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A low rank coal was first used to investigate the synergistic effect of inherent and 
loaded potassium and calcium ions on the pyrolysis behaviors. The non-
isothermal thermal analysis with higher heating rate to medium pyrolysis tem-
perature was carried out by thermogravimetric analyzer for the selected raw and 
treated coal samples. Preliminary experiments conducted show that the particle 
size smaller than 160 mm can eliminate heat and mass transfer effect, and the 
most of volatile matter was released by heating the raw coal (R-coal) to 750 °C. 
Moreover, the effect of heating rate, inherent and loaded potassium and calcium 
on moisture evaporation and devolatilization is systematically investigated, and 
the devolatilization index is introduced to estimate the activity of pyrolysis pro-
cess. A comparison among the acid pickling coal (H-coal), acid pickling coal 
loaded with calcium (H-coal-C), and potassium (H-coal-P) shows that potassium 
and calcium have improved the inner water holding capacity. Finally, the influ-
ence of inherent and loaded potassium and calcium on the kinetic characteristics 
of volatile matter release stage was studied with Coats-Redfern integral method.  

Key words: low rank coal, potassium, calcium, pyrolysis behaviors, 
pyrolysis kinetic 

Introduction 

Low rank coals are paid more attention for its distribution in several regions 

throughout the world, but its less conversion efficiency due to their high water, high oxygen 

functional group content, and low calorific value [1-3]. Thus, there were numerous studies on 

the treatment to upgrade low rank coal for improving char yields and properties [4-10]. The 

pyrolysis has been considered as the initial step in the utilization process of coal [11, 12], 
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which is a conversion process that allows the transformation of coal into gas, liquid and solid 

products [13]. Good understanding the mechanism of low rank coal pyrolysis will be benefi-

cial to control the release of pollutants and enhance the conversion rate. Moreover, pyrolysis 

influences significantly the thermochemical conversion process of gasification and liquefaction 

and also controls the combustion characteristics of coal ignition and flame stability [14-16]. 

A coal with potassium and calcium ions is a type of coal that is enriched with potas-

sium and calcium ions in ash composition compared to other types of coals. The potassium 

and calcium ions in coal modified the structure through changing the interconnection between 

the macro molecules, thus affecting the pyrolysis properties and behavior of the coal, such as 

calorific value, volatile matter content, char reactivity and ratio of oil to tar [17-22]. Solomon 

et al. [17] demonstrated the role of exchangeable cations in cross-linking reactions by demin-

eralizing these ions from Zap North Dakota lignite and introducing calcium cations in the 

oxidized Pittsburgh Seam bituminous coal. They found that demineralized lignite shows a 

lower rate of cross-linking due to the reduced mineral content. Wornat et al. [18] and Shi-

baoka et al. [19] revealed several effects of ion-exchanged calcium on the product tars for 

Yallourn brown coal, such as calcium causes a reduction in tar yield at pyrolysis temperature 

of 600-800 °C by hindering the escape of large tar molecules or enhancing the opportunity for 

their conversion to char. Sathe et al. [20] and Li et al. [21] reported the hindering effect of 

alkali and alkaline earth metallic (AAEM) on the release of the larger aromatic ring systems, 

which decrease the yield of large molecules contained in the tar. Wu et al. [22] investigated 

the influences of volatile-char interactions on the volatilization of AAEM species for Victori-

an brown coal at pyrolysis temperature of 900 °C. 

To assess the applicability and optimize the pyrolysis process of coal, it is important 

to understand the thermal decomposition. Thermogravimetric analysis (TGA), as the most 

general method, is used to conduct thermal decomposition and perform kinetic studies [11, 

13]. To predict the pyrolysis behavior of coal, many researchers focused on thermal decompo-

sition kinetics of coal with the purpose of obtaining kinetic parameters [11, 13, 23, 24]. The 

Coats-Redfern method, based on the Coats and Redfern equation, is widely applied to esti-

mate activation energy, pre-exponential and reaction order [13, 25]. Niu et al. [26] and Fei et 
al. [27] studied the kinetic characteristics of pyrolysis stages for three typical functional 

groups, including aliphatic groups, C–O and hydroxyl, by applying Coats-Redfern approxi-

mation. Their results show that the different pyrolysis stages of functional groups were fitted 

well with different kinetic models. Montiano et al. [13] and Kantarelis et al. [25] obtained the 

activation energies of coal and E-waste and introduced in the Coats-Redfern model to calcu-

late the pre-exponential factors and reaction order. Therefore, Coats-Redfern method is one of 

most common and widely accepted and reliable methods in scientific community to estimate 

thermo-kinetic parameters from experimental data. 

