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Abstract
This work investigates how heat treatment temperature and atmosphere would affect the physicochemical properties and 
oxidation behaviour of Zhundong lignite (ZD). Samples of ZD were firstly heated at 150–400 °C in either N2 or simulated 
flue gas (FG) atmosphere, which were then analysed to obtain their mass losses, elemental composition, oxygen-containing 
functional groups (OCFGs) and water re-adsorption capacities. Results showed that the dried ZD subjecting to N2 atmosphere 
had a mass loss of 9.90 mass%–10.95 mass% at 150–250 °C, but further increased to 25.17 mass% at 400 °C, leading to an 
increase in C/O ratios from 2.49 to 4.70 as treatment temperature increased. FTIR analysis revealed that OCFGs includ-
ing hydroxyl, carboxyl, carbonyl and ether bond decreased as heat treatment temperature increased, which also deceased 
the water re-absorption capacity of heat-treated ZDs. While it is heated in FG, the mass loss of ZDs at temperatures below 
300 °C was roughly equivalent to those in N2, but was less than those at 350–400 °C, due to the incorporation of O along 
with increased OCFGs peak intensities at these temperatures. This also allowed for the re-absorption of more moisture than 
those samples treated in N2. In addition, the combustion reactivity of the heat-treated ZDs was enhanced and the combus-
tion process turned into higher temperature zone with increasing treatment temperature, suggesting that the variation in 
physicochemical properties of heat-treated ZDs also affected their oxidation behaviour.
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Introduction

Although “carbon peak” and “carbon neutral” have attracted 
a great deal of attention, coal still plays an important role 
be in China and other developing countries [1], at least in a 
short term. Clean and efficient utilisation of coal is therefore 
mandatory so that CO2 is to be released as less as possible. 
Regarding the coal resources, lignite has an estimated world-
wide reserve of 860,938 Million tons [2] and accounts for 
13% of the overall coal recourses in China. For instance, the 
Zhundong lignite alone is predicted to have a reserve of 390 
billion tons and would provide 100-year energy supply for 
China [3, 4]. However, lignite is often characterised by high 

moisture and high volatile matter (VM) contents [5, 6]. The 
abundance of moisture in lignite would not only increase the 
cost for long-distance transportation [7], but also decrease 
the overall efficiency and correspondingly increase the CO2 
emission during combustion [8]. The high VM in lignite, 
likewise, would increase its tendency for spontaneous com-
bustion, raising its risk for storage [9]. Reducing the mois-
ture and/or VM contents is therefore considered as an essen-
tial process prior to its subsequent utilisation.

