thermogravimetry was performed at four 

different heating rates and the Kissinger–Akahira–Sunose (KAS) isoconversional method 

was used to calculate the kinetic parameters.  

5.2 Experimental  
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5.2.1 Sample  

    Sample is the same as Section 2.2.1. 

5.2.2 Hydrothermal treatment 

    Raw lignite (about 6 g) was placed in a steel filter ( = 60 m), and  three of the steel 

filters were fixed in the middle of the cylinder of a 0.5-L batch-type reactor  equipped 

with an automatic temperature controller with a maximum temperature of 400 °C and a 

maximum pressure of 30 MPa (MA22, Taiatsu Techno, Japan; Fig. 2.1). N2 gas was 

flushed through the sealed system to remove air. The reactor was then pressurized with 

N2 gas to 1.5 MPa at room temperature. A series of HTs were performed at different 

temperatures (150, 200, and 250 °C) for 40 min at an average heating rate of ca. 5 °C/min. 

The reactor was cooled to room temperature and the solid products were collected. The 

samples are denoted by HT150, HT200, and HT250 for HT temperatures of 150, 200, and 

250 °C, respectively.  

5.2.3 Hydrothermal treatment coupled with mechanical expression 

     The HT solid products and raw lignite were placed in fixed regions of filter papers to 

ensure that the sizes of the samples treated using ME were the same. A small pressing 

machine (AH-2003, ASONE, Japan; Fig. 3.1) was heated to a prescribed temperature 

(110 °C). When the desired temperature was reached, the machine was used to apply a 

mechanical pressure of 6 MPa to the samples for 20 min under atmospheric conditions. 

The treated samples were denoted by HT150–ME, HT200–ME, and HT250–ME, and raw 

lignite directly treated by ME was denoted by RL–ME. 
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5.2.4 Calculation of kinetic parameters 

    The isoconversional method does not depend on prior assumptions or any particular 

form of the reaction model. It has been proved to be effective and is highly recommended 

for kinetic analysis by the International Confederation for Thermal Analysis and 

Calorimetry (ICTAC) Kinetics Committee [5]. The principle of the isoconversional 

method is that the reaction rate at a constant α is a function of temperature only. The 

KAS method is one of the most popular isoconversional methods for determining thermal 

kinetic parameters because it is computationally simple and its accuracy is adequate for 

most practical purposes [5,12]. The KAS equation can be obtained from the literature 

[12]. Briefly, the Arrhenius law is 

                                  
  

  
    

  

  
 
   , (1) 

where α = (m0 − mi)/(m0 − m) is the extent of conversion (m0, m, and mi are the initial, 

final, and instantaneous mass, respectively); t is the combustion time (s); A is the pre-

exponential factor; E is the activation energy [J/(mol K)]; R is the gas constant [J/(mol 

K)]; and T is the temperature (K). The heating rate (C/min) is 

                                                               = dT/dt.  (2) 

Combining Eqs. (1) and (2) gives 
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Integrating Eq. (3) gives 
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where 

                                                             y = E/RT,  (5) 
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Truncating the series to the first-order approximation gives 
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The KAS equation can therefore be obtained by taking the logarithm of Eq. (4) and using 

Eq. (7): 
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The ICTAC Kinetics Committee recommends performing a series of three to five runs for 

calculation of reliable kinetic parameters [5]. The following form of the KAS equation is 

therefore frequently used: 

                                          
  

    
    

  

     
    

  

        
 
 

, (9) 

where i denotes various heating rates. T,i is the temperature at a given α at the ith heating 

rate. The second term on the right-hand side of Eq. (9) is a constant at a given α for 

different heating rates, based on isoconversional methods [12]. The E at each given α 

value (E) is determined from the slope of a plot of ln(  /    
 ) against 1/T,i at heating 

rates of 2, 4, 8, and 16 C/min. An example is shown in Fig. 5.1. Note that the 

experimentally determined E is appropriate to call an “effective”, “apparent”, “empirical”, 

or “global” E to stress that it can deviate from the intrinsic value of a specific individual 

step [5]. 
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 Fig. 5.1 An example of kinetics calculation by the KAS method. (a) Relationship between 

temperature and  of HT250ME. (b) curve of fitting to kinetic model by the KAS method to  = 

0.95 corresponding to the combustion of HT250ME at  = 2, 4, 8, and 16 C/min 

5.2.5 Characterization 

    The lignite water content was measured based on the fractional mass release during 

heating in an oven (WFO-50, Eyela, Japan) at 105 °C for 6 h. The ash content was 

calculated as the mass of waste remaining after treatment of the lignite in a furnace 

(TFM-2200, Eyela, Japan) at 815 °C for 2.5 h. The volatile matter was calculated as the 

mass release observed on heating in the furnace at 900 °C for 7 min. The SSAs, macro- 

and mesopore size distributions, and micropore size distributions were calculated using 

the Brunauer–Emmett–Teller, Barrett–Joyner–Halenda, and Horvath–Kawazoe equations, 

respectively, based on the adsorption isotherms, which were measured by N2 gas 

adsorption at 77 K using a high-precision SSA and pore size distribution analyzer (BEL-

Max, BEL, Japan). For the N2 gas adsorption experiments, pretreatment under vacuum at 

110 C for 15 h was preformed to remove adsorbed gases. TG tests were performed by 
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placing the sample (3 mg) in a platinum crucible on a thermal analyzer (2000SA, Bruker, 

USA). The samples were heated from room temperature to 600 C at a series of different 

heating rates (2, 4, 8, and 16 C/min) under an air flow rate of 25 mL/min. The 

characterizations were repeated at least twice. The morphologies of the samples before 

and after treatment were observed using scanning electron microscopy (SEM; VE-9800, 

Keyence, Japan). 

5.3 Results and discussion 

5.3.1 Effects of HT and HT–ME on pore size distribution 

    The pore structure has a significant effect on the combustion performance of lignite; 

the pore size distributions of all the samples are shown in Fig. 5.2. According to the 

International Union of Pure and Applied Chemistry classification, the diameter ranges of 

macropores, mesopores, and micropores are 50 nm, 2–50 nm, and 2 nm, respectively. 

The pore size range was divided into three regions, i.e., macro-, meso-, and micropore 

regions, to aid analysis of the pore size distribution data (Fig. 5.2).  
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Fig.5.2 Effects of HT and HTME on pore size distribution 
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Fig.5.3 Typical samples under SEM observation 

 

Fig. 5.2(a) and 5.2(b) show that the porosities of the macro- and micropores of HT150 

were lower than those of raw lignite, whereas the mesopore porosity was slightly higher 

than that of raw lignite. The porosities of the macro-, meso-, and micropores of HT200 

were higher than those of HT150, which were significantly higher than those of HT250. 

The porosity changes at temperatures below 200 C can be understood in terms of 

competition between development and collapse of pores. Pores develop because of 

opening and cross-linking of closed pores, as well as removal of organic matter during 

dewatering. The collapse of pores is caused by increases in the diameters of old pores and 

shrinkage forces caused by drying. Above 200 C, not only pore collapse but also 

disintegration of the macromolecular structure as a result of significant thermal 

Raw HT250 

RL-ME HT150-ME 
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decomposition occurs [1]. As a result of these two factors, the porosity of HT250 was 

markedly lower than that of HT200. 

