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Abstract  11 

The aim of this work is to investigate the influence of the addition of organic inerts such as 12 

charcoal with a well-controlled particle size on the development of fluidity in three coking coals 13 

of different rank, maceral composition, and rheological properties. Three size fractions of 14 

charcoal, <20, 20-80, and 80-212 µm, that can be considered as artificially prepared inertinites 15 

were used. The  different charcoal fractions were added in amounts of 2, 5, 10, and 15 wt% to 16 

selected high-quality coking coals with a Gieseler maximum fluidity (Fmax) of 373 (LF), 541 17 

(MF), and 1891 (HF) ddpm. Increasing the amount of charcoal in the blend led to a progressive 18 

inverse exponential reduction in fluidity. This reduction was accompanied by a shortening of the 19 

fluid interval due to an increase in the softening temperature. In the case of the finest charcoal 20 

fraction, the inhibition of fluidity was even more pronounced. The HF coal with a relatively high 21 

fluidity was very sensitive to minimum amounts of charcoal addition, losing nearly half of its 22 

fluidity when 5 wt% charcoal was added. A similar reduction in Fmax was also observed for LF, 23 

while MF with only a slightly higher fluidity displayed a different trend. From the results it can 24 

be seen that the inherent characteristics of a coal are critical factors that affect the extent of the 25 
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reduction in fluidity caused by the incorporation of charcoal. The differences can be partially 1 

attributed to the amount of inertinite present in the parent coal and to the macerals within the 2 

inertinite, especially fusinite, semifusinite, and inertodetrinite. In relation to petrographic 3 

changes in the matrix of the semicokes, there is a general trend for isotropic material to increase 4 

and the size of the anisotropic textures to decrease with the addition of charcoal. Inclusions 5 

within the semicoke matrix also change according to the amount and the size of the charcoal 6 

added to coal. 7 

 8 

Keywords: Coking coal, charcoal, inertinite, fluidity, semicoke, optical texture 9 
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1. Introduction 1 

Coals used for the production of metallurgical coke have certain physical properties which cause 2 

the individual coal particles to soften, liquefy, agglomerate and, then, resolidify into a hard and 3 

porous carbon material (semicoke) when heated up to 500 ºC in an oxygen-deficient atmosphere. 4 

With further heating up to 1000-1200 ºC, this intermediate carbon material is converted into a 5 

high-temperature coke with a strong mechanical resistance and moderate reactivity towards CO2. 6 

The development of fluidity up to 500 ºC is considered a key step in coal thermochemical 7 

behaviour in a coke oven and, consequently, for the structure and properties of the resultant coke 8 

(Patrick, 1975; Loison et al., 1989; Marsh, 1992; Butterfield and Thomas, 1995; Diez, 2014). In 9 

fact, the optical texture achieved in the semicoke stage is generally retained in the coke (Patrick 10 

et al., 1973; 1979; Fukuyama et al., 1981; Fortin and Rouzaud, 1993; 1994). 11 

Any pre-treatment of coal or incorporation of carbon-containing additives that alter the physical 12 

and chemical processes will modify the development of coal fluidity (Clemens and Matheson, 13 

1995; Sakurovs, 2000; Fernandez et al., 2009). Chemically active additives such as pitch, tar, 14 

petroleum residues, polymers, and oils may act as fluidity enhancers or inhibitors depending on 15 

their ability to donate and/or accept transferable hydrogen, whereas inert additives (anthracite, 16 

char, breeze coke, calcinated coke, oxygenated polymers) have a detrimental effect on fluidity 17 

(Valia and Hooper, 1994; Menendez et al., 1996; Barriocanal et al., 1998; Diez et al., 2005; Diez 18 

et al. 2012a). This detrimental effect has been attributed to the presence of oxygen-rich volatiles, 19 

the greater surface area of the additives that adsorbs some of the tar contributing to plasticity, or 20 

to the smaller particle size of the additives. Thus, among the factors affecting fluidity when 21 

carbonaceous additives in a solid state are added are not only the amount of additive, but also the 22 

type and size (Loison et al., 1989; Sakurovs 2000; Diez et al., 2009).  23 
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In recent years, the incorporation of woody biomass such as charcoal in coal blends for 1 

cokemaking has attracted a great deal of interest as a way to reduce fossil CO2 emissions (Hanrot 2 

et al., 2009; MacPhee et al., 2009; Ueda et al., 2009; Pohlmann et al., 2010). The processes 3 