Among the various means that reported in the literature, 
heat (or thermal) treatment is an essential pre-treatment pro-
cess to reduce the moisture and VM contents in lignite. This 
often includes but not limited to heating the lignite in hot 
air, combustion gases, superheated steam, hydrothermal pro-
cessing and even in microwave [10–12]. It has been proved 
that the heat-treated lignite following the above methods 
would reduce its moisture content, increase its calorific 
value and lessen its propensity for spontaneous combus-
tion [5, 13]. Fundamentally, it is the underlining changes in 
physicochemical properties of lignite, including collapse or 
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shrinkage of pore structure, evolution of oxygen-containing 
functional groups (OCFGs) and chemical composition that 
account [14–16]. For instance, Hulston J et al. [17] found 
that heat treatment would induce collapse of macro-pores 
and formation of meso-pores on coal surface, therefore 
squeezing water from pores [18]. Meanwhile, Salmas CE 
et al. [19] found that heat treatment of lignite by steam 
would stimulate the shrinkage of particle size along with 
the irreversible change of pore structure [4, 5]. Likewise, 
Feng X et al. [20] found that thermal treatment of Zhaotong 
lignite facilitated the loss of moisture and oxygen content at 
temperature 150–300 °C. As for OCFGs, the main OCFGs in 
lignite include carboxyl group (COOH), phenolic hydroxyl 
group (Ar-OH), carbonyl group (C = O), methoxyl group 
(OCH3) and ether bond (-O-), some of which are highly 
hydrophilicity and tend to bond with moisture [12, 21]. 
During heat treatment, decomposition of unstable functional 
groups and a simultaneous oxidation of aliphatic groups 
would occur. For instance, peroxides and hydroperoxides 
begin to be oxidised at temperatures as low as 50 °C [22]. 
Carboxyl and methoxyl groups would decompose to small 
molecules including CO2 at temperature higher than 160 °C, 
while carbonyl groups are relatively stable at temperatures 
no more than 200 °C [13, 21]. The phenolic hydroxyl group 
would remain stable at 240 °C and below, but would be 
decreased as temperature further increased. However, the 
overall functional groups might not change significantly at 
temperatures below 300 °C [23]. Moreover, the changes in 
physicochemical properties of lignite during heat treatment 
are also dependent on heating medium [10], i.e., flue gas, 
air, nitrogen or steam, leading to the differences in OCFGs 
once heated [7, 12]. For instance, a decrease in OCFGs as 
temperature was observed when N2 or steam was used as 
the heating medium [24], while an increase in OCFGs was 
found in the presence of O2 due to the oxidation reactions 
of aliphatic in the organic structure [7, 14]. In particular, the 
use of flue gas as the heating medium could not only upgrade 
lignite in conventional powder stations, but also recover the 
waste heat in flue gas [19]. However, the effect of tempera-
ture and flue gas during heat treatment on physiochemical 
properties of Zhundong lignite has rarely been reported.

The heat-treated lignite is also found to re-absorb mois-
ture due to the presence of OCFGs and micro- or meso-pores 
[20, 25]. OCFGs including hydroxyl, carboxy and carbonyl 
groups are reported to have strong hydrophilicity [26] and 
are prone to bound with water molecule through hydrogen 
bonds [4], and form non-freezable water. Provided these 
OCFGs are decomposed, the water re-adsorption ability of 
heat-treated lignite would be decreased [27]. In addition, 
the water molecule might bond together and form freezable 
water in the micro- or meso-pores [2]. The collapse of poros-
ity is therefore reported to weaken its water re-adsorption 
ability [4], due to the shrinkage of particles and colloidal gel 

of lignite [28]. However, the re-absorption characteristics 
of heat-treated Zhundong lignite have not been examined.

Besides, the combustion performance of the heat-treated 
lignite is also varied due to the physicochemical variations 
upon heat treatment [2, 15, 29]. Researchers including Zhao 
P, Zhao H and Sun M have investigated the thermal oxida-
tion behaviour of the heat-treated Shengli lignite, Xilingou 
lignite and a bituminous coal [10, 13, 30]. It has been found 
that the burnout temperature of the heat-treated lignite was 
increased with treatment temperature [10, 31]. This might 
be attributed to the crystalline structure ordering represent-
ing the oxidation reactivity since it becomes more stable 
at higher heat treatment temperature [8]. Meanwhile, the 
specific surface area is found decreased with increasing heat 
treatment temperature [21], weakening the oxygen adsorp-
tion ability of heat-treated lignite as a consequence [26]. In 
addition, the OCFGs would provide active sites for oxygen 
and the variation in OCFGs would inevitably affect its com-
bustion reactivity [26, 32]. However, the oxidation behaviour 
of Zhundong lignite after heat treatment has not so far been 
reported.

This paper therefore presents an experimental investiga-
tion into the physiochemical evolutions of Zhundong lignite 
upon heat treatment in N2 and simulated flue gas atmos-
phere at temperatures 150–400 °C. Elemental composition, 
particle size distribution, special surface area, OCFGs and 
re-absorption characteristics of the samples heat-treated in 
both atmospheres were characterised in detail and their oxi-
dation characteristics was studied as well. The outcome of 
this study is expected to provide a better comprehension on 
the physicochemical properties and combustion character-
istics of the heat-treated Zhundong lignite and provide basic 
data for heat treatment of the Zhundong lignite in industrial 
practice.