It can be concluded that the effect of single potassium or calcium on coal pyrolysis 

was studied in previous researches. According to the author’s best knowledge, there was no 

study focusing on synergistic effects of inherent and loaded potassium and calcium on pyroly-

sis behaviors of a low rank coal, especially in the condition of higher heating rate to the medi-

um pyrolysis temperature (750 °C). Therefore, the aims of the present work is first to experi-

mental investigate the synergistic effects of inherent and loaded potassium and calcium on the 

thermal decomposition stages of moisture evaporation and devolatilization, and the devolati-

lization index is introduced to estimate the reactivity of pyrolysis process. Moreover, kinetic 

parameters are calculated for the pyrolysis of raw coal and modified coal samples under N2 

using the Coats-Redfern method. 
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Experimental and modeling 

Materials 

A low rank coal, which comes from Zhundong coalfield of China, was collected as 

objective for the experiments. The proximate and ultimate analysis results of selected raw coal 

are shown in tab. 1. The ash compositions of the raw coal are shown in tab. 2. The coal is hard 

coal according the volatile matter. The analytical grade reagent of powdery K2CO3 (³99% pure) 

and Ca(OH)2 (≥95% pure), Nitric acid and hydrochloric acid solution were bought from Ker-

mel Chemical Regent Tianjin Co. Ltd. and used as received. Nitrogen with purity higher than 

99.99% was used to maintain an inert atmosphere at flow rate of 100 ml per minute, which 

was supplied by North China Special Gas. 

Methods 

The pyrolysis experiments were carried out in a TA instruments SDT Q600 thermo-

analyser. Prior to heating, high purity N2 was conducted into the inlet for 30 minutes to purge 

the air in the thermoanalyser. The sample weight of 10 mg (±0.05 mg) was heated from ambi-

ent temperature to 750 °C under an Nitrogen flow rate of 100 ml per minute at 20 °C, 40 °C, 

60 °C per minute, respectively. Once the pyrolysis temperature reaches the preset final tem-

perature, the experimental is shut off immediately, that is, there is no holding time for further 

heating. 

The derivative of the weight loss curve was illustrated by obtaining the data of ther-

mogravimetric analysis. In order to ensure the repeatability of the results, the tests were con-

ducted at least two times, and the results were averaged from at least two times experiment 

data’s. 

The coal sample was partially dried at 105 °C for more than 6 hours. After cooling 

down, the coal was taken out, and then pulverized and sieved to obtain a powder of smaller 

than 160 μm in the particle diameter and stored in sealed bottles which were capped to isolate 

the sample from air. For brevity, the coal sample prepared without any treating is named the 

raw coal (R-coal). The raw coal was pickled in Nitric acid and Hydrochloric acid solution, 

respectively, to obtain acid pickling coal (H-coal). The detailed information of the acid pick-

ling coal preparation can be found elsewhere [28]. The ash composition content of CaO, Na2O, 

and MgO for acid pickling coal dramatically decreases, however, the amount of K2O increas-

es slightly after acid pickling because the amount of K2O in raw coal is too little to conduct-

ing further ion-exchange [28]. 

In preparation of the coal samples loaded with potassium and calcium, the impreg-

nation method was used. Specific quantities of the additives were dissolved in a glass beaker 

using 100 ml deionized water. Then, the coal sample was immersed in the prepared additive 

Table 1. The proximate and ultimate analysis of the raw coal 

Proximate analysis [wt.%]  Ultimate analysis [wt.%]  Qar,L 

Mar FCar Var Aar  Car Har Nar Oar Sar  kJ/kg 

30.7 41.62 24.63 3.05  53.84 2.68 0.50 8.86 0.37  19150 

Note: ar – As received basis, L – low heating value 

Table 2. The ash compositions of the raw coal (wt.%) 

SiO2 Al2O3 Fe2O3 CaO MgO TiO2 SO3 K2O Na2O P2O5 

14.48 8.11 3.90 39.67 6.92 0.73 18.82 0.67 5.42 0.21 
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solution and stirred 40 minutes with stirred rate of 800 rpm. The resulting mixtures were dried 

at 105 °C for 12 hours to constant mass and stored in air-tight receptacles to prevent further 

changes. The R-coal impregnated with potassium and calcium is named the R-coal-P and R-

coal-C, respectively. Similarly, the H-coal loaded with potassium and calcium is briefly ex-

pressed as H-coal-P and H-coal-C, respectively. The loading is referred to as the weight percent 

of additional in the total amount of the mixture. The K2CO3 and Ca(OH)2 loading is 5 wt.% 

and 3.2 wt.%, respectively. This is a better selected loading amount, because it has higher 

effect on coal pyrolysis which has been conformed in our other experiments. 