Table 5.1 Effects of HT and HTME on combustion characteristic parameters and some 

physicochemical properties of all of the samples 

Sample Tc 

(
o
C) 

TP2 

(
o
C) 

MCR

(%/s) 

SSA 

(m
2
/g) 

Total volume 

of macro- 

and 

mesopore 

(cm
3
/g) 

M / [(g/g) 

100%]
a
 

A/[(g/g) 

100%]
a
 

V/[(g/g) 

100%]
a
 

FC/[(g/g) 

100%]
a
 

Raw 381 449 0.09 3.6±0.2 0.023±0.001 57.47±0.14 0.31±0.02 21.67±0.09 20.54±0.03 

HT150 405 460 0.15 3.0±0.5 0.018±0.001 15.85±4.11 0.60±0.01 42.99±0.03 40.57±0.02 

HT200 409 463 0.15 3.7±0.3 0.024±0.001 7.60±0.84 0.40±0.05 45.75±0.56 46.24±0.56 

HT250 415 463 0.17 2.2±0.3 0.010±0.004 5.87±0.71 0.68±0.02 45.85±0.62 47.61±0.59 

RL–ME 404 459 0.19 4.9±0.1 0.032±0.002 4.25±0.16 0.80±0.01 47.97±0.09 46.98±0.09 

HT150–ME 406 456 0.18 3.2±0.1 0.018±0.000 3.38±0.18 0.68±0.01 48.57±0.16 47.37±0.15 

HT200–ME 410 463 0.17 2.3±0.2 0.012±0.001 1.67±0.39 0.60±0.02 48.13±0.38 49.59±0.39 

HT250–ME 419 463 0.18 2.2±0.2 0.012±0.000 0.92±0.12 0.74±0.02 48.46±0.11 49.87±0.08 

a
 on the basis of the total mass of sample  

 

The porosities of the macro-, meso-, and micropores of the treated samples [(Fig. 5.2(c) 

and 5.2(d)) continuously decreased from RL–ME to HT250–ME. This is the result of the 

effects of compression during ME treatment and pore collapse. Note that the porosities of 

the macro-, meso-, and micropores of RL–ME were higher than those of raw lignite. The 

water content of RL–ME was low (Table 5.1). The release of water from closed and 

blind pores of RL–ME led to opening and linking of these pores [13]. As a result, the 

pore volume increased. Furthermore, the colloidal properties of raw lignite cannot be 

destroyed without HT. The effect of compression during ME treatment on the porosity, 

which can decrease the pore volume, was therefore negligible without HT. The 
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differences among the surface morphologies were examined using SEM; images of some 

representative samples are shown in Fig. 5.3. Figs. 5.2 and 5.3 show that the number of 

pore networks in RL–ME was higher than that in raw lignite because of pore 

development, whereas the numbers of pore networks in HT250 and HT150–ME were 

lower as a result of collapse, disintegration, and compression of pores. 

5.3.2 Effects of HT and HT–ME on lignite combustion characteristics 

    A large sample mass causes heat accumulation in the sample, therefore a small amount 

of sample is better for TG experiments. To obtain high-quality experimental data, a series 

of experiments using 2, 3, and 5 mg of lignite were performed to determine the most 

suitable sample mass; the results are shown in Fig. 5.4. The derivative TG (DTG) curve 

for 2 mg of sample contained too much noise. The 3 mg sample gave the best result. 

Therefore, this amount was used for subsequent experiments. 
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Fig.5.4 Effects of sample mass on TG and DTG curves 
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The combustion characteristics of lignite are usually investigated by TG analysis. The 

plot of mass against temperature (TG curve) clearly shows a gradual process of mass loss. 

The mass loss against temperature (DTG curve) plot provides the combustion rate. In the 

heat released against temperature plot [differential thermal analysis (DTA) curve], either 

exothermic or endothermic processes can be observed [14–17]. As mentioned in the 

Introduction, TG analysis under the same conditions is a valuable tool for comparing 

combustion characteristics. In this study, a heating rate of 8 C/min was used to 

investigate changes in the combustion characteristics. Combustion process was divided 

into three regions, based on the approximate start and end points of the DTA curves. An 

example of this method is shown in Fig. 5.5. The first region (T  150 C) mainly 

represents removal of water, and the second region (150  T  370 C) represents 

devolatilization and combustion of volatile matter. In the third region (370  T  490 C), 

burning of solid char formed by decomposition, polycondensation, solidification, and 

shrinkage of fixed carbon occurs, and continues until the ash level is reached. The higher 

the fixed carbon content, the higher the obtained char content will be. In this study, 

attention was primarily focused on regions 2 and 3. 

The combustibility of coal can be expressed in terms of Tc, Tp, and the MCR [2–11]. 

The definition of Tc in this study is taken from the literature [15]. In brief, as shown in 

Fig. 5.5, a vertical line is first made through the DTG peak point A, to meet the TG curve 

at point B. The tangent to the TG curve through point B and the initial baseline of the TG 

curve meet at point C. Tc is the corresponding temperature at point C. In the present work, 

Tc was in region 3, which corresponded to the initial temperature of rapid-weight-loss of 

char. The temperature of peak 2 (TP2) is defined as the point at which the rate of mass 
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loss is maximum (DTG curve), mainly because of char combustion. The rate of 

maximum mass loss at TP2 is called the MCR (Fig. 5.5). These combustion parameters 

and some physicochemical properties of all the samples are listed in Table 5.1. It should 

be noted that the pore structure of lignite consisted mainly of macro- and mesopores [18]. 

The total volume of macro- and mesopores (TV) without the micropore volume is given 

in Table 5.1. 
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Fig. 5.5 TG, DTG, and DTA curves of raw lignite at  = 8 C/min. Tc as the initial temperature of 

rapid-weight-loss of char, TP2 as the peak temperature of the 3rd region, MCR as the maximum 

combustion rate 

Tc depends on the amount and boiling point of volatile matter, the char content, and the 

speed of heat released by volatile matter and char combustion. The combustion of volatile 

matter plays a preheating role in char combustion. Char acts as a diffusion barrier for 

combustible components (e.g., oxygen and char) and a thermal insulation barrier [3]. The 

MCR is mainly determined by the char content, the accessibility of an oxidizer to the 
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active sites in the sample, and the SSA for oxidation [19]. These factors, which control Tc 

and the MCR, influence TP2.  

Table 5.1 shows that the Tc, TP2, and MCR values of raw lignite and the samples 

treated using HT and HT–ME varied greatly, suggesting that HT and HT–ME affected 

the combustion characteristics of lignite. Tc and TP2 are related to ignition property and 

are inversely proportional to the reactivity of lignite, i.e., the lower Tc (or TP2), the more 

reactive the coal is [20]. The Tc and TP2 values for the samples treated using HT and HT–

ME were significantly higher than those for raw lignite, and they increased with 

increasing processing temperature. This is because the raw lignite contains a relatively 

high amount of low-boiling-point volatile matter, which is released from the lignite at 

relative low temperatures, and a small amount of char (Table 5.1). After HT, the content 

of high-boiling-point volatile matter, which is removed at relative high temperatures, 

increased and the char in the treated samples led to increases in the Tc and TP2 values. 

For the samples treated using HT–ME, although the changes in their volatile matter 

contents were negligible, the char content increased slightly, i.e., the same phenomenon 

were observed as for the samples treated using HT and HT–ME. For the samples treated 

using HT and HT–ME, the amounts of high-boiling-point volatile matter and char 

increased slightly with increasing processing temperature; this is the reason for the slight 

increases in the Tc and TP2 values. In summary, the changes in Tc and TP2 indicate that 

HT and HT–ME can significantly decrease the reactivity of raw lignite and the 

reactivities of the treated samples gradually decrease as a result of these two processes.  