involved in the formation of charcoal to a certain extent resemble those of the formation of 4 

inertinite in coal (Diessel, 1992). There are, however, striking differences such as the fact that 5 

the charcoal is not subjected to coalification and that artificial charcoals can be expected to show 6 

less variability than those formed in nature during forest fires (Scott and Glasspool, 2007) or 7 

after extensive oxidation processes in cold-temperate peatlands (Taylor et al., 1989). Studies 8 

performed over the years on the behavior of inertinite during the coking process and on its 9 

influence on coke properties have shown that: i) a significant part of inertinite is transformed 10 

during the process, with the most reactive inertinite developing an anisotropic mosaic optical 11 

texture while the least reactive inertinite remains isotropic (Taylor et al., 1967; Diessel, 1983; 12 

Diessel and Wolff-Fischer, 1986); ii) the assumption that only one third of the semifusinite in 13 

Carboniferous coals reacts, which has been commonly held for years when formulating coal 14 

blends (Ammossov et al., 1957, Schapiro et al., 1961), underestimates the amount of reactive 15 

inertinite in Gondwana and many younger coals (Pearson and Price, 1985; Diessel and Wolff-16 

Fischer, 1986; Gransden et al., 1991; Choudhury et al., 2008); iii) the fusibility of inertinite is 17 

strongly and inversely related to its reflectance (Diessel, 1983; Diessel and Wolf-Fischer, 1987; 18 

Komorek and Morga, 2007, Pusz et al., 2009; Guerrero et al., 2013); iv) small inertinite 19 

components such as micrinite or inertodetrinite, regardless of their poor fusibility, may have a 20 

positive effect on coke strength because they are easily integrated within the coke matrix 21 

(Mackowsky 1977); and v) large particles (over 50 microns), on the contrary, favour the 22 

propagation of fissures and cause a decrease in mechanical strength (Miyazu, 1974). The 23 
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addition of charcoal to coal would, therefore, act as an inert carbon additive and reduce fluidity 1 

(Sakurovs, 2000; Diez et al., 2012a; 2012b; Montiano et al., 2013). The level of reduction has 2 

been shown to be dependent on the amount (Ng et al., 2012), and type (Diez and Borrego, 2013) 3 

of charcoal added, the severity of the pre-treatment to which it has been subjected, and its size 4 

(Sakurovs, 2000; MacPhee et al., 2009). This work attempts to study the effect of the addition of 5 

well-controlled size fractions of charcoal to coals of different fluidity, rank, and petrographic 6 

composition. The difference between this and other previous works in which charcoals of 7 

different sizes have been added (MacPhee et al., 2009) is essentially the smaller size of the 8 

charcoal used in the present study, corresponding to a size-range typical of organic inerts in coal 9 

(inertinite macerals). Special attention is paid to the differences between the parent inertinite and 10 

the added charcoal, the effect of the additions on fluidity and on the optical texture of the 11 

semicoke, and also to the way in which the charcoal is incorporated into the semicoke matrix. 12 

 13 

2. Experimental 14 

Three coals from the United States and Australia, which are typically used in formulation of 15 

metallurgical coal blends, were selected. The series comprised coals of different fluidity and will 16 

be referred to as lower, medium, and higher fluidity coal (LF, MF, and HF, respectively). The 17 

charcoal is a commercial charcoal originating from Brazil which is used for metallurgical 18 

purposes and is produced at a nominal temperature of 450 ºC. The chemical characterization of 19 

the coals and charcoal (CH) consisted of a proximate (ISO 17246:2010) and ultimate analysis 20 

(ISO 29541:2010 for C, H, and N content and ISO 19579:2006 for total sulfur content). The 21 

thermoplastic characteristics of the coals and the coal-charcoal blends were determined by using 22 

a constant-torque Gieseler plastometer (ASTM D2639). Briefly, the samples (5 g, <0.425 mm) 23 
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were heated from 300 ºC up to 500 ºC at a heating rate of 3 ºC/min, the rotation of a stirrer 1 

placed inside the sample indicating the fluidity, which was recorded in dial divisions per minute 2 

(ddpm), as a function of the temperature. The maximum fluidity value (Fmax), and the 3 

temperatures of maximum fluidity (Tf), softening (Ts), and resolidification (Tr) were also 4 

recorded. The plastic or fluid interval was defined as the difference between Tr and Ts. The 5 