Kinetic modeling 

Pyrolysis kinetic parameters were determined by applying the Coats-Redfern model, 

which derives from the Arrhenius equation and is an effective method for calculating the acti-

vation energy, Ea, and pre-exponential factor, A, [25]. 

The general kinetic model that describes the conversion rate during pyrolysis under 

non-isothermal condition is usually described: 

   
d

d

X
k T f X

t
       (1) 

where f(X) is the function that represents the reaction mechanism model and depends on the 

actual reaction mechanism, t –the time, X – the conversion, and k(T) – the reaction constant 

that depends on the temperature. 

The conversion in a pyrolysis process can be defined: 

0

0

–

–

t

f

m m
X

m m
        (2) 

where m0, mt, and mf represent the initial, actual, and final weight percent of coal samples, 

respectively. 

The temperature-dependent rate constant can be expressed by the Arrhenius equa-

tion: 

 
–

Re
Ea

Tk T A      (3) 

where A and Ea represent the pre-exponential factor and activation energy, respectively, R – 

the universal gas constant, and T – the Kelvin temperature. Considering the heating rate, h, is 

constant: 

d d d

d d d

T T X
h

t X t
        (4) 

The eq. (4) can be written: 

d d

d d

X X
h

t T
                 (5) 

The fundamental model function f(X) in eq. (1) was summarized by White et al. [23] 

who listed the most common reaction mechanisms in solid state reactions. For chemical con-

trol and the reaction order N, f(X) can take the form: 

   1–
N

f X X                 (6) 
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Introducing eqs. (3), (5), and (6) into eq. (1) the following expression is obtained: 

 

–
R

d
e d

1–

Ea

T
N

X A
T

hX
        (7) 

Integrating eq. (7) and applying the approximation of Taylor and assuming that 

2RT/E is far less than 1, eq. (8) are obtained [13]: 
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      (8) 

Results and discussion 

Effect of particle size and temperature on pyrolysis behaviors 

Figure 1 presents the influence of particle size on the pyrolysis behavior of R-coal 

from ambient temperature to final temperature of 750 °C. The extremely similar results of 

TGA and DTA curves for particle size of 80 μm, 120 μm, and 160 μm indicate that the size 

smaller than 160 μm can eliminate heat and mass transfer effect, even if at as high as heating 

rate of 40 °C per minute. The influence of temperatures on pyrolysis behavior of raw coal was 

shown in fig. 2. It is can be seen that the pyrolysis curves of TGA and DTA at 850 °C and 

900 °C are almost same as the curve at 750 °C. The weight loss is 35.7% before 750 °C, and 

further enhancing the pyrolysis temperature to 850 °C or 900 °C the weight loss increase 1.97% 

and 3.6%, respectively. It is concluded that the main weight loss occurs before 750 °C, and 

there is only a small weight loss for further heating the raw coal to 850 °C or 900 °C. Thus, it 

is enough to release most of the volatile matter by heating the raw coal to 750 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of heating rate on pyrolysis behaviors 

The pyrolysis temperature of raw coal increased from ambient temperature to 

750 °C at heating rates of 20 °C per minute, 40 °C per minute, and 60 °C per minute, respec-

tively. The variations of TGA and DTA vs. temperature are shown in fig. 3. The raw coal 

Figure 1. The influence of particle size on the pyrolysis behavior of 
R-coal with h = 40 °C per minute; (a) TGA and (b) DTA 
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present two main decomposition stages, and the temperature of the maximum rate is between 