A comparison of the MCRs shows that the values for the samples treated using HT and 

HT–ME were higher than those for raw lignite, and the changes in the MCRs of the 
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treated samples with increasing temperature were negligible. A higher char content and 

larger SSA can provide more active sites, and increasing the TV can improve 

accessibility for the oxidizer. For RL–ME and HT200, the synergistic effect of the 

increases in char content, SSA, and TV relative to those of raw lignite resulted in higher 

MCRs compared with that of raw lignite. For the other samples, the increases in the 

MCRs can be attributed to competition between the increases in char contents and the 

decreases in the SSAs and TVs. In addition, the increased MCRs show that the 

combustion intensities of the samples treated using HT and HT–ME can be improved. 

The Tc and MCR values of the samples treated using HT–ME were slightly higher than 

those of the corresponding samples treated using HT. The TP2 values of the samples 

treated using HT–ME were similar to those of the corresponding samples treated using 

HT. These results suggest that HT–ME slightly changed the reactivity and combustion 

intensity of LY lignite compared with those obtained using HT. 

5.3.3 Effects of HT and HT–ME on lignite combustion kinetics  

Lignite combustion is a complicated process that generally involves removal of water, 

release and combustion of volatile matter, and char burning. The total mass loss in TG 

experiments is therefore the result of the combined changes in the amounts of water, 

volatile matter, and char. The ICTAC Kinetics Committee recommends that an α interval 

not greater than 0.05 should be used in the determination of E. An α interval of 0.05 was 

chosen in this work. E was calculated for α values of 0.20–0.95 because most solid-state 

reactions are not stable in the initial and final periods [12]. The E values calculated from 

plot slopes using the KAS method had high correlation coefficients (R
2
), as shown in 
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Tables 5.2 and 5.3. For raw lignite, the initial α value was 0.6 because at α < 0.6 removal 

of water occurs, which was not considered in this study.  

The changes in E with α, determined using an isoconversional method, show whether 

the sample combustion obeys multistep kinetics or single rate-limiting step kinetics, in 

which the mechanism involves several steps but one of them dominates the overall 

kinetics [5]. For raw lignite, the E value varied significantly with changes in α and the 

difference between the maximum and minimum values was 70.5 kJ/mol, which was more 

than 20–30% of the average activation energy (Ea). This suggests that the raw lignite 

combustion kinetics was multistep [5]. However, for the other samples, the E values did 

not vary significantly with α, indicating that these processes can be described by single 

rate-limiting step kinetics.  

 

Table 5.2 Combustion kinetic parameters of samples treated by HT calculated by KAS method 

Raw HT150 HT200 HT250 

 E(kJ/mol) R
2
 E(kJ/mol) R

2
 E(kJ/mol) R

2
 E(kJ/mol) R

2
 

0.20   94.4±3.5 0.967 101.2±4.0 0.993 96.7±9.3 0.985 

0.25   97.4±4.2 0.985 101.7±1.3 0.990 97.9±8.7 0.988 

0.30   98.3±3.7 0.993 102.4±1.1 0.987 100.6±8.3 0.988 

0.35   100.8±3.1 0.995 104.6±0.5 0.986 103.6±7.6 0.989 

0.40   104.2±2.9 0.996 107.9±0.1 0.986 106.2±6.6 0.989 

0.45   107.5±2.9 0.997 111.0±0.6 0.988 108.3±6.1 0.991 

0.50   110.8±3.1 0.997 112.9±1.2 0.990 110.1±5.3 0.991 

0.55   112.4±3.4 0.996 114.7±1.5 0.992 111.2±4.8 0.992 

0.60 63.8±1.3 0.973 113.2±3.4 0.994 115.2±2.1 0.994 111.2±4.2 0.992 

0.65 75.2±1.1 0.977 113.7±3.1 0.995 115.7±2.0 0.995 111.9±3.9 0.993 

0.70 87.5±3.2 0.980 114.7±2.2 0.995 117.2±2.0 0.996 113.0±3.9 0.994 

0.75 102.5±6.0 0.984 116.8±1.7 0.996 118.9±2.2 0.996 114.7±3.7 0.994 

0.80 116.7±8.7 0.988 119.3±2.2 0.996 121.7±2.6 0.996 115.6±4.3 0.993 

0.85 125.5±10.6 0.990 120.3±3.1 0.995 123.5±3.9 0.995 114.6±5.1 0.990 

0.90 130.5±10.8 0.991 119.0±4.1 0.991 123.7±5.8 0.994 112.3±5.1 0.988 

0.95 134.3±12.1 0.991 116.1±3.9 0.985 121.3±5.4 0.995 110.0±4.6 0.990 

(Ea)
a
 104.5±6.1  109.9±3.1  113.3±1.4  108.6±5.7  

a
 as average activation energy 
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Table 5.3 Combustion kinetic parameters of samples treated by HTME calculated by KAS method 

     

    Changes in E with α reflect general trends in the combustion process. The E values 

generally increased with increasing α. This is because combustion of low-boiling-point 

volatile matter changes to combustion of high-boiling-point volatile matter, where E 

gradually increases, and then changes to char burning with increasing α. The E of volatile 

matter combustion is lower than that of char [21,22]. This is consistent with the findings 

of Vyazovkin et al. [5], who reported that the E of fossil fuels increases with increasing 

α because the residual material becomes increasingly refractory. Furthermore, the change 

trends in the E values with α for HT200ME and HT250ME were smaller than those 

for the other samples. The changes in E with α reflect a change from combustion of 

volatile matter to char combustion. More low-boiling-point volatile matter is released 

from HT200ME and HT250ME, leading to an increase in E at low α values. Therefore, 

the differences between the E values of the volatile matter remaining in the samples and 

char decreased. As a result, the smaller change trends were found. The E of HT200ME 

RL–ME HT150–ME HT200–ME HT250–ME 

 E(kJ/mol) R
2
 E(kJ/mol) R

2
 E(kJ/mol) R

2
 E(kJ/mol) R

2
 

0.20 114.4±13.3 0.957 98.8±4.9 0.972 121.5±4.0 0.999 103.2±2.7 0.987 

0.25 91.1±24.2 0.941 99.8±2.4 0.976 117.5±5.6 0.999 102.2±1.0 0.988 

0.30 105.7±2.4 0.991 100.9±0.7 0.977 117.0±6.4 0.999 102.3±0.2 0.989 

0.35 104.6±1.2 0.993 103.7±1.0 0.979 118.3±6.6 0.999 103.9±0.1 0.990 

0.40 105.5±0.0 0.994 107.3±2.0 0.981 119.7±7.1 0.999 105.1±0.6 0.992 

0.45 107.3±1.0 0.996 110.5±3.0 0.983 121.2±7.6 0.999 106.7±1.4 0.994 

0.50 109.1±1.8 0.997 113.0±3.9 0.984 121.8±7.7 0.999 107.4±1.4 0.995 

0.55 110.3±2.0 0.997 115.0±4.3 0.985 120.9±6.7 0.999 107.4±1.6 0.996 

0.60 110.4±2.5 0.997 115.4±4.6 0.985 119.4±5.9 0.998 107.2±1.7 0.996 

0.65 109.5±2.7 0.996 115.8±4.5 0.986 119.1±5.3 0.998 108.0±1.7 0.996 

0.70 108.0±0.8 0.994 116.2±4.3 0.986 120.5±4.5 0.998 109.9±2.3 0.996 

0.75 108.8±0.9 0.996 118.5±5.0 0.988 119.7±8.4 0.995 112.1±3.0 0.996 

0.80 111.3±2.0 0.997 122.6±5.6 0.989 124.4±7.6 0.998 114.2±5.3 0.996 

0.85 116.7±1.8 0.998 127.0±6.6 0.990 125.6±9.1 0.998 115.5±8.4 0.994 

0.90 123.7±1.8 0.998 129.8±8.0 0.989 124.8±10.6 0.998 115.7±10.2 0.992 

0.95 128.4±7.6 0.998 128.3±9.7 0.984 123.4±10.3 0.998 114.4±8.9 0.991 

Ea 110.3±1.6  113.9±3.4  120.9±7.1  108.4±2.7  
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was higher than that of HT250ME; this can be explained by the effects of increased 