Experimental

Materials

The “run-of-mine” Zhundong lignite (ZD) from North-
west China was used as the experimental material. It was 
crushed and sieved into particles within 200 μm in size prior 
to analysis, in accordance with the Chinese standard GB/T 
212–2008. Proximate and ultimate analysis of ZD and the 
chemistry of its ash prepared in a muffle furnace in air at 
550 °C are listed in Table 1. It is seen that the as-received 
ZD has a moisture content of 24.58 mass% and a volatile 
matter of 23.16 mass%. These are the typical features of the 
lignite [33]. Meanwhile, the O content in the dried ZD is 
24.69 mass%, which might be attributed to the presence of 
OCFGs such as hydroxyl, carboxyl and carbonyl functional 
groups [3]. With respect to ash chemistry, the ash from ZD 
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is as low as 2.91 mass%, but riches in CaO (32.50 mass%) 
and Na2O (4.90 mass%).

Heat treatment and moisture re‑adsorption

The as-received ZD was firstly dried in an oven at 105 °C 
in air for 2 h to obtain the dried ZD. Furthermore, the dried 
ZD of about 2 g was then loaded into an alumina crucible, 
placed into a fixed-bed reactor (Fig. 1) and heated there at 
150, 200, 250, 300, 350 and 400 °C, respectively, for 2 h, 
with N2 or simulated flue gas (FG) comprising 12% CO2, 6% 
O2 and 82% N2 being the heat treatment atmosphere. These 
samples were then retrieved from the reactor, cooled down 
to room temperature under N2 and stored in a desiccator.

To obtain their water re-adsorption characteristics, the 
heat-treated samples of about 20 mg was spread evenly on a 
crucible and placed into a chamber at constant temperature 
of 25 °C and relative humidity of 65% for 72 h. The samples 
were then weighted within the set time to obtain their mass 
changes as a function of time.

Analysis and Characterisation

A Unicube elemental analyser was used to obtain the ele-
mental contents of C, H, N and S of dried or heat-treated ZD 
in accordance with GB/T 31391-2015 standard. Meanwhile, 
a BT-9300HT laser particle size analyser was used to analyse 

the size distribution of these samples. Each analysis was 
repeated three times, and the relative error of the analyser 
was within 5%.

To analyse the OCFGs, these samples were firstly mixed 
and ground in an agate mortar with spectroscopic-grade KBr 
at 1:400 ratio for 10 min. The mixture was then pressed to 
a disc at a pressure of 10 MPa and analysed by A Nicolet 
iS50 Fourier transform infrared spectroscopy (FTIR) with 
pure KBr disc as the reference spectrum. The spectra were 
obtained with 32 scans over the scope of 500-4000 cm−1 
wave numbers at a resolution of 4 cm−1. Quantitative com-
position of the OCFGs was obtained by peak fittings using 
the existing analytical method as reported in the literature 
[32]. A typical fitting curve versus the actual spectra is 
shown in Fig. 2.

In addition, A STA 409 PC/PG Luxx® thermogravimetric 
analyser (TGA) was used to analyse the oxidation behaviour 
of these samples. Dried ZD or samples heat-treated in FG of 
about 10 mg was firstly placed into the crucible, which was 
then heated in TGA from ambient temperature to 950 °C 
at a heating rate of 20 °C min−1 in 100 mL min−1 air. The 
combustion behaviour of the dried ZD at this single heating 
rate could therefore be obtained, since the effect of heating 
rate might be quite limited [34]. In addition, to evaluate the 
combustion characteristics of these samples, the flammabil-
ity index (FI) and comprehensive combustion index (CCI), 
as follows, were defined [31, 34].