86 °C and 111 °C for the dewatering stage and between 462 °C and 480 °C for devolatiliza-

tion stage depending on the heating rate used. The peaks of DTA curves in fig. 3(b) gradually 

become more intensive and move towards higher temperature with increasing the heating rate 

for both dewatering and devolatilization stages. This trend attributes to the raw coal reaches 

the required temperature in shorter times at higher heating rate, it is mean that the certain 

amounts of water or volatile matter must be released in shorter times. Thus the mass loss rate 

is higher with the increase of heating rate. Moreover, at lower heating rates the heating of the 

particles occurs more gradually with a more effective heat transfer to the inner parts of the 

particles, resulting in the water and volatile matter duly released from the particles. However, 

this action is delayed to higher temperature with increasing the heating rate and this trend is 

agreement with the previous results [13, 29, 30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The devolatilization index, D, was defined to evaluate the volatile release property 

[28]: 

Figure 2. The influence of temperature on the pyrolysis behavior of 
R-coal with h = 40 °C per minute; (a) TGA and (b) DTA 

 

Figure 3. The influence of heating rate on the pyrolysis behavior; 

(a) TGA curves and (b) DTA curves 
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max

in max 1/2Δ

meanR R
D

t t t
       (9) 

where Rmax and Rmean are the maximum and mean weight loss rate of volatile matter, respec-

tively, Rmax = (dm/dt)max, Rmean = (dm/dt)mean, tin – the initial pyrolysis temperature, which cor-

responds to the minimum rate of volatile release at the end stage of drying and degassing 

water, tmax – the maximum weight loss temperature, Δt1/2 – the temperature range when the 

value of R/Rmax is ½, tf – the final temperature of main pyrolysis process, tf = 2tmax-tin. Pyrolyt-

ic parameters of R-coal with heating rate, Rh, of 20 °C per minute, 40 °C per minute, 60 °C 

per minute, respectively, are listed in tab. 3. 

The devolatilization index is applied to describe the volatile release property. As D 

described in eq. (9) suggests that the larger of the value corresponds to higher release of vola-

tile matter. The values of raw coal D at three heating rate are illustrated in tab. 3. It is can be 

seen that the D increase with the heating rate, which is mean that the activity of pyrolysis is 

enhanced when raise the heating rate. This trend is agreement with the previous study [28]. 

Other pyrolytic parameters in tab. 3 present that the tin, tmax, and tf rise to high tem-

perature with the increase of the heating rate, but the Δt1/2 becomes narrower gradually. The 

values of Rmax monotonically increase with increasing heating rate. The resulting pyrolytic 

parameters of raw coal for the three different heating rates in tab. 3 are good agreement with 

the trend illustrated in fig. 3. 

Effect of potassium and calcium on pyrolytic behaviors 

From fig. 4(b) it can be seen that the R-coal DTA curves exhibit two main peaks, 

and the first peak is more intensive than that of second. The first peak corresponds to the max-

imum dehydration rate at 100 °C and the second peak is the maximum weight loss rate of 

volatile matter which corresponds to the devolatilization temperature of 477 °C. The dehydra-

tion peak is sharper than that of devolatilization, which demonstrates that the R-coal has high 

water content and it is confirmed by the proximate analysis in tab. 1 and the weight loss of 

water in tab. 4. The first peak is attributed to the most loss of water in voids and pores of coal 

[26]. The dehydration process is accompanied with desorption of N2, CO2, and CH4 molecules 

before the end of dehydration temperature at 237 °C [28]. 

In the devolatilization stage of R-coal after 237 °C, some weak non-covalent bonds are 

initially cracked and the weak bonded compounds are slightly vaporized and gradually released 

from solid coal. Aliphatic group or oxygen-containing groups cracked slowly before 400 °C at-

tributed to the emission of small molecules embedded in the macro and micro pores or bonded by 

Table 3. Pyrolytic parameters of coal samples 

Samples 
Rh 

[°C per minute ] 
tin 

[°C] 
tmax 
[°C] 

(dw / dt)max 
[%.min-1] 

tf 
[°C] 

Δt1/2 
[°C] 

D 
[10-8%2°C-3min-2] 

R-coal 

20 219.1 461.4 1.7587 703.7 245.3 5.99 

40 237.1 477.3 3.9674 717.5 241.2 26.35 

60 258.3 485.3 5.4065 712.3 237.1 44.51 

R-coal-P 40 195.3 473.2 3.5362 751.1 326.3 21.89 

R-coal-C 40 258 480.2 3.6541 702.4 244 22.73 

H-coal 40 172.8 474.3 4.3065 775.8 255.3 39.60 

H-coal-P 40 196.4 466.6 3.9237 736.8 280.6 30.56 

H-coal-C 40 231 477.9 4.0923 724.8 234.2 30.69 

H-coal-P-C 40 183.3 458.8 4.6507 734.3 140 77.93 
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some weak non-covalent bond, such as hydrogen bonds or other even weaker interactions [26]. 