Gieseler semicokes were recovered for a petrographic analysis of the optical texture. The 6 

petrographic analysis of the coal consisted of performing a combined maceral-reflectance 7 

analysis, recording the reflectance of every maceral selected by point-counting. The relevant 8 

standards were ISO 7404-05:2009 for measuring the maceral reflectance and ISO 7404-03:2009 9 

for choosing the components. For each coal, 500 reflectance values were recorded and assigned 10 

to the corresponding maceral and/or maceral group, allowing detailed information on the maceral 11 

compositions and their reflectance distributions to be collected. The nomenclature used was that 12 

of the International Committee for Coal and Organic Petrology (ICCP, 1998; 2000). 13 

Identification of the inertinite and liptinite macerals was performed at maceral level. However, 14 

the liptinite is reported at the maceral-group level due to the small amount of this component and 15 

the fact that most of it consisted of sporinite. Identification of vitrinite components was 16 

performed at maceral subgroup level, distinguishing between components derived from tissues 17 

that maintain their integrity (telovitrinite), vitrinite that acts as a matrix for other components 18 

(detrovitrinite), and pure gelified material (gelovitrinite).  19 

 20 

The charcoal size fractions were separated by wet-sieving from a sample ground to a top size of 21 

212 m using a succession of sieves of different sizes and finally a collection flask for the 22 

smallest fraction (Fig. 1). The charcoal water-slurry with particles below 20µm was then filtered 23 
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under vacuum using a Millipore glass fiber filter. The fractions selected were: 212-80 µm 1 

(CH212), 80-20 µm (CH80), and <20µm (CH20). The suitability of the CH fractions was 2 

assessed by Coulter analyses using ethanol as dispersant and by scanning electron microscopy 3 

(SEM). The coals were blended with each charcoal fraction in amounts of 2, 5, 10, and 15 wt% 4 

to yield a total of 36 coal-charcoal samples (12 for each coal). 5 

 6 

The optical texture of the 36 Gieseler semicokes was determined using the classification of the 7 

ASTM D5061-07 standard plus some additional categories for the discrimination of coal and 8 

charcoal inerts. The components of the semicokes were divided into the following categories: a) 9 

a matrix comprising isotropic and anisotropic material with a mosaic, lenticular, or fiber texture; 10 

b) organic inert inclusions comprising components with smooth edges probably derived from 11 

inertinite present in the coal and components with sharp edges of different size probably derived 12 

from the added charcoal; and c) mineral matter (Gray and Devanney, 1986).  13 

 14 

As the coal-charcoal blends were prepared by weight and identification of the charcoal in the 15 

semicokes can only be performed on a volume basis, the real densities of the coal, charcoal, and 16 

coal minerals ashed at below 500 ºC were measured to perform the weight-to-volume 17 

conversions so that a relationship could be established between i) the amount of inertinite in the 18 

coal and that identified in the semicokes and ii) the amount of added charcoal and its amount 19 

identified in the semicoke. The real density of the different components was determined by He 20 

picnometry. Prior to analysis the samples were outgassed under vacuum at 90ºC for 90 minutes. 21 

However, an additional calculation was required because of the loss of volatiles during the 22 

Gieseler assay. The Gieseler semicokes typically retain 10% of their volatiles regardless of the 23 
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rank of the parent coal (Loison et al., 1989; van Krevelen 1993).  Although at the rank of coking 1 

coals the differences in volatile matter content of the various maceral groups are not very large, 2 

the coke yield of inertinite can be expected to be slightly higher than that of vitrinite. The 3 

expressions used for volatile loss of the maceral groups were those of Borrego et al. (2000), it 4 

being assumed that the semicoke retains 10% of its volatile matter content.  5 

 6 

3. Results and Discussion 7 

3.1 Coal and charcoal characteristics 8 

The three bituminous coals are characterized by an ash content of below 10 wt% and a sulphur 9 

content of below 1 wt% (Table 1) as typically required for prime coking coals used for 10 

metallurgical coke production. They range in volatile matter content from 27.2 to 21.2 wt% daf 11 

and in vitrinite reflectance from 1.18 to 1.25 % (Table 2), both of these parameters moving in 12 

opposite directions. The comparatively low volatile matter content of the LF coal even though its 13 

vitrinite reflectance is only 0.03 % higher than that of MF is due to its larger inertinite content 14 

(22.2 vs 14.8 %, Table 2), which typically has less volatile matter than vitrinite (Borrego et al., 15 

