
1. Introduction
Low-rank coals are well known for their high 
concentration of oxygen-containing functional groups, 
the high proportion of transitional and macropores and 
the high dispersion of catalytic inorganic constituents, 

The high oxygen 

via
the 1930s low rank coals were used as an ion exchange 
medium [1-3

e.g. sulphonation etc.) to increase the ion 
3-5 Recently, 

water and it was found that sorption of different arsenic 
speciation forms was strongly dependent on solution 
pH, reaction time and temperature [6 As a result of this 

7-9] and for 
6,10

Janos et al. [11
and the sorption properties of selected Central European 

12

p

p is considered to 
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In this work the C.E.C. and its effect on the reactivity of low rank coal and chars were investigated. The C.E.C. was measured by 
potentiometric titration and was correlated with the solution pH, the carbonization extent and the oxygen content. Coal and chars 
presented permanent C.E.C. primarily derived from inorganic sites and was independent of solution pH, and variable C.E.C. derived 
from organic matter and was increased continuously, and reversibly, as the solution pH increased. The latter is due to the complete 
dissociation of the carboxylic groups of the organic matter of the coal and, thus, the C.E.C. is directly related with the oxygen content. The 

justifying further the direct relation between the C.E.C. and the oxygen functional groups. Following the decrease of the C.E.C., the 
potassium chemisorption capacity of the chars also decreased. Chars of decreased C.E.C. were less reactive during CO2
reduced maximum weight loss and CO formation rates were obtained, also shifted at higher temperatures.
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from soil humus and accordingly, the presence of 

 [12
unchanged clay content and composition, resulted in 

hydroxyl functional groups that dissociate in solution to 

process [13

13], since the pyrolysis of 
them occurs at higher temperatures [5,13

 Particularly 
the chemisorption of K+

12,14 e.g

in soil and of the geological organic deposits such as 

sites [15-19
20,21

coal rank and the char preparation conditions [22,23

20,21
Despite the importance of the ion exchange 

performed and, thus, there are major uncertainties 

inherent heterogeneity of the coals, the presence of 

To account 

The 

non-isothermal CO2

2. Experimental procedure

was used as a starting material and coal samples were 

were dried for 24 hours at 105°C in a N2 atmosphere 

1, while the corresponding ones 
2

measurements, samples were pre-treated in order to 
+

i.e
12,

measurement) includes the following stages:

2, 
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methanol till the Cl–

3

1:

100...
solid

NaOHNaOH

m
NVCEC

      
                                             

C.E.C.
VNaOH [cm3

pH = 10, NNaOH is the normality of the NaOH solution 
and msolid

e.g

e.g

and 1 hour residence time) that transform the inherent 

he contained ash in the coal was isolated 

2O2

 
3COONa)

2O2 

was continued till complete oxidation of the organic 

The U-shape reactor design permits rapid cooling 

24
3 min-1) and the 

2

to calculate the 

The chemisorption of K+

Coal-char samples were impregnated with 

2CO3) 

,25 + ions were 
extracted with water in a centrifuge and the K+ cations 

+ ions on the 
,25

+ is the key element in the 

simultaneous monitoring of coal-char weight loss and 

Table 1. Proximate [ASTM D 7582-12], ultimate [ASTM D 5373-08] and elemental ash [ASTM D 6349-09] analyses of low rank Greek coal samples.

(a) Proximate (b) Ultimate (c) Ash analysis
Parameter Element Compound

Volatiles 47.0 C 48.2 SiO2 36.64

Fixed carbon 30.8 H 3.0 Al2O3 17.31

Ash 21.7 N 1.5 Fe2O3 7.19

CO2 0.5 S 1.0 CaO 28.10

HHV (kcal kg-1) 4193 O* 24.6 MgO 0.83

Ash 21.7 SO3 11.93

Na2O 0.6

K2O 0.6

* by subtraction
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2

all tests a sample of 20 mg mass, 20°C min-1 heating 
rate and a 100 cm3 min-1 CO2

3. Results and discussion

3.1. Cation exchange capability of low rank coal

increase continuously as the solution pH was increased, 
1

2 to 4 and continuously increased up to solution pH 

1

26

and a pH-dependent one [27
inorganic matter mainly consists of clay minerals and 
the chemisorption of cations on the surface of a lattice 

layers might also act as permanent ion exchange 
sites [

1
solution pH resulted in the replacement of H+ +

K+) ions on the solid and the formation of water with the 
OH– of the solution, therefore, new ion exchange sites 

+) and anion 
–

pH effect on the aluminosilicate minerals and to the 

lignite [13,

scheme [13,

MCOOCoalCOOCoalnM n
n

The high concentration of H+

2 to the left, resulting 

temporary ion exchange sites of the organic matter were 

2 and 
3

1

1

C–O–Na type formed with the phenolic groups found 

[13

Figure 1. Variation  of  the  C.E.C  of  lignite  with  the  solution  pH,  
        obtained by titration with NaOH 0.1 M.
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3.2. Cation  exchange  capability  of  inorganic  
       matter
Low temperature lignite ash was prepared according 

2

that is two orders of magnitude lower than that of the 

to the organic sites which are found in much higher 

groups [13,
1

3.3. Cation exchange capability of chars

conditions used, the corresponding weight loss, 
the elemental analyses and the cation exchange 

2

2  Based on the ultimate analyses of the chars 

3

Table 2. Carbonization conditions and weight loss, C.E.C. and elemental composition of the obtained chars.