The OH bond content decrease through the following reactions at 130-460 °C [26, 31]: 

2Ph–OH + Ph'–OH  Ph–O–Ph' + H O    (10) 

3 2 2Ph–OH + Ph'–CH  Ph–CH –Ph' + H O       (12) 

The maximum mass loss rate is conducted at 477 °C by rising temperature because 

of the cleaving of bridge bonds, which produced free radical groups and subsequent produc-

tion of gas and tar. The four C═O groups, such as ester, hydrogen bonded carbonyl or car-

boxyl, ketone (especially aromatic ketone) and quinone, start to decompose rapidly at approx-

imately 370 °C, and the cracking of aromatic C═C bonds and C–C bonds involved to strongly 

decomposition of aliphatic groups from approximately 400 °C [26, 31]. The solid residue 

conducts further condensation reactions, which mainly releases two gases, such as CO and H2. 

The shape of TGA and DTA curves illustrated in fig. 4 are similar between the R-

coal and H-coals. It is concluded that the main structure in the raw coal does not change after 

acid pickling. However, the water content in H-coal is dramatically lower than that of R-coal, 

which is quantitatively presented in tab. 4. In comparison, H-coal initial devolatilization takes 

place at lower temperature, but its weight loss rate of volatile matter is entirely higher after 

200 °C. While there is more volatile matter conducted from H-coal as shown in tab. 4. The 

DTA curves for both R-coal and H-coal in fig. 4(b) exhibit the maximum weight loss rates in 

dewatering and devolatilization stage corresponding to almost the same temperature at 100 °C 

and 470 °C, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A comparison of pyrolytic parameters between R-coal and H-coal in tab. 3 shows 

that the index D of H-coal is larger than that of R-coal, which means that the H-coal is more 

activity than R-coal in devolatilization stage. The other parameters shown in tab. 3 are accord 

with the trend presented in fig. 4. 

Table 4. The weight loss of water and volatile matter of coal samples 

 R-coal R-coal-P R-coal-C H-coal H-coal-P H-coal-C H-coal-P-C 

mW 13.69 5.88 9.91 3.51 6.09 6.67 5.23 

mV 21.61 25.62 22.73 27.52 27.46 25.59 27.69 

Note: mW [%] – the weight loss of water content, mV [%] – the weight loss of volatile matter 

Figure 4. Effect of inherent potassium and calcium on pyrolysis behavior of 

R-coal and H-coal with h = 40 °C per minute; (a) TGA curves and (b) DTA curves 
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The R-coal was dried at 105 °C before conducting pyrolysis experimental which 

caused much of water loss. Thus the water content contained in raw coal (30.7% in tab. 1) is 

much higher than that in dried raw coal (13.69% in tab. 4). However, the water content of H-

coal is only 3.51%, indicating acid pickling procedure removing most of water due to the ion-

exchange and hydrothermal treatment. Therefore, the different in dehydrating property for R-

coal and H-coal partially attributes to the effect of inherent potassium and calcium on the 

water holding capacity. It can be seen that the inherent potassium and calcium contained in 

raw coal can improve the water holding capacity. Moreover, the decrease of water holding 

capacity may due to the acid pickling procedure. The hydrothermal treatment was used in the 

process of acid pickling of coal samples, which was considered as an effective pretreatment 

method to reduce water in coals [5, 26]. The water soluble in-organics and hydrophilic organ-

ics containing oxygen functional groups may be dissolved and leached out with the water 

during hydrothermal treatment [9, 32]. 

In addition, the second peak value of R-coal is 3.9%·per minute at temperature of 

477 °C, which is lower than that of H-coal of 4.3%·per minute at temperature of 473 °C. The 

R-coal pyrolysis required more energy to break the molecular units in the coal network than 

that of H-coal. The high energy consumption during devolatilization is dependent on the ef-

fect of inherent potassium and calcium in a great extent; especially the metal ion can be avail-

able to ion-exchange. The ion-exchange potassium and calcium can perform interconnection 

function in the coal fragment structure which increases the energy of molecule escaping from 

the coal. This connect function reduced the ratio of tar production when studied the brown 

coal pyrolysis [18, 19]. 