Table 1   Proximate, ultimate analysis of ZD and the chemical composition of its ash

Sample Ultimate analysis/mass%, dry Proximate analysis/mass%, dry Qar.net

C H O N S Mar Var Aar FCar kJ/kg

ZD 65.45 3.51 24.69 0.69 0.57 24.58 23.16 2.91 48.90 21,660

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 SO3 P2O5 K2O Na2O

Ash
chemistry

11.71 6.69 5.93 32.50 7.56 0.39 27.93 0.09 0.44 4.90

Valve Flowmeter

Three -zone fixed -bed reactor

N2 O2 CO2 CO   

CO2

O2

N2

Gas analyzer

Alumina crucible Zhundong lignite

Fig. 1   Schematic diagram of the fixed-bed reactor
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among which Ti is ignition temperature computed by inter-
section method [10, 35], Tb is the burnout temperature esti-
mated by the conversion method (98% conversion of the 
fuel), Tp is the temperature with the maximum mass loss, 
DTGmax is the maximum mass loss and DTGmean is the aver-
age maximum mass loss. Noteworthy that the combustion 
behaviour of these samples subjecting to different heating 
rates might require further and comprehensive investigation, 
but is outside the scope of this study.

Results and discussion

Mass loss as temperature and atmosphere

The mass loss during heat treatment at 150–400 °C in both 
N2 and FG is illustrated in Fig. 3. With the dried ZD as the 
basis, the mass loss of ZD at 150 °C in N2 was 9.93 mass%, 
indicating that a portion of water mainly inherent water 
was indeed presented in ZD even if it has been dried at 
105 °C. As temperature increased to 250 °C, the mass loss 
increased merely to 10.59 mass%, but a further increase in 
temperature to 300, 350 and 400 °C resulted in a mass loss 
of 12.33 mass%, 17.97 mass% and 25.47 mass%. This sug-
gests that the mass loss of ZDs below 250 °C was mostly 
due to the release of moisture, while the extra mass loss of 
ZD above 250 °C was attributed to the release of VM [13, 
21, 22]. Likewise, the mass loss of ZD in FG atmosphere 

(1)FI =
DTGmax

TiTp

(2)CCI =
DTGmaxDTGmean

T
2
i
Tb

increased from 10.25 mass% at 150 °C to 11.17 mass% at 
200 °C, 11.33 mass% at 250 °C, 13.54 mass% at 300 °C, 
16.73 mass% at 350 °C and 20.16 mass% at 400 °C. This 
suggests that heat treatment in FG at temperature above 
250 °C would lead to the release of VM and possibly also 
the change of coal structure. In addition, the mass loss 
of ZD below 300 °C in FG was always higher than those 
heat-treated in N2. This is because heat treatment in FG 
would provide available O2 and CO2 for oxidation of VM 
and promote the mass loss. However, at temperatures 
above 350 °C, the mass loss in FG was lower than that in 
N2. This is because heat treatment in FG at these tempera-
tures would not only allow for the release of VM, but also 
promote absorption of oxygen [10], leading to a lessened 
mass loss. Detailed evidences are provided in Sect. "Evo-
lution of OCFGs."
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Fig. 2   Curve-fitted spectra of the 3500–3000 cm−1 and 1800–1200 cm−1 for dried ZD
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Chemistry and particle size variation

Elemental compositions (C, H, O, N and S) of these samples 
were also analysed and the results are shown in Table 2. 
Herein the C and O contents were discussed for simplicity. 
The 105 °C dried ZD had a C content of 67.88 mass%. As 
heated in N2, C content of heat-treated ZDs increased to 
72.44 mass% at 250 °C, to 78.06 mass% at 350 °C and to 
78.71 mass% at 400 °C. This implies that the C content in 
heat-treated ZD increased as temperature increased. Cor-
respondingly, the O content decreased from 27.23 mass% 
to 22.48 mass% at 105–250 °C and reached 16.73 mass% 
at 400 °C, showing a moderate decrease between 105 and 
250 °C and a sharp decrease above 300 °C. The ratio of C/O 
thus decreased from 2.49 to 4.70 as a function of heat treat-
ment temperature. The release of moisture and VM would 
be responsible for this variation [12, 25], since oxygen in 
water and volatile matter would be removed as OCFGs were 
dissolved [4, 14]. However, with FG being the heat treatment 
atmosphere, the C content increased initially to 76.75 mass% 
at 300 °C, but decreased afterwards to 69.34 mass% at 
350 °C and to 66.02 mass% at 400 °C. The O content there-
fore increased to 29.02 mass% and even overweighed that 
in dried ZD. The ratio of C/O increased firstly at heat tem-
peratures below 300 °C, but decreased to 2.65 and 2.67 at 
350–400 °C. This differed from those treated in N2 in which 
an increase in C/O ratio were always observed. In FG with 
the presence of CO2, N2 and O2, evolution of OCFGs and 
moderate oxidation of carbon would occur, decreasing C 
content but also allowing for absorption of O into the heat-
treated ZDs [14, 15].