2000). Other rank chemical parameters vary as expected, with C increasing and H and O 16 

decreasing as vitrinite reflectance increases (Table 1). A general trend for the Gieseler maximum 17 

fluidity (Fmax) and plastic interval to decrease with increasing coal rank was observed. The 18 

difference in fluidity between MF (541 ddpm) and HF (1891 ddpm) is relatively large for two 19 

coals whose vitrinite reflectances only differ by 0.03%. The real density of the coal organic 20 

matter, calculated from the density values of the coals and the low-temperature-ashed mineral 21 

matter (2.73 g cm
-3

), ranges between 1.20 and 1.24 g cm
-3

 and is similar for both MF and HF. 22 

These values are slightly lower than expected for coals with similar carbon contents (Gan et al., 23 
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1972, and van Krevelen, 1993). Compared to the chemical compositions of the coals, the 1 

charcoal has a lower carbon and hydrogen content but a significantly higher oxygen content. The 2 

total sulfur and ash contents are very low, whereas the volatile matter content is within the range 3 

of that of the coals (Table 1). The differences in chemical composition of the charcoal and coals 4 

will affect the composition of the volatiles released upon carbonization (mainly oxygen-rich 5 

gases in the case of the charcoal and hydrogen and hydrocarbons in the case of coals). It should 6 

be noted that the helium density of the charcoal is higher than that of the organic matter in the 7 

coal (Table 1), which is consistent with the fact that the He density of inertinite is higher than 8 

that of vitrinite in coals (van Krevelen, 1993).  9 

 10 

Petrographic characterization revealed further differences between the coals. The inertinite 11 

content ranges from 14.8 vol% in MF to 22.2 vol% in LF whereas the liptinite content is very 12 

low and consists mostly of sporinite (Table 2). Telovitrinite is by far the most abundant vitrinite 13 

subgroup and the reflectances of both subgroups (telovitrinite and detrovitrinite) are very similar, 14 

indicating a significant homogeneity of vitrinite optical properties within each coal. The most 15 

abundant inertinite maceral is semifusinite, which accounts for around 50% of the total inertinite 16 

content of the coals. The reflectance of fusinite is one of the highest, whilst semifusinite has one 17 

of the lowest reflectances within the inertinite group. The relative abundances of inertinite 18 

macerals in LF and HF are very similar, whereas MF has a higher inertodetrinite and a lower 19 

fusinite content than the others. The charcoal reflectance measured in the two largest fractions is 20 

2.03%, which is slightly higher than the average value for inertinite in MF and HF and similar to 21 

the inertinite reflectance of LF. The scatter of reflectances in the charcoal is larger as a 22 

consequence of the inhomogeneity of the carbonization process. Although the average charcoal 23 
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reflectance is higher than the average inertinite reflectance of the coals, other statistics such as 1 

the mode (1.81%) and the median (1.78%), are close to the average reflectance of semifusinite, 2 

which is the main inertinite maceral in these coals (Table 2). 3 

 4 

3.2 Morphology of the charcoal fractions 5 

The morphology of the charcoal fractions used for blending is shown in Fig.2. The particles in 6 

CH212 and CH80 exhibit a cell-wall structure typical of oxidized or charred lignocellulosic 7 

tissues from woody plants (i.e. the appearance characteristic of fusinite in coal). However, the 8 

charcoal particles show no evidence of deformation or compaction, as is commonly observed in 9 

inertinite and particularly in semifusinite macerals. This feature would be useful for helping to 10 

distinguish charcoal particles from inertinite in the microscopic examination of semicokes. The 11 

particles in the largest fraction have a clear fusiform shape, with a width of < 212 m, but a 12 

length that is significantly larger than that. The smaller particles are more equidimensional and 13 

the voids have almost disappeared in the particles of the smallest fraction, where only fragments 14 

of the cell walls remain, often with a “Y” or “X” shape. These particles, which have an average 15 

diameter of 12 m, fall within the range of inertodetrinite in coal. The size distribution also 16 

shows that most of the particles in the finest fraction are distinguishable with an optical 17 

microscope, because the amount of particles below two microns size is very small. As the fine 18 

hydrophobic organic particles tend to group together when embedded in the mounting resin, a 19 

special effort to homogenize must be made when preparing the blends. The possibility of some 20 

of the particles segregating during the sieving process was taken into account and the consistency 21 

of size distribution within each fraction was also checked. Table 3 shows the ash contents, 22 

densities, and the size distributions of the different charcoal fractions. The density values 23 
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increase slightly with the increase in ash content from CH212 to CH20, reflecting a slight trend 1 

towards enrichment of the mineral matter due to its liberation during grinding. This is a very 2 

common phenomenon in coal, where the segregation is even greater than in the present case 3 