The D values of R-coal and H-coal are 5.99 and 39.6, respectively, and the D of H-

coal is approximately seven times larger than that of R-coal. It can be concluded that the in-

herent potassium and calcium, especially the calcium ion which presents the largest ion-

exchange before and after acid pickling [28]. 

A thermal decomposition is utilized to evaluate the effects of loaded potassium and 

calcium on the R-coal pyrolysis behavior. Figure 5 illustrated the thermal characteristics of R-

coal loaded with K2CO3 and Ca(OH)2. The shape of TGA and DTA curves illustrated in fig. 5 

are similar for the R-coal, R-coal-P (loaded with 5% K2CO3) and R-coal-C (loaded with 3.2% 

Ca(OH)2), which indicates that the main structure in the raw coal does not influence by load-

ing potassium and calcium.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Effect of loaded potassium and calcium on pyrolysis behavior of 
R-coal with h = 40 °C per minute; (a) TGA curves and (b) DTA curves 
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The DTA curves exhibit two main peaks in fig. 5(b). The first peak intensities are 

6.36 % per minute, 2.75 % per minute, and 4.13 % per minute at 99.6 °C, 102.9 °C, and 99 °C 

for R-coal, R-coal-P, and R-coal-C, respectively. From fig. 5 it can be seen that the water of 

R-coal-P and R-coal-C is lower than that of R-coal, which indicates the raw coal loaded with 

potassium and calcium presenting lower water holding capacity. This trend shows a reverse 

way when compared with the improving effect of potassium and calcium on water holding 

capacity. This phenomenon mainly ascribes to the hydrothermal treatment, which was used in 

the process of potassium and calcium loading. The inherent and loaded potassium and calci-

um in R-coal-P and R-coal-C can improve the water holding capacity to a certain extent, but 

the hydrothermal treatment largely reduces its capacity and the effect of potassium and calci-

um on the capacity is much lower by comparison with hydrothermal treatment. 

The devolatilization peak intensities are 3.97 % per minute, 3.64 % per minute, and 

3.65 % per minute at 477 °C, 473.2 °C, and 480.2 °C for R-coal, R-coal-P and R-coal-C, re-

spectively. The final mass of the R-coal loaded with K2CO3 and Ca(OH)2 is higher than R-

coal under the same pyrolysis condition, which is mainly due to the influence of water in coal 

samples. In detail, it can be seen that the water of R-coal shown in tab. 4 (13.69%) is higher 

than that of R-coal-P and R-coal-C, which is attribute to the hydrothermal treatment on the R-

coal-P and R-coal-C resulting in lower water holding capacity. It also shows that the amount 

of volatile matter is highly dependent on the water in coal samples as presented in tab. 4. 

The values of D (in tab. 3) are 26.35, 21.89, and 22.73 for R-coal, R-coal-P, and R-

coal-C, respectively. This result implies that the raw coal loaded with potassium and calcium 

shows lower activity than that of raw coal alone and K2CO3 has a higher inhibitory action on 

the pyrolysis of R-coal than that of Ca(OH)2. 

To further confirm the effect of potassium and calcium on the pyrolysis behavior, 

the following experimental was conducted as illustrating in fig. 6. Specifically, all the samples 

are firstly treated with acid pickling which contains the hydrothermal treatment procedure, 

and then the K2CO3 and Ca(OH)2 were impregnated on the H-coal. From the shape of curves, 

it is also concluded that the main structure in the raw coal does not change after treating by 

above methods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results shown in both fig. 6 and tab. 4 clearly indicate that the potassium and 

calcium have improved the water holding capacity, and the H-coal-C contains higher water 

Figure 6. Effect of loaded potassium and calcium on pyrolysis behavior of 
H-coal and with  h= 40 °C per minute; (a) TGA curve and (b) DTA curve 



Liang, Z., et al.: Synergistic Effect of Potassium and Calcium Ions on … 
THERMAL SCIENCE: Year 2022, Vol. 26, No. 6B, pp. 5157-5171 5167 

content than H-coal-P. Moreover, the amount of volatile matter increases with decreasing the 

water content. The value of D for H-coal-P and H-coal-C is lower than H-coal which indicates 

that the potassium and calcium can partially inhibit the activity of coal pyrolysis. 

However, the experimental result shows that the weight loss rate of H-coal-P-C is 

higher than that of H-coal when simultaneously loading K2CO3 and Ca(OH)2 on the H-coal. 