For their particle sizes as shown in Table 3, the mean 
particle size (D50) of dried ZD was 108.3 μm. As tem-
perature increased to 250 °C, D50 of heat-treated ZDs in 

N2 decreased to 87.54 μm, but increased to 109.9 μm as 
temperature further raised to 400 °C. This is because the 
release of moisture between 150 and 250 °C would affect 
the coal structure and decrease their sizes [3, 4, 16]. How-
ever, at higher temperatures, reforming of coal structure 
and coalescence or condensation of VM might occur [36], 
increasing the particle size as a consequence. Likewise 
in FG atmosphere, the particle sizes of heat-treated ZDs 
decreased at temperatures below 250 °C, but increased 
afterwards once the heat treatment temperature elevated 
further. As for their specific surface areas, the BET spe-
cific surface area of dried ZD was 4.29m2g−1, while those 
of heat-treated ZDs in N2 and FG decreased to 2.89 m2g−1 
and 2.76 m2g−1 at 400 °C. This is in accordance with 
their particle size distribution and also consistent with 
these reported [21, 37]. The collapse of macro-spores and 

Table 2   Ultimate analysis of 
dried ZD and samples treated in 
N2 and FG at 105–400 °C

The ash content was determined as 3.86% in dry basis; O is determined by difference

Samples Ultimate analysis/mass%, dry and ash free

C H N S O C/O

Dried ZD 67.88 3.74 0.57 0.57 27.23 2.49
150 °C-N2 70.50 4.03 0.84 0.62 24.01 2.94
200 °C-N2 70.54 3.54 0.56 0.57 24.79 2.85
250 °C-N2 72.44 3.79 0.67 0.62 22.48 3.22
300 °C-N2 73.05 3.57 0.64 0.63 22.10 3.31
350 °C-N2 78.06 3.75 0.64 0.70 16.86 4.63
400 °C-N2 78.71 3.33 0.53 0.70 16.73 4.70
150 °C-FG 71.13 3.93 0.58 0.64 23.72 3.00
200 °C-FG 73.75 3.17 0.88 0.78 21.42 3.44
250 °C-FG 76.57 3.63 0.74 0.74 18.30 4.18
300 °C-FG 76.75 3.47 0.76 0.71 18.32 4.19
350 °C-FG 69.34 3.25 0.57 0.63 26.21 2.65
400 °C-FG 66.02 3.49 0.85 0.62 29.02 2.27

Table 3   D50 and BET special surface area of dried ZD and heat-
treated ZDs

Samples D50/μm BET/
m2·g−1

Samples D50/μm BET/m2·g−1

Dried ZD 108.3 4.29
150 °C–

N2

96.56 4.18 150°C_FG 90.01 4.15

200 °C–
N2

91.43 4.10 200°C_FG 87.15 3.97

250 °C–
N2

87.54 3.95 250°C_FG 86.28 3.64

300 °C–
N2

90.52 3.49 300°C_FG 89.66 3.34

350 °C–
N2

104.8 3.13 350°C_FG 98.34 3.08

400 °C–
N2

109.9 2.89 400°C_FG 104.9 2.76
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formation of meso-pores would play a non-negligible role 
for the changes of the specific surface area [4].