diffusion and formation of new lower-E char. A more detailed analysis of this point is 

provided later. 

The Ea values for the samples treated using HT and HT–ME (108.6–113.3 and 108.4–

120.9 kJ/mol, respectively) were higher than that for raw lignite (104.5 kJ/mol), 

indicating that HT and HT–ME can lower the overall reactivity in LY lignite combustion. 

For the samples treated using HT and those treated using HT–ME, the Ea values 

increased slightly and reached the maximum values for HT200 and HT200ME. This can 

be attributed to increases in the amounts of char carbon and high-boiling-point volatile 

matter (Table 5.1), leading to increased Ea values. The Ea values decreased for HT250 

and HT250ME. As we previously reported [23], the carboxyl group contents of HT200, 

HT250, HT200ME, and HT250ME were 1.45, 0.78, 1.40, and 0.88 (mmol/g, d), 

respectively. The char contents of HT250 and HT250ME, respectively, were higher than 

those of HT200 and HT200ME, respectively (Table 5.1). This suggest that more 

oxidizer from the external environment was required for HT250 and HT250ME than for 

HT200 and HT200ME. Furthermore, the TV of HT250 decreased significantly relative 

to that of HT200 and the TVs of HT250 and HT250ME changed slightly (Table 5.1). 

These factors increased the effect of diffusion on Ea. The E value for chemical control, 

i.e., control by a chemical reaction, is higher than that for diffusion, which involves 

physical control. This perhaps is one reason for the phenomenon. On the other hand, as 

shown in our previous study [23], glucose and xylose were found in a liquid product 

obtained using HT because lignite is low-rank coal and contains plant materials. Iryani 

[24] found that in HT above 200 C, 5-hydroxymethylfurfural (5-HMF) and furfural are 
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generated from the decomposition of glucose and xylose, respectively. Further 

conversions of 5-HMF and furfural above 240 C, e.g., 5-HMF polymerization, increase 

the amount of char [24]. Similarly, it is possible that some new lower-E char was formed 

for HT250 and HT250ME, which may be another reason for the decrease in Ea. In 

summary, HT can decrease the reactivity of LY lignite and ME can further slightly 

decrease the reactivity. 

5.4 Conclusions 

    The Tc and TP2 values for samples treated using HT and HT–ME were significantly 

higher than the corresponding values for raw lignite, and they increased with increasing 

treatment temperature. This is because the amounts of high-boiling-point volatile matter 

and char in the treated samples are higher than those in raw lignite, leading to increases in 

the Tc and TP2 values. The changes with increasing temperature in the amount and 

boiling point of volatile matter and the char content are small, resulting in only a slight 

increase in their Tc and TP2 values. The MCRs of the treated samples were slightly higher 

than that of raw lignite, and the MCRs did not change significantly with increasing 

temperature. This may arise from the overall effects of differences among the char 

contents, SSAs, and TVs.  

The combustion of raw lignite follows multistep kinetics, whereas the other samples 

follow single rate-limiting step kinetics. The Ea values of the treated samples were higher 

than that of raw lignite.  

The Tc, MCR, and Ea values of the samples treated using HT–ME were slightly higher 

than those of the corresponding samples treated using HT. In summary, HT and HT–ME 
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both decrease the reactivity and increase the combustion intensity of LY lignite, and the 

changes are slightly higher for HT–ME than for HT. 
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CHAPTER 6 

Experimental study on freeze drying of Loy Yang lignite and inhibiting 

water holding capacity of dried lignite 

6.1 Introduction 

Previous four chapters are fundamental and utilization investigations of hydrothermal 

treatment coupled with mechanical expression (HT–ME). In this chapter, freeze drying 

(FD) was used to examine non-interfacial and interfacial water contents determined by 

HT. Moreover, for HT and HT–ME, pores, residual water content, and oxygen-containing 

functional groups change simultaneously. As to FD, it affects oxygen-containing 

functional groups slightly and effects of pore volumes of the FD treated samples on water 

re-adsorption are not clear. Effects of FD on water re-adsorption was also investigated. 

Kerosene covering oxygen-containing functional groups by means of coating with 

different amounts of kerosene either by direct mixing or desiccator adsorption methods 

was used to study effects of oxygen-containing functional groups on water re-adsorption.  

The requirement, distribution, and characteristics of lignite and why lignite needs to be 

dewatered have been detailedly presented in Sections 1.1 and 1.2, respectively. Various 

drying and upgrading technologies have been developed to dry lignite. These can be 

grouped into two categories: evaporative and non-evaporative drying [17]. Detailed 

information is shown in Section 1.4. FD is another alternative dehydration technique, 

which is widespread and plays an indispensable role among various drying techniques 

[813]. Its general operation process, advantage, and disadvantage have been given in 

Section 1.4.1.  
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A study of drying kinetics has significantly academic and practical meanings for the 

design of a lignite drying system. Thin-layer empirical equations are widely employed to 

investigate the drying process mainly because these empirical models do not need 

assumptions in mass diffusivity, geometry, and conductivity aspects [1417]. Zhao et al. 

[15] investigated the effects of mineral matter on the drying kinetics of lignite using thin-

layer models and argued that high-ash lignite reveals more promising drying kinetics with 

lower activation energy than does low-ash lignite. Pickles et al. [16] and Tahmasebi et al. 

[17] obtained the drying kinetics of low-rank coal in the microwave and using a 

superheated steam fluidized-bed.  

Another problem related to water in lignite is that dewatered lignite easily re-adsorbs 

water, which has a negative effect on its storage and causes a loss of the drying effects. 

There are many factors that influence the water re-adsorption capacity of dried lignite, 

such as oxygen-containing functional groups, pore structure, the diffusion force between 

the internal water content in the sample and the water vapor in the external environment, 

and the storage environment. Shigehisa et al. [18] and Choi et al. [19] reported that the 

water re-adsorption content of dried lignite is reduced markedly by coating with asphalt. 

The asphalt was coated during coal-oil slurry dewatering, which mixed kerosene 

containing a small amount of asphalt with the raw lignite to produce the slurry. Although 

the kerosene was recovered by heating, there was still a certain amount of kerosene that 

remained in the pores and on the surface of lignite and the authors did not focus on this. 

Coating with different amounts of kerosene to prevent water re-adsorption is discussed in 

this study. 