While the value of D for H-coal-P-C is much higher than that of H-coal, indicating the H-

coal-P-C presenting higher activity than H-coal.  

The initial temperatures, tin, listed in tab. 3 vary in different coal samples. When 

making a comparison of these samples, it can be found that R-coal, R-coal-C, and H-coal-C 

have higher initial temperature. Thus, it is supposed that initial temperature increase if the 

coal samples contain calcium. However, it has lower initial temperature that the samples con-

tain both calcium and potassium ions, such as R-coal-P and H-coal-P-C, which possibly re-

sulting in the potassium offsetting calcium action. A comparison of H-coal and H-coal-P 

shows that the sample contains potassium has higher initial temperature, since potassium 

contained sample improves the initial temperature. Summarily, the potassium and calcium can 

improve the initial temperature, and the effect of potassium is strongly lower than calcium, 

but the potassium can offset the effect of calcium on initial temperature improving.  

Kinetic model 

Coal pyrolysis kinetic is a considerably complex process, and was investigated by 

many studies with thermogravimetric analysis by using the percent of mass loss as the con-

version rate [26, 33-36]. However, there were few reports on kinetic analysis of low rank coal 

based on the heating rate of 40 °C per minute to pyrolysis temperature of 750 °C. In this study, 

we intend to study the influence of inherent and loaded potassium and calcium on coal sam-

ples pyrolysis kinetic characteristics with the heating rate of 40 °C per minute to medium 

pyrolysis temperature of 750 °C. Preliminary experiments carried out in section Effect of par-
ticle size and temperature on pyrolysis behaviors shown that there were no resistances, such 

as heat and mass transfer, might influence the thermogravimetric analysis and the results de-

rived from the kinetic study. 

The first-order reaction mechanism model was firstly taken to obtain the kinetic pa-

rameters. If there is small difference between the values of R
2
 for different orders, N, the sim-

plest one would be chosen. When the N is considered to be 1 for the present research work, all 

plots divided two stages in fig. 7 show linear correlation coefficients bigger than 0.97, and thus 

as N = 1 the eq. (8) can be finely used to calculate the Ea and A. By plotting ln[G(X)/T
2
] vs. 1/T 

for the two stages, it is possible to obtain E and A from the slope and intercept of the lines, re-

spectively, which shown in fig. 7. The results calculated from fig. 7 are presented in tab. 4. 

The Ea values are many differences as the different coal and their heterogeneity, and 

the activity energy of coal is different due to the heterogeneity of the samples and the com-

plex nature of the reactions [25]. A wide range of activation energy from 8.6-143.6 kJ/mol 

was obtained by Niu et al. [26] for a perhydrous bituminous coal using non-isothermal low 

temperature pyrolysis. 

From tab. 5, it can be seen clearly that the values of Ea in stage I are bigger than that 

in Stage II for each coal samples, which indicates that the activity of Stage I is lower than 

Stage II. This suggests that decomposition of Stage I dominates the primary pyrolysis of coal 

samples. Moreover, a lower activity indicates that the volatile matter decomposes more slow-

ly and that the reaction rate is slower than that of higher activity. The activation energy is 

ascribed from the various of decomposition mechanisms, which involve multiple processes 
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during pyrolysis [13, 25]. The activation energy of Stage I is higher than Stage II due to the 

different nature of the processes taking place between the two stages, which may have been 

related to the evaporation of highly volatile compounds present in coal in Stage I and light 

volatile matter in Stage II. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The value of Ea for R-coal in Stage I is higher than that of R-coal-P and R-coal-C, 

however, it becomes the lowest one for the three samples in Stage II. Thus it can be concluded 

that the potassium and calcium loaded in the raw coal improved the activity in Stage I, espe-

cially the potassium, and exhibited inhibition in Stage II. The inherent potassium and calcium 

present the same action as the loaded one based on detailed comparison between R-coal and 

H-coal in tab. 5. While the Ea value of H-coal is smaller by comparison with H-coal-P and H-

coal-C for both the two stage. This means that both calcium and potassium inhibit the activity 

of H-coal, especially for calcium. However, the H-coal-P-C shows special trend in compari-

son with H-coal which is different from the above description. The Ea of H-coal-P-C is slight-

ly higher than H-coal in Stage I, and then it strongly smaller in Stage II, which shows that it is 

almost the most active sample presented in tab. 5. 