Evolution of OCFGs

Figure 4 presents the FTIR spectra of heat-treated ZDs in 
N2 and FG atmosphere at 105–400 °C, and the referred 
band assignments are listed in Table 4. For dried ZD, the 
peaks at 3748–3688  cm−1 are related to free hydroxyl 
group (3748–3726 cm−1) and stretching vibrations of O–H 
(3705–3688 cm−1). The peaks centred around 3432–3365 
and 3152–3132 cm−1 are related to –OH bond within phe-
nolic/alcohol. The peaks at 2851 and 2919–2913 cm−1 cor-
respond to symmetric or asymmetric stretching of CH2. 
Meanwhile, OCFGs (1800–1200 cm−1) and aliphatic group 
including carboxyl groups (1708 cm−1), stretching vibra-
tion of C = C (1600 cm−1), asymmetric –CH3 and –CH2 
(1458 cm−1), stretching vibration of –CH3 (1398 cm−1), 
symmetric CH2 − C=O (1350 cm−1) and stretching vibration 
of C–O (1225–1186 cm−1) are also observed. In addition, the 
FTIR peak at 1126 cm−1 represents C–O–C aliphatic ether, 
and the peak at 757 ~ 748 cm−1 refers to out-of-plane defor-
mation vibration of aromatic = C–H in aromatic structures. 
The peak at 669 cm−1 corresponds to substituted benzenes.

For heat-treated ZDs, the changes of FTIR peaks 
occurred mainly in the region of 3500–3000  cm−1 and 
1800–1200 cm−1, indicating that the hydroxyl group and 
OCFGs had been changed [15]. To quantify the changes in 
OCFGs, fitting of the FTIR peaks was done and the results 
are shown in Fig. 5. As shown in Fig. 5a, the fitted peak 
areas of ether bond, carboxyl, carbonyl and hydroxyl were 
14.9, 5.2, 2.1 and 10.2 for dried ZD, but the areas of these 
peaks decreased from 12.5, 4.00, 1.95 and 9.8, respectively, 
at 150 °C to 8.86, 1.71, 1.25 and 7.30 at 250 °C, indicating 

that these OCFGs would be decomposed upon heat treat-
ment. However, at heat treatment temperature 400 °C, a 
further decrease in peak intensity in the 1800 ~ 1200 cm−1 
regions had been confirmed, and the fitted peak area of 
ether bond, carboxyl and carbonyl decreased to 4.10, 0.06 
and 0.63, respectively. This indicates that OCFGs in the 
1800 ~ 1200 cm−1 were either decomposed or converted 
into more stable functional groups during heat-treated 
in N2 [7, 23]. Meanwhile, the fitted peak area around 
3500–3000 cm−1, namely hydroxyl group, decreased con-
tinuously to 2.60 as temperature increased until 400 °C, 
indicating the decomposition of hydroxyl during heat 
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Fig.4   FTIR spectra of ZD and samples treated in a N2 and b FG at 150–400 °C

Table 4   Band assignments in the FTIR spectra of samples

Serial number Wave number/cm−1 Assignment [3, 14, 21, 39, 
40]

1 3748–3726 Free hydroxyl group
2 3705–3688 Stretching vibration of –OH
3 3432–3365, 3152–3132 –OH bond in phenolic/

alcohol
4 2919–2913, 2851 Stretching of CH2

5 1708 C = O in carboxylic group
6 1600 Stretching vibration of 

C = C
7 1458 Asymmetric –CH3 and 

–CH2

8 1398 Stretching vibration of -CH3

9 1350 Symmetric CH2 − C = O
10 1225–1186 C-O in phenolic group
11 1126 C–O–C aliphatic ether
12 757–748 Vibration of aro-