6.2 Experimental  
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6.2.1 Sample 

 Sample is the same as Section 2.2.1. 

6.2.2 Freeze drying treatment 

Raw lignite (6 g) was placed in a FD flask (diameter of 7 cm and height of 7 cm). Then, 

the FD flask was connected with a laboratory freeze-dryer (FDU–1200, EYELA, Japan). 

Its temperature and pressure had already been reduced to ca. 45 C and 10 Pa, 

respectively. A series of FD treatments were performed at a temperature of about 45 C 

and a pressure of approximately 10 Pa with different times (1, 2, 3, 4, and 6 h). Samples 

were labeled as FD1, FD2, FD3, FD4, and FD6, respectively. 

6.2.3 Coating with kerosene by direct mixing  

  A 1 g sample of FD4 was directly mixed with kerosene in a beaker. A series of mixing 

experiments were performed at different mass ratios of kerosene to FD4 (2.5, 5, and 

10%). The samples are called FD4KM2.5, FD4KM5, and FD4KM10, respectively. 

6.2.4 Coating with kerosene by adsorption  

    Sample FD4 (1 g) was placed into a Petri dish (diameter of 8.3 cm) and finely 

separated. The Petri dish was put in the upper part of a desiccator, the bottom of which 

contained kerosene. After a given time (1 min, 1 h, and 12 h), the Petri dish was taken out 

and measured. The mass ratios of kerosene to lignite were 0.7, 2.0, and 4.0% for the 

adsorption times of 1 min, 1 h, and 12 h, respectively, which were referred to as 

FD4KA0.7, FD4KA2.0, and FD4KA4.0, respectively. Blank experiments were also 

performed and it was found that kerosene did not adsorb on the surface of Petri dish. The 
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blank experiments consisted of the Petri dish without a sample, but placed into the 

desiccator for the same period of time.  

6.2.5 Residual water content and moisture holding capacity determination 

    Details of the measurement of the residual water content have been specified 

previously [4]. In brief, samples were separately placed in weighing bottles (mi, mass of 

the weighing bottle, lid, and initial treated sample). Then, the open weighing bottles were 

placed in an oven (WFO-50, Eyela, Japan) at 105 C. After 6 h, the weighing bottles 

were taken out, closed with their respective lids, cooled, and weighed (mf). The residual 

water content was calculated on a dry (d) basis using 

        Residual water content (g/g-lignite, d) = [(mi – mf)/(mf – mb)], (1) 

where mb is the mass of weighing bottle and lid. The experiments were repeated three 

times. 

The moisture ratio was calculated using 

                         Moisture ratio = [(Mt– Me)/(M0 – Me)], (2) 

where Mt and Me are the residual water contents at time t and at the end of FD, 

respectively. M0 is the initial water content. Because Me was assumed to be zero, Eq. (2) 

was used in the following form [17]: 

                                    Moisture ratio = Mt/M0. (3) 

    Moisture holding capacity (MHC), that is, the equilibrium water content at relative 

humidity of 97%, was measured by a desiccator method. Samples (1.00 g) were 

separately placed in weighing bottles. Then, the open weighing bottles were positioned in 

a desiccator containing saturated K2SO4 salt solution, which was placed in a 25 C room. 

The relative humidity in the desiccator was measured by a hygrometer and its value was 
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97%. The weighing bottles were taken out, closed with their respective lids, and weighed 

(m1) after several hours. These experiments were repeated until equilibrium was reached 

and the water content is called MHC at that point. After reaching equilibrium, weighing 

bottles without lids were heating in the oven at 105 C for 6 h and then were cooled in a 

desiccator and weighed with lids (m2). The water content was calculated using  

         Water content (g/g-lignite, d) = [(m1  m2)/(m2  mb)] × 100%. (4) 

The experiments were repeated at least two times. 

6.2.6 Pore size distribution determination 

    The macro- and mesopore size distributions were calculated based on adsorption 

isotherms, which were measured by N2 gas adsorption at 77 K using a high-precision 

special surface area and pore size distribution analyzer (BEL-Max, BEL, Japan), and 

calculated using the Barrett–Joyner–Halenda (BJH) equation. For this experiment, 

adsorbed gases were removed by pre-treatment under vacuum at 110 C for 15 h. 

6.2.7 Mathematical thin-layer drying models 

The best drying model among different thin-layer models given by various authors 

(Table 6.1 [2027]) was selected by curve-fitting analysis using a non-linear regression 

(least-squares method) and multiple regression analysis. The correlation coefficient (R
2
) 

is one of the primary criteria for determining the best-fitting drying mode. Furthermore, 

the F-value, the residual sum of square (RSS), and the reduced chi-square (2
) were also 

employed to evaluate the goodness of fit of the models. In summary, a higher quality of 

fit was associated with higher values of R
2
 and F-value and lower values of RSS and 2

 

[17,28]. 



Chapter 6. Experimental study on freeze drying of Loy Yang lignite and inhibiting water re-adsorption 

of dried lignite 

135 
 

Table 6.1 Mathematical thin-layer drying models proposed by various authors 

No. Model Expression No. Model Experssion 

1 Lewis MR = exp(-kt)[20] 6 Modified Page MR = exp[-(kt)
n
] [25] 

2 Henderson and 

Pabis 

MR = a exp(-kt) [21] 7 Simplified  Fick 

diffusion 

MR = a exp[-c(t/L
2
)] [25] 

3 Logarithmic MR = a exp(-kt) + c[22] 8 MidilliKucuk MR = a exp(-kt
n
)+ bt [26] 

4 Diffusion 

approach 

MR = a exp(-kt) + (1-a) exp(-kbt) [23] 9 Wang and Singh MR = 1 + at + bt
2
 [27] 

5 Two-term MR = a exp(-k1t) + b exp(-k2t) [24]    

 

6.3 Results and discussion 

6.3.1 Forms of water in lignite 

    Fig. 6.1 shows the effects of FD time on the residual water content. It can be seen that 

the residual water content almost linearly decreased with increasing time in the range of 

0–2 h, suggesting that a single type of water was removed in this range. We refer to this 

type of water as non-interfacial water. Above 2 h, the slope decreases with increasing 

time, indicating that another type of water was removed and it was more difficult to be 

removed than the non-interfacial water, which was named as interfacial water. To 

quantitatively determine the non-interfacial and interfacial water contents, the two slopes 

in the time ranges of 0∼2 h and 3∼6 h were extended (dashed lines in Fig. 6.1). They 

meet at point A (Fig. 6.1), which is the border between non-interfacial and interfacial 

water. From point A, the amounts of non-interfacial and interfacial water were 1.258 and 

0.093 (g/g-lignite, d), respectively (Table 6.2). Table 6.2 also shows non-interfacial and 

interfacial water contents, 1.255 and 0.096 (g/g-lignite, d), respectively, determined by 

HT, which coincides quite well with FD result. This confirms the reliability of the 

measurements of non-interfacial and interfacial water contents determined by these two 
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methods. 
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Fig. 6.1 Effects of FD time on residual water content 

 

Furthermore, the changes in the slopes of the drying curve of time against residual 

water content show that there were three drying stages: the fast dewatering region (∼2 h) 

which is controlled by non-interfacial water, followed by the reduced drying rate region 

(2∼3 h) in which non-interfacial and interfacial water dominate throughout, and 

significantly falling rate period ( 3 h) which is dominated by interfacial water. It should 

be mentioned that FD method, however, still remains a conceptual one for the dewatering 

of lignite. What the authors wish to emphasize here is that the proposed concept will 

present a possible option for lignite dewatering and will extend the utilization range of 

FD. 