Sample Temp/Time 
(°C)/(min)

Weight loss 
(% w/w)

C.E.C. 
(meq/100 g)

Pyrolysis char composition (% w/w)
C H N Ash O* g-atom C / g-atom O

Coal - 0 330.0 48.20 3.00 1.50 21.7 24.6 2.6

CH-1 340/1 0.80 317.5 48.47 2.98 1.52 21.9 24.6 2.6

CH-2 380/2 4.08 325.0 47.41 3.10 1.54 22.6 24.7 2.6

CH-3 550/1 8.10 315.0 49.57 3.08 1.62 23.6 21.5 3.1

CH-4 400/3 11.81 290.0 49.48 2.99 1.49 24.6 20.8 3.2

CH-5 400/5 16.99 220.0 49.79 2.76 1.66 26.2 19.1 3.5

CH-6 400/10 19.88 190.0 51.52 2.47 1.73 27.1 16.6 4.2

CH-7 400/10 20.89 214.0 51.73 2.50 1.64 27.2 16.4 4.2

CH-8 700/1 22.88 186.4 52.47 2.88 1.58 27.4 15.0 4.7

CH-9 600/2 28.92 124.0 49.33 1.85 1.71 30.5 16.0 4.1

CH-10 600/15 35.61 82.0 51.72 0.89 1.61 33.7 11.5 6.0

CH-11 600/15 35.62 76.0 52.43 0.80 1.62 33.7 10.8 6.5

CH-12 700/2 38.56 30. 55.10 0.96 1.55 35.3 6.5 11.4

CH-13 800/2 45.30 27.2 52.77 0.68 1.57 39.7 4.7 14.9

CH-14 900/2 52.94 22.8 55.12 0.23 1.16 42.7 0.5 147.0

* by subtraction

Figure 2. Potentiometric   titration   curve   of   Greek   lignite   low  
        temperature ash (C.E.C. = 7.1 meq / 100 g solid).
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the sample weight loss and an almost linear relation 

and weight loss 3

3  Elemental hydrogen and oxygen 

3

4

4

2 that is 
13

chars [29

4

3, thus justifying the 

the thermal decomposition of the oxygen functional 

organo-metallic complexes with the remaining aromatic 
structure of the coal [ ,30,31

3
1

following function was used:
x

ebaCEC ...

k and l are the shape and scale parameters of 
x

5

a and b 

solid

solid

2, i.e.

Figure 3. Elemental conversions of carbon, hydrogen and oxygen  
        with carbonization weight loss.

Figure 4. Variation  of  cation  exchange  capability  (C.E.C.)  with  
        pyrolysis weight loss.
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and R2

4
5

5 to 7 A continuous, almost 

5, justifying a direct 

O

bXaCEC O...

constants a and b where calculated a = 3.9333 and 
b = 363.39 2

6 and 7

6

7

them is mechanistic and thus meaningless; coming from 

3.4. Potassium    chemisorption    capacity   of  
       pyrolysis chars

K+ chemisorption capacity of the pyrolysis chars 

The amount of potassium added was kept constant 

Figure 5. Variation  of  cation  exchange  capability  (C.E.C.)  with  
        elemental oxygen conversion.

Figure 6. Variation  of  cation  exchange  capability  (C.E.C.)  with  
         elemental carbon conversion.

Figure 7. Variation  of  cation  exchange  capability  (C.E.C.)  with  
        elemental hydrogen conversion.
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+

2CO3 in the mixture of lignite and 

K+

pyrolysis conditions, which resulted in increased weight 

and the ion exchange sites were diminished, resulting in 
+

The potassium chemisorption capacity was 

K+

9

than their K+ 9

i.e
e.g +2, K+, Mg+2) and thus 

pre-treatment was not applied in K+ chemisorption and, 
+ 

+ chemisorption 

way and remained constantly much higher than the 
9

compounds with the coal char [ the 
+ 

potassium, in contrast to Na+, tends to form with all coals 
and chars [30,31 + 

2CO3

3.5. Reactivity  of  pyrolysis  chars  under  CO2  

-1) under CO2
3 min-1), 

weight loss and CO2

2 

Figure 8. Variation of the % of chemisorbed K+ with the weight loss  
        of the pyrolysis chars.

Figure 9. Variation  of  the  C.E.C. and of the chemisorbed K+ with  
         weight loss in the carbonization stage.

Figure 10. Effect of the carbonization conditions on conversion 
during non-isothermal CO2
chars.
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non-isothermal CO2

the existence of two temperature regions that control 
10

loss rate presented a wide maximum at the temperature 
11

stage of the non-isothermal CO2

650°C), the heterogeneous Boudouard reaction 

10
also produced in this stage coming from the remaining 

2 

10 and 11

of the non-isothermal CO2

reduced weight loss and CO2

650°C where pyrolysis occurs, increased weight loss 
10

CO2

t 2  

11

heterogeneous Boudouard reaction dominates, 

10

2 10 and 11
2 resulted in 

10

and CO2 11

the maximum weight loss rate occurs in the second 
stage of the non-isothermal CO2

CO formation rate also decreased, while it was shifted 
12

that oxygen-containing functional groups found in 

[15-19] and their concentration is one of the major factors 
22,23]

Thus, the thermal decomposition of the oxygen 

2, leading to 

researchers [20-23] who found that preparation of chars 
at increased temperatures and longer times resulted 

4. Conclusions

The chemisorption of cations on the surface of a lattice at 

Figure 11. Conversion rates during non-isothermal CO2
           of coal and chars.
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+ –) of the titrating solution and 

solution pH effect on the aluminosilicate minerals and 

coal and chars decreased linearly with the elemental 

+ decreased following 

oxygen groups during the char preparation stage and 

oth the maximum weight loss 
and CO formation rates were decreased and shifted at 
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Figure 12. Effect of C.E.C. on the maximum CO formation rate 
and on the temperature of maximum rate during non-
isothermal CO2
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