matic = C–H
13 669 Substituted benzenes
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treatment. This is because the hydroxy groups are chemical 
active and prone to dissolve during heat treatment [4]. As 
for FG-treated ZDs, the contents of ether bond, carboxyl, 
carbonyl and hydroxyl initially decreased to 8.37, 1.30, 0.90 
and 7.88 at 250 °C, but further increased to 10.71, 4.62, 
1.82 and 10.71 as temperature further raised to 400 °C. 
This is because the presence of O2 during heat treatment 
in FG, allowing for the generation of new OCFGs [4, 12]. 
The content of hydroxyl group in heat-treated samples even 
exceeded those in 105 °C dried ZD. In the presence of O2, 
aliphatic chain would be oxidised and produce alkali-solu-
ble regenerated humic acid, contributing to a dissolution in 
aliphatic chain and an increase in OCFGs [26, 38]. These 
results were consistent with the literature studies [14, 26], 
suggesting that the lignite would be oxidised to some extent 
during heat treatment in FG at 300 °C or above.

Re‑adsorption characteristics

Figure  6 presents the re-adsorption behaviour of as-
received ZD and those heat-treated ZDs as a function of 
time. When the as-received ZD was placed in the chamber 
at 25 °C and 65% relative humidity, the moisture con-
tent in ZDar decreased from 24.58 mass% to 17.42 mass% 
after 72 h, indicating that the temperature and humid-
ity in the chamber allowed the release of moisture. On 
the contrary, those heat-treated ZDs in N2, as shown 
in Fig. 7a, increased their moisture contents within the 
experimental hours. For example, ZD after heat treatment 
in N2 at 150 °C had a negligible moisture content, which 
increased to 13.33 mass% within 24 h, and maintained 
at ca. 13.86 mass% in the subsequent hours. This indi-
cates that the re-adsorption capacity of heat-treated ZDs 
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would be decreased as time proceeded, possibly due to 
the saturation of pores or OCFGs for water adsorption. 
As heat treatment temperature increased, the moister con-
tent in these ZDs heat-treated at 200–400 °C decreased 
to 9.83 mass%–6.32 mass%, showing a decreased hydro-
philicity with heat treatment temperature. Similar trend 
was also applied for those samples heat-treated in FG, 
during which the moisture content in heat-treated samples 
decreased from 13.36 mass% at 150 °C to 6.88 mass% at 
400 °C. This is attributed to the irreversible changes of 
pore structure and evolution of OCFGs as heated [4, 21]. 
This is also the reason why the moisture contents in heat-
treated ZDs were lower than the raw ZD even after 72-h 
re-adsorption experiments.

It is also observed that ZDs heat-treated in FG within 
150–200 °C absorbed less moisture than those treated at 
the same temperature but in N2 atmosphere. For instance, 
the moisture content in ZD heat-treated in FG at 150 °C 
was about 3.7 mass% lower than that in N2-treated ZD 
at 150  °C and this data reached about 2.0  mass% at 
200 °C. This is because samples heat-treated in FG had a 
smaller D50 and BET special surface area in comparison 
with those treated in N2, showing a severer deteriora-
tion of pore structure and thus a decreased hydrophilic-
ity [19]. However, at 250 °C and above, ZDs treated in 
FG absorbed more moisture than those treated in N2, 
exceeding about 2.9 mass%–8.1 mass% within the tem-
perature range 250–400 °C. This is consistent with vari-
ation of chemical adsorption with increasing treatment 
temperature [41], because new OCFGs such as carboxyl 
and hydroxyl were generated at these temperatures, which 
would help re-adsorbing more moisture due to their 
hydrophilicity [22, 27].