Table 6.2 Non-interfacial and interfacial water 

contents (g/g-lignite, d) determined by HT and FD 

 

Method Non-interfacial 

water 

Interfacial water  

HT 1.255 0.096 

FD 1.258  0.093 
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6.3.2 Drying kinetics modeling 

To determine the FD kinetics, the residual water contents obtained from the drying 

experiments were demonstrated as the curve of moisture ratio against drying time, as 

shown in Fig. 6.2, which was curve-fitted with each of the 9 thin-layer drying models 

listed in Table 6.1. The R
2
, F-value, RSS, and 2

 were used as the criteria to evaluate 

goodness of fit for FD dewatering of LY lignite at different times. The estimated and 

statistical parameters of all of the models are presented in Table 6.3.  

 

Table 6.3 Estimated and statistical parameters obtained from all of the thin-layer drying models 

Model Estimated parameter Statistical parameter 

R
2
 F-value RSS 2

 

Lewis k = 0.8625 0.9965 2.3710
3
 2.6110

-3
 5.2110

-4
 

Henderson and Pabis a = 1.0079, k =0.8677 0.9958 9.7110
2
 2.5410

-3
 6.3510

-4
 

Logarithmic a = 1.0191, k = 0.8388, c = -0.0125 0.9950 5.4010
2
 2.2810

-3
 7.61 10

-4
 

Diffusion approach a = -0.4919, k = 2.6843, b = 0.4156 0.9991 3.1410
3
 3.9310

-4
 1.3110

-4
 

Two-term a = 0.6177, k1 = 0.8674, b = 0.3902,  

k2 = 0.8681 

0.9916 2.4210
2
 2.5410

-3
 1.2710

-3
 

Simplified  Fick diffusion a = 1.0079, c = 24.2147, l = 5.2823 0.9944 4.8510
2
 2.5410

-3
 8.4710

-4
 

Modified Page k = 0.8223, n = 1.2144 0.9993 5.7010
3
 4.3310

-4
 1.0810

-4
 

MidilliKucuk a = 0.9999, k = 0.7902, n = 1.2558,  

b = 0.0025 

0.9995 3.8010
3
 1.6210

-4
 8.1110

-5
 

Wang and Singh a = 0.0567, b = -0.4975 0.9495 7.9010 3.0510
-2

 7.6210
-3

 

 

The R
2
, F-value, RSS, and 2

 values were between 0.9495 and 0.9995; 79 and 5.7010
3
; 

1.6210
-4

 and
 
3.0510

-2
; and 8.1110

-5 
and 7.6210

-3
, respectively. Table 6.3 shows that 
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the highest value of R
2
, the second highest value of the F-value, and the lowest values of 

RSS and 2
 were obtained from the MidilliKucuk thin-layer drying model compared

 

with those obtained from the other models. Consequently, the MidilliKucuk thin-layer 

drying model was found to be the most suitable among the 9 models to represent the 

drying performance in this study.  

To demonstrate the established model, the comparison of the experimental and the 

predicted moisture ratios by the MidilliKucuk thin-layer drying model is shown in Fig. 

6.2, which shows that the model provided a good conformity between experimental and 

predicted moisture ratios. This suggests that the MidilliKucuk thin-layer drying model 

fitted the drying kinetics of LY lignite in FD very well. As a consequence, this expression 

can be used to predict the residual water content in LY lignite at any time during the FD 

process with high accuracy. 
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Fig. 6.2 Variations of experimental and predicted moisture ratios by the MidilliKucuk thin-layer 

drying model 
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Tahmasebi et al. [17] reported that the MidilliKucuk thin-layer drying model is the 

best-fitted model for N2 fluidized-bed drying and superheated steam fluidized-bed drying 

while the Page model is the most suitable model for microwave drying. This is because of 

the different drying mechanisms. Microwave energy can penetrate into a coal particle and           

water can be evaporated within the particle, leading to an increase in the water vapor 

pressure inside the coal particle. The increased vapor pressure is an additional mechanism 

of microwave dewatering. This is absent in conventional drying techniques, in which 

water is gradually vaporized and transferred to the surface until the drying front extends 

to the particle center [17]. The MidilliKucuk thin-layer drying model was also selected 

as the best model for FD. The above discussion implies that the drying mechanism of FD 

is similar to that of traditional drying methods, which is that ice is sublimed from the 

outer surface and is progressively removed until the sublimation front between the frozen 

and dry regions reaches the particle center. 

6.3.3 Effects of FD treatment on MHC  

   FD has a little influence on oxygen-containing functional groups because the 

experimental temperature is 45 C. Furthermore, pore volumes of the FD treated sample 

were enlarged significantly compared with that of raw. In other words, effect of pore 

volumes of the FD treated samples on MHC was insignificant (detailed analysis is 

provided later). Therefore, the part focused on effects of residual water content on MHC. 

   It is easy for dried lignite to re-adsorb water and attention should be paid to water re-

adsorption by dewatered lignite, which is important to the storage of lignite. Fig. 6.3 

shows the water contents of the FD treated samples and raw lignite. As seen, the water 

content decreased substantially during the first 105 h for raw lignite and then changed 
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slightly. Finally, equilibrium was attained. For sample FD1, its water content decreased a 

little with increasing time. The water contents of FD2, FD3, FD4, and FD6 increased 

with increasing time up to 21 h and equilibrium eventually was approached as time went 

on. In summary, water evaporation was dominant in raw lignite and FD1 at a relative 

humidity of 97%, whereas water vapor adsorption occurred in FD2, FD3, FD4, and FD6 

under the same condition. The difference in water re-adsorption or desorption 

performances can be understood in terms of the difference between the water content in 

the sample and water vapor in the external environment, which is one of the main factors 

that determine the ultimate steady state [29].  
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Fig. 6.3 Water contents of the FD treated samples and raw lignite. MHC: Moisture holding capacity 

 

As mentioned above, the equilibrium water content at relative humidity of 97% is also 

defined as the MHC. The value of the last point of each curve is the MHC of the 

corresponding sample, as shown in Fig. 6.3. It was observed that the MHCs of the FD 
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treated samples decreased compared with that of raw lignite. The MHC gaps between raw 

lignite and the FD treated samples increased with increasing FD time and then remained 

almost constant. The same phenomenon that partially or completely dried lignite cannot 

regain its original water content after treatment with conventional heating dewatering 

techniques has been widely observed [1,30,31]. Researchers attribute this irreversible loss 

of water to an irreversible reduction in pore volume, which provides less space for the 

existence of water, and also the decomposition of oxygen-containing functional groups, 

which increases the hydrophobicity of treated samples [1,2,32]. The shrinkage forces 

caused by removal of the water in small capillaries and on the surface of lignite lead to 

the collapse of the pore structure [31,33,34]. On the other hand, at temperatures higher 

than 200 C, a disintegration of the macromolecular structure occurs because of thermal 

decomposition, which also reduces pore volume [35]. For FD treatment, its effect on 

oxygen-containing functional groups can be negligible. Therefore, the changes in the 

MHCs of the FD treated samples are attributed to the changes in pore structure and 

diffusion force between the internal water content of sample and water vapor in external 

environment.  