By using the activation energy and pre-exponential factor in tab. 5 it is possible to 

calculate the conversion for all the samples. The simulation was carried out for a conversion 

interval between 0.05 and 0.95 and the results were presented in fig. 8. The calculated conver-

sions vs. Kelvin temperature are in very good agreement with the experimental results except 

for H-coal that underestimate the experimental data at range of 740-767 K. This deviation is 

Table 5. Kinetic parameters of coal samples using Coats-Redfern model 

Samples 

Stage I Stage II 

tI [°C] R2 Ea [kJmol–1] 
A 

[min-1] 
tII [°C] R2 Ea [kJmol–1] 

A 
[min-1] 

R-coal 273.1-508.1 0.9974 66.11 8040 508.1-750 0.9950 25.08 5.51 

R-coal-P 195.3-490.2 0.9914 31.93 21.76 490.2-750 0.9891 28.20 11.68 

R-coal-C 258-502 0.9950 51.87 737.63 502-750 0.9955 32.31 23.04 

H-coal 172.8-496.1 0.9778 30.37 15.69 496.1-750 0.9880 28.45 12.83 

H-coal-P 196.4-502 0.9937 34.45 38.53 502-750 0.9884 29.88 16.75 

H-coal-C 231-496.1 0.9861 43.83 169.70 496.1-750 0.9956 31.93 21.82 

H-coal-P-C 183.3-467.6 0.9829 32.37 25.82 467.6-750 0.9839 20.71 3.18 

Figure 7. Plots for determination of E and A by Coats-Redfern method according to 
the first-order reaction model; (a) R-coal and its mixtures and (b) H-coal and its mixtyres 
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attributed to the fitting error of H-coal in stage I presented in fig. 7 (b), and the R
2
 value of H-

coal is smaller than 0.98 shown in tab. 5 also illustrated the deviation between the simulated 

and experimental conversion. In general the values of R
2 

obtained between calculated and 

experimental conversions are higher than 0.98, although in the case of the H-coal in Stage I, 

the correlation coefficient is slightly lower, it is enough high to be accepted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions 

This study selected a low rank coal for the investigation of the non-isothermal py-

rolysis behavior below 750 °C in N2 flow. The results indicate that the particle size smaller 

than 160 μm can eliminate heat and mass transfer effect, even if at as high as heating rate of 

40 °C per minute, and it is enough to release most of the volatile matter by heating the raw 

coal to 750 °C. The peaks of DTA curves gradually become more intensive and move towards 

higher temperature with increasing the heating rate for both dewatering and devolatilization 

stages. The devolatilization index increase with the heating rate, which is mean that the activi-

ty is enhanced when raising the heating rate. 

The H-coal initial devolatilization takes place at lower temperature than R-coal, but 

its weight loss rate of volatile matter is entirely higher after 200 °C, while there is more vola-

tile matter conducted from H-coal. In addition, the second peak value of R-coal is 3.9 % per 

minute at temperature of 477 °C, which is lower than that of H-coal of 4.3 % per minute at 

temperature of 473 °C. The devolatilization index values of R-coal and H-coal are 5.99 and 

39.6, respectively, and the devolatilization index of H-coal is approximately seven times larg-

er than that of R-coal. The inherent and loaded potassium and calcium in R-coal-P and R-

coal-C can improve the water holding capacity to a certain extent, but the hydrothermal treat-

ment largely reduces its capacity and the effect of potassium and calcium on the capacity is 

much lower by comparison with hydrothermal treatment. However, the results shown in both 

fig. 6 and tab. 4 clearly indicate that the potassium and calcium have improved the water 

holding capacity, and the H-coal-C contains higher water content than H-coal-P. The value of 

devolatilization index for H-coal-P and H-coal-C is lower than H-coal which indicates that the 

potassium and calcium can partially inhibit the activity of coal pyrolysis. 

In this study, the Coats-Redfern model was used to study the influence of inherent 

and loaded potassium and calcium on coal samples pyrolysis kinetic characteristics. The value 

Figure 8. Comparison between experimental and calculated results using 
Coats-Redfern model for coal samples 
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of Ea for R-coal in Stage I is higher than that of R-coal-P and R-coal-C, however, it becomes 

the lowest one for the three samples in Stage II. While the Ea value of H-coal is smaller by 

comparison with H-coal-P and H-coal-C for both the two stage. This means that both calcium 

and potassium inhibit the activity of H-coal, especially for calcium. 
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