(Mendez et al., 2003). The density of the organic matter remains similar (Table 3) and the scatter 4 

of charcoal reflectances in the two largest fractions is also similar, indicating that segregation of 5 

organic components with different charring intensities has not occurred. The size distribution 6 

also shows very little overlapping for the most common sizes between the different fractions.  7 

 8 

3.3. Influence of charcoal addition on coal fluidity development 9 

Gieseler plasticity is an important test not only for evaluating the coking capacity of coals and 10 

the effect of either chemically and/or physically inert or active additives on a specific blend, but 11 

also for assessing the optimum amount of additive required for a particular blend (Diez and 12 

Alvarez, 2013). The interactions between coal and charcoal in the plastic stage of the 13 

carbonization process will be reflected in the variation of Gieseler parameters. Fig. 3 shows the 14 

variation of Fmax for the various blends with the addition of charcoal to the three coals in 15 

different amounts. In all cases, biomass addition causes a decrease in Fmax which shows an 16 

exponential trend. The shapes of the exponential curves are different and not exclusively related 17 

to the rank and/or fluidity of the parent coals. This finding suggests that the extent of reduction 18 

must be the result of a combination of both the type of coal and the particle size of the charcoal 19 

used. In general, these results are consistent with the view that the addition of any type of 20 

biomass to coking coals reduces their capacity to develop a fluid phase during thermal treatment 21 

(Diez et al., 2012a; Castro Diaz et al., 2012). The greater surface area of the fine inert particles is 22 
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at least partially responsible for binding the plasticising fraction of a coal and, consequently, 1 

favouring the inhibition of fluidity development (Loison et al., 1989).  2 

The comparison of the general trends of the blends made up of the coking coals and charcoal 3 

reveals certain similarities and differences. For a charcoal addition of 2 wt%, the drop in Fmax of 4 

the HF blends shows only small differences depending on which of the biomasses is added, the 5 

reduction varying between 28-32%. When the amount of charcoal in the blend is increased to 15 6 

wt%, the effect of charcoal particle size becomes more prominent. In the case of MF and LF 7 

coals significant differences in Fmax arise from the addition of charcoal of different sizes to the 8 

coal even in small amounts (2 wt%). The solid particles from charcoal are more easily embedded 9 

into the fluid system of the MF coal which experiences the smallest reduction in fluidity at all 10 

levels of addition and all three charcoal particle sizes. This trend is more clearly appreciated in 11 

Fig. 4 where the loss in fluidity expressed as a percentage of the original Fmax is plotted for the 12 

various coal-charcoal blends. With regard to the ability of the LF and HF coals to incorporate 13 

charcoal into their fluid mass, the reduction in Fmax is greater in HF than in LF for the addition 14 

of up to 5 wt% charcoal whereas the opposite occurs for 10-15 wt% additions. The highest losses 15 

in Fmax and the smallest differences between the blends are observed with high additions (10-15 16 

wt%) of the finest charcoal (Fig. 4).  17 

The reduction that an inert carbon material such as charcoal can cause is attributed to its high 18 

physical adsorption capacity. Charcoal can adsorb the decomposition products from coal which 19 

can then act as plasticizers so that they are responsible for any modification of softening and 20 

fluidity development (Loison et al., 1989). The smaller the size of the charcoal, the greater the 21 

surface of contact with the metaplast and, therefore, the greater the possibility of interaction 22 

between the matrix and the inert components. In addition, as the devolatilization intervals of 23 
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charcoal and coal overlap to some extent (Diez et al., 2012a; Alonso et al., 2001), the charcoal 1 

will emit oxygen-rich volatiles that can participate in the blockage of fluidity by establishing 2 

cross-linked O-C bonds. In summary, charcoal, being a high surface-area carbon solid, is able to 3 

adsorb a large variety of tarry substances which may promote interactions with the matrix. This 4 

gives rise to changes in the nature of the char-tar and coal-tar interactions and in the 5 

devolatilization rate, which will, in turn, affect the thermal behaviour patterns of the entire 6 

plastic stage of the coal. Both the Fmax and the plastic interval are affected by the addition of 7 

charcoal due to the increase in the softening temperature of the blend, which is sharper in the 8 

case of the finest fraction. The resolidification temperature, on the other hand, tends to decrease 9 

with the addition of charcoal, causing a further narrowing of the plastic interval, this effect also 10 

being greater in the case of the smallest size fraction.  11 

 12 

3.4 Influence of coal inerts on the suppression of thermoplasticity with charcoal addition 13 

Taking into account that coal thermoplasticity is the result of a combination of coalification 14 