According to the IUPAC classification, the diameter ranges of macro-, meso-, and 

micropores are  50 nm, 2–50 nm, and  2 nm, respectively. The pore structure of lignite, 

which is mainly composed of macro- and mesopores, has a significant effect on MHC 

and the number of micropores can be negligible [36]. Consequently, the pore size 

distributions of all the samples are shown in Fig. 6.4(a). To allow easy comparisons to be 

made, the effects of FD treatment on pore volume are also shown in Fig. 6.4(b). 
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Fig. 6.4 Effects of FD treatment on pore size distributions and pore volumes 

It can be seen that the porosities of macro- and mesopores of the FD treated samples 

were significantly higher than those of raw lignite. This is because during the FD process 

the water in lignite changes to ice and the volume of ice is greater than that of water with 

the same mass. The enlarged volume because of the conversion of water into ice expands 

the pore volumes of the FD treated samples. Moreover, the porosities of macro- and 

mesopores of FD2, FD3, FD4, and FD6 were similar to each other but were higher than 

those of FD1, suggesting that when the FD time was above 2 h, the effect of time on 

porosity was small. To demonstrate the surface morphologies, SEM images of some 

representative samples are shown in Fig. 6.5. As seen, surface roughness and the number 

of pore networks increased from raw lignite to FD4, which are consistent with the results 

of pore size distribution. 
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Fig. 6.5 SEM images of some representative samples 

Furthermore, as described earlier, raw lignite and FD1 dewatered, whereas the other 

samples adsorbed water. This means that the mechanisms of reaching equilibrium of 

these two types of samples are different. In detail, water desorbs in order of increasing 

bond strength. Water without any interaction with lignite is first removed, followed by 

weakly adsorbed water. Water strongly adsorbed at active sites on the surface of lignite is 

the last desorbed [30,31]. The released water contents of raw lignite and FD1 result from 

the competition between the waterlignite bond strength and the diffusion desorption 

force caused by the difference between the residual water contents in these two samples 

and the water vapor in external environment [29]. With regard to the process of water 

adsorption in lignite, Shigehisa et al. [18] and Charrière et al. [37] reported that it 

includes three steps: (1) adsorption on active adsorption sites; (2) formation of water 
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         10 m 
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clusters; and (3) pores filling by water clusters and capillary condensation in narrow 

pores. Raw lignite dewatered, suggesting that the partial pores of raw lignite did not fill 

with water under equilibrium conditions. In other words, pore volume for holding the 

MHC of raw lignite was higher than the requisite volume. Moreover, pore volumes and 

MHCs of FD2, FD3, FD4, and FD6 were larger and lower than those of raw lignite, 

respectively. These indicate that more pores were not filled in with water for FD2, FD3, 

FD4, and FD6 relative to those for raw lignite. Therefore, pore volumes of these samples 

were large enough to maintain MHC and the effect of pore volume on MHC was 

insignificant. The amounts of absorbed water in FD2, FD3, FD4, and FD6 are mainly 

determined by the combined effect of the waterlignite interaction strength and the 

diffuse adsorption force, which is a result of the different internal and external water 

contents between these four samples and the environment. The narrow MHC gap 

between FD2 and FD3, FD4, and FD6 is primarily because of the slight decrease in 

residual water contents of FD3, FD4, and FD6 compared to that of FD2, corresponding to 

a little change in the diffuse adsorption force.  

6.3.4 Effects on MHC of coating treated samples with kerosene  

   Different amounts of kerosene were used to cover oxygen-containing functional groups 

on the surface of lignite. This can reduce oxygen-containing functional groups to 

different levels. Effects of the single factor of oxygen-containing functional groups on 

water re-adsorption can be investigated.  

    Because the MHCs of FD3, FD4, and FD6 were similar and the residual water content 

only changed slightly between FD4 and FD6, FD4 was selected.  



Chapter 6. Experimental study on freeze drying of Loy Yang lignite and inhibiting water re-adsorption 

of dried lignite 

145 
 

Fig. 6.6 shows the water contents of FD4 and FD4 coated with different amounts of 

kerosene. Two coating methods, namely, direct mixing [Fig. 6.6(a)] and adsorption [Fig. 

6.6(b)] methods, were used. From Fig. 6.6, it is clear that the water contents of all of the 

samples increased rapidly during the first 21 h and gradually reached equilibrium 

thereafter, which is also referred to as MHC. 

As seen from Fig. 6(a), the MHCs of all of the kerosene-coated samples clearly 

decreased compared with that of FD4. The MHC decreased from 0.30 (g/g-lignite, d) in 

FD4 to 0.21 (g/g-lignite, d) in FD4KM2.5 and 0.16 (g/g-lignite, d) in FD4KM10, the 

latter being the minimum value. Furthermore, when comparing changes in MHC after 

coating with different amounts of kerosene, the MHCs of the coated samples decreased 

progressively as the amount of kerosene used for coating increased. This possibly occurs 

because after the mixing treatment the kerosene is on the surface of lignite, which 

suppresses the reaction between oxygen-containing functional groups and water due to 

the hydrophobic nature of kerosene, and in the pores of lignite, which decreases the space 

available for retaining water. To reduce the amount of kerosene used in coating, the 

adsorption method was employed. The results are given in Fig. 6(b).  
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Fig. 6.6 Water contents of FD4 and FD4 coated with different amounts of kerosene using (a) direct-

mixing method and (b) adsorption method. MHC: Moisture holding capacity 

 

From Fig. 6(b), it can be observed that the MHCs of samples after coating with 

different amounts of kerosene (i.e., 0.7, 2.0, and 4.5%) by the adsorption method 

remained lower than 0.23 (g/g-lignite, d) and the minimum value was 0.16 (g/g-lignite, d) 

when the amount of coated kerosene was 4.5%. It is interesting to note that the MHCs of 

FD4KM2.5, FD4KM5, and FD4KM10 changed slightly compared with those of 

FD4KA0.7, FD4KA2.0, and FD4KA4.5, respectively. However, the amounts of kerosene 

used in coating of the latter three samples were significantly lower than those of the 

former three samples, respectively. This phenomenon suggests that the adsorption 

method is better than the mixing method with regard to reducing water re-adsorption 

capacity. One possible explanation is that the kerosene added by the mixing method, the 

content of which is limited, covers the surface and fills the pores of the lignite at the same 

time, leading all surfaces not being covered. In the adsorption method, the first step of the 
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water-adsorption process in coal is water adsorption on the surface and afterwards water 

fills the pores [37]. Similarly, kerosene coated by the adsorption method first covers the 

surface of lignite and then blocks the pores if enough kerosene is adsorbed. Therefore, the 

adsorption method can cover more oxygen-containing functional groups, which are the 

primary reason for the high percentage of water in lignite [2], than can the mixing method. 

At the same time, the adsorption method consumes less kerosene, resulting in a better 

improvement in reducing water re-adsorption content.  

6.4 Conclusions 

    In the present work, two forms of water were identified: non-interfacial and interfacial 

water, whose contents were 1.258 and 0.093 (g/g-lignite, d), respectively. Non-interfacial 

and interfacial water contents determined by FD were in good agreement with those by 

HT. There were three drying stages during the FD process: (1) a fast dewatering period 

(∼2 h) controlled by non-interfacial water, (2) a reduced-drying-rate period (2∼3 h) in 

which both non-interfacial and interfacial water are important, and (3) a substantially 

falling rate period ( 3 h) dominated by interfacial water.  