Oxidisation behaviour of heat‑treated ZDs

Figure 7 presents the TG-DTG curves of dried ZD and those 
samples heat-treated in FG. As shown in Fig. 7a, the mass 
loss of these samples increased to ca. 10% at 400 °C and fur-
ther decreased to ca.90% at 800 °C. DTG curve showed that 
there were three peaks during combustion, mainly the first 
peak at ca. 100 °C, the second peak at ca. 540 °C and the 
third peak at ca. 800 °C. The first peak was mainly attributed 
to dehydration, which had a mass loss rate of 2.40% min−1 
for dried ZD, but decreased to 1.46% min−1 for ZD treated 
at 400 °C, showing a decrease in mass loss rate as heat treat-
ment temperature. This is because the capacity of water 
adsorption turned to be deteriorated after heat treatment, 
consistent with re-adsorption characteristics. As for the sec-
ond peak, the maximum mass loss rate of dried ZD was 
4.07% min−1, which increased to 4.86% min−1 as heat treat-
ment temperature increased to 250 °C, but decreased subse-
quently as heat treatment temperature further increased. This 
is attributed to physiochemical changes as discussed above 
since the mass loss rate was correlated to the stable macro-
molecular structure in upgraded lignite [10]. The third peak 
might be the burnout of char and decomposition of mineral 
matter such as carbonates, sulphates and other mineral spe-
cies as well as the release of alkali metals [42], which was 
minimal and was not discussed further in detail.

In addition, the combustion characteristic temperatures 
and parameters were also calculated and the results are 
shown in Table 5. It is seen that dried ZD could be ignited 
at 364.11 °C, but those samples treated in FG had a delayed 
ignition temperature, and followed an order of dried ZD 
< 150 °C-FG < 400 °C-FG < 350 °C-FG < 300 °C-FG < 2
00 °C-FG < 250 °C-FG. This indicates that heat-treated 
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ZDs are less prone to be burned than ZD [30]. This would 
be attributed to the physiochemical evolutions as discussed 
above. Likewise, Tp exhibited the same tendency as Ti, with 
dried ZD being the lowest (Tp = 534.31 °C) and ZD heat-
treated at 250 °C being the highest (Tp = 543.88 °C). This 
implies that heat treatment could shift the combustion zone 
into a higher temperature [10]. However, the burnout tem-
perature (Tb) presents an opposite trend, which decreased 
firstly to 843.25 °C for ZD treated at 300 °C, but increased 
to 885.41 °C for ZD treated at 400 °C, implying that ZD 
heat-treated at 300 °C had a better burnout capacity. As for 
the maximum mass loss (DTGmax), the dried ZD had the 
lowest value, followed by those samples heat-treated, indi-
cating that the combustion reactivity was enhanced after heat 
treatment to a certain extent.

For the flammability index (FI) and comprehensive com-
bustion index (CCI) as listed in Table 5, FI of heat-treated 
ZDs was all lower than that of dried ZD, indicating that heat 
treatment decreases their propensity for combustion [15]. A 
peak value of FI at 250 °C and 300 °C was observed, indicat-
ing a better ignition performance than other samples. This is 
consistent with the variation of OCFGs as temperature, since 
the generation of new OCFGs would benefit ignition [10]. 
Similar trend was also observed for CCI of these samples 
[43], suggesting that ZD heat-treated at 250 °C and 300 °C 
would have a better combustion reactivity in comparison 
with other treated samples.

Conclusions

The physiochemical characteristics, moisture re-adsorption 
behaviour and combustion characteristics of Zhundong lig-
nite treated at different temperatures and atmospheres were 
experimentally investigated. Results showed that the par-
ticle sizes of ZDs heat-treated in N2 and FG decreased at 
temperatures below 250 °C, with the BET special surface 
area decreased as a function of temperature. The oxygen 
content and the peak intensity of OCFGs also decreased with 
increasing treatment temperature in N2, which, however, dif-
fered from ZDs treated in FG and at 250 °C and above due 

to generation of OCFGs such as ether bond, hydroxyl, car-
boxyl and carbonyl. Re-adsorption analysis confirmed that 
re-adsorption capacity of ZDs weakened with increasing 
treatment temperature, and samples treated in FG at 250 °C 
or above had a stronger re-adsorption capacity than that 
treated in N2. Besides, due to the variation in physicochemi-
cal properties of heat-treated ZDs, the ignition temperature 
of FG-treated ZDs was delayed, although the combustion 
reactivity of these samples seems to be enhanced.
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