The MidilliKucuk thin-layer drying model was selected as the one most suitable to 

describe the FD process with the highest value of R
2
, the second highest value of F-value, 

and the lowest values of RSS and 2 
among

 
the nine models.  

Water removal occurred in raw lignite and FD1 at a relative humidity of 97%, whereas 

water adsorption was dominant in the other samples. In addition, the MHCs of all of the 

FD treated samples were lower than that of raw lignite. These results can be attributed to 

that pore volumes of all of the samples being large enough and its effect on the MHC is 

less important than the diffusion force. The competition between the waterlignite bond 



Chapter 6. Experimental study on freeze drying of Loy Yang lignite and inhibiting water re-adsorption 

of dried lignite 

148 
 

strength and the diffusion desorption force or the combined effect of the waterlignite 

bond strength and diffusion adsorption force determines the ultimate steady state. 

   After coating with kerosene using either the adsorption or direct-mixing methods, the 

MHCs of the corresponding samples all decreased, which can be attributed to the 

kerosene covering the surface and blocking the pores. The effect of coating with kerosene 

by the adsorption method on reducing MHC is better than that by the direct mixing 

method because the former can cover more surface than the latter while consuming less 

kerosene.  
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CHAPTER 7 

Conclusions 

Word energy consumption is constantly increasing and lignite has the potential to 

provide a significant portion of the energy needs in the world because it has some 

advantages, such as abundance, easy access, and low mining cost, over high-rank coal. 

However, lignite contains a high percentage of water, which is the most important factor 

than limits its wide utilization. Consequently, a large number of drying techniques are 

developed for lignite dewatering. However, a major breakthrough on reducing drying 

cost is still the great challenge. Furthermore, systematical study on physicochemical 

changes during dewatering process is very important and meaningful, which can provide 

useful engineering design guidelines for the improvement and targeted control of lignite 

dewatering techniques and help to understand dewatering mechanism. In the present 

study, hydrothermal treatment (HT; stage 1) coupled with relatively mild mechanical 

expression (ME; stage 2) was employed to remove water from lignite. To examine non-

interfacial and interfacial water contents, a comparison of these two types of water 

determined by HT and freeze drying (FD) was made. Furthermore, for HT and HT–ME, 

pores, residual water content, and oxygen-containing functional groups change 

simultaneously. As to FD, it has a slight impact on oxygen-containing functional groups 

and effect of FD on pore volumes is not clear. Effects of FD on water re-adsorption were 

also studied. Oxygen-containing functional groups covered by kerosene were used to 

investigate effects of oxygen-containing functional groups on water re-adsorption. We 

hope our studies of these two drying methods can improve and broaden lignite 
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dewatering techniques. Changes in physicochemical properties [e.g., hydrogen bonds 

(HBs), residual water content, water re-adsorption ability, pore size distribution, and 

combustion performance] during these two kinds of dewatering processes were also 

detailed investigated. 

In Chapter 1, characteristics of lignite and a brief background of previous works 

regarding lignite dewatering, including dewatering techniques and the changes in 

lignite’s physical and chemical structure during dewatering processes, were overviewed. 

The significances and objectives of this thesis were then presented. 

In Chapter 2, non-interfacial and interfacial and pyrolysis water were identified. 

Water was linearly and relatively easily removed when temperatures were lower than 

173 °C, which was referred to as non-interfacial water. At temperatures higher than 

173 °C, dewatering slope increased, meaning the presence of another form of water, 

which was relatively difficult to be removed and was named as interfacial water. 

Furthermore, the strength of each HB from low to high was 8.74, 14.50, 20.06, 26.36, and 

32.59 kJ/mol, respectively. OH–HBs changed markedly when compared with the other 

four types of HBs because its strength is the weakest than the other four types of HBs. 

The trend of OH–HBs content decreased with increasing HT temperature. 

Changes in gaseous, wastewater, and solid products during HTME process were 

discussed in Chapter 3. The results showed that volume and TOC value of wastewater 

increased with increasing HT temperature. Contents of monovalent cations (Na
+
 and K

+
) 

in wastewater increased apparently in temperature range 100 to 150 °C. As to divalent 

cations (Mg
2+

 and Ca
2+

), their contents increased greatly from 150 to 200 °C and 150 to 

250°C, respectively. One possible explanation of this is that divalent cations are more 



Chapter 7. Conclusions 

154 
 

strongly bound to carboxyl groups than monovalent cations. Volatile matter, fixed carbon, 

and acidic groups (i.e., phenolic hydroxyl and carboxyl groups) changed slightly below 

150 °C. Above 150 °C, volatile matter and acidic groups decreased with increasing 

processing temperature and an opposite trend was observed for fixed carbon. These 

indicate that both HT and HTME upgrade LY lignite. Furthermore, water contents of 

HT treated samples decreased significantly by using the following ME treatment, 

indicating that the next ME treatment is useful for further dewatering. Combined with the 

results of Chapter 2, dewatering mechanism was proposed. 

The factors that control equilibrium water contents (EWC) at various relative humiditis 

(RHs) were discussed in Chapter 4. At low RHs (RH  10%), the factor that controls 

EWC is water moleculesactive sites interactions and each carboxyl groups is occupied 

by ca. one water molecule. Within RH range 10~42%, monolayer water content is 

important and each monolayer water molecule binds ca. two multilayer water molecules. 

At medium RHs (10  RH   92%), the amount of monolayer water and mesopore 

volume are relatively important. At high RHs (RH  92%), EWC is related to the 

comprehensive factors including total volume of macropores and cracks, the size of 

spaces between coal particles, the amount of carboxyl groups, and interactions between 

water molecules. 

Previous three chapters describe fundamental knowledge about HTME dewatering. 

Effects of HTME on combustion performance of lignite were investigated in Chapter 5. 

Ignition temperatures for samples treated using HT and HT–ME were higher than the 

corresponding values for raw lignite. This is because the amounts of high-boiling-point 

volatile matter and char in the treated samples are higher than those in raw lignite. The 
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maximum combustion rates (MCRs) of the treated samples were higher than that of raw 

lignite. Furthermore, the average activation energy (Ea) values of the treated samples 

were higher than that of raw lignite. In summary, HT and HT–ME both decrease the 

reactivity of LY lignite, and the changes are slightly higher for HT–ME than those for HT. 

In Chapter 6, water in lignite can be removed by FD treatment. Non-interfacial and 

interfacial contents determined by FD were 1.258 and 0.093 (g/g-lignite, d), which agree 

quite well with those by HT. The moisture holding capacity (MHC) of the FD treated 

samples was lower than that of raw sample. Adding kerosene to the FD treated samples 

using either the adsorption or direct-mixing methods can decrease MHC because 

kerosene is mainly coated on the surface for adsorption method and coated on the surface 

and in the pores for direct-mixing method. The effect of the adsorption method on 

reducing MHC is better than that of the direct-mixing method since the former can cover 

more surface than the latter while consuming less kerosene. 

In Chapter 7, the main conclusions were summarized. As to FD, to reduce the cost, 

we can try to conduct some experiments at temperatures and pressures just slightly lower 

than the triple point. Furthermore, further reducing the amount of coated kerosene by 

heating treatment can be tried. If the result that just one layer kerosene covers oxygen-

containing functional group and, meanwhile, a significant decrease in water re-adsorption 

capacity can be obtained, that is perfect. On the other hand, some low-boiling point 

reagents (such as pentane and hexane) can be used as a substitute for kerosene.  
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