(rank) and the genetic components (macerals) of coal, both factors should be considered to 15 

understand coal-char interactions during the transient plasticity phenomenon. It is well known 16 

that coal fluidity is not only controlled by the relative proportions of components that favor 17 

plasticity through physical and chemical processes (vitrinite and liptinite) and of inert 18 

components, which are physically passive (inertinite and mineral matter), but also by the rank-19 

dependent thermoplastic properties of the vitrinite itself.  20 

The fluid/plastic system could be considered as a three-phase system where gases, liquids, and  21 

solid particles coexist. Hence, the addition of solid inerts will modify fluidity through: i) varying 22 

the amount and chemical type of plastic components; ii) affecting the temperature-dependent 23 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

14 
 

fluidity development; iii) the contribution of solid particles dispersed in the fluid matrix; and iv) 1 

the formation of trapped gases in the fluid phase. Considering that most of the unfused inertinite 2 

from coal probably remains in a solid state during the development of fluidity, the inertinite 3 

content of the base coal is a critical factor to be considered when incorporating additional inerts 4 

to the blend. An examination of the maceral composition of the coals studied reveals that coal 5 

MF, whose Fmax is the least affected by the addition of charcoal, has the lowest inertinite 6 

content (14.8 vol% vs. 17.6 and 22.2 vol% for coals HF and LF, respectively). Consequently coal 7 

MF is able to more easily assimilate a larger amount of suspended solids in the fluid matrix. Fig. 8 

5 shows the variation in Fmax as a function of the total organic inerts in the parent blend. As the 9 

blends are prepared by weight but the maceral composition is quantified by volume, a weight-to-10 

volume transformation for the charcoal was carried out using its density values (Table 3) in order 11 

to calculate the amounts of organic inerts by volume in the blends. All the values were adjusted 12 

to potential curves and both the effect of charcoal size and the amounts of organic inerts are 13 

important.  14 

In the case of the curves of the coals with a moderate-to-low fluidity (MF and LF), the total 15 

amounts of organic inerts appear to explain the differences observed between them since the 16 

curves tend to converge at certain organic inert values. However, a rather different shape is 17 

observed for HF indicating that neither the properties of the vitrinite nor the amount of inerts by 18 

themselves can explain the behavior of the studied coals. One way to combine both variables is 19 

through the “Compositional Balance Index-CBI” as defined by Schapiro et al. (1961). This index 20 

is a quotient between the actual inerts in the coal and those calculated as optimum from a few 21 

experimental curves. The index is based on the principle that different vitrinites, with different 22 

fluidity properties, have different optimum reactive/inert ratios, making it possible to determine 23 
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whether a coal is short of inerts for reaching an optimum strength. The curve has a minimum 1 

reactive/inert ratio of 2.5 for a vitrinite reflectance of 0.9% and the ratio increases for lower and 2 

higher rank coals, reaching values of over 10 for coals with a vitrinite reflectance greater than 3 

1.4%. Although the focus is on strength rather than on thermoplasticity, the CBI allows a 4 

comparison to be made between the capacity of vitrinite of different ranks to accept inerts. The 5 

CBI values of each coal are shown in Table 4 and indicate that MF is clearly short of inerts, 6 

whereas LF is in excess of the optimum amount even when no charcoal has been added. When 7 

the drop in fluidity is plotted vs CBI (Fig. 6), the ranking of the coals is similar to that observed 8 

in the plots of Fig. 4. This shows that MF is able to accept a higher amount of charcoal than 9 

either the HF or LF coals for a similar drop in fluidity, suggesting that if a coal is short of inerts, 10 

as determined by the CBI, a larger amount of charcoal can be added to this coal with only a 11 

minimal loss of fluidity. In Fig. 7, the loss in Fmax is plotted vs CBI for the three coals and the 12 

lines connect the values corresponding to different charcoal additions. A similar shape is 13 

observed in the curves for equivalent amounts of inerts despite the differences in the sizes of the 14 

charcoals added. The differences are larger for 2 and 5 wt% additions but the curves become 15 

closer for 10 and 15 wt% additions. Moreover, the differences between the losses in Fmax 16 

become minimal as the added charcoal sizes become smaller.   17 

 18 

It is difficult to establish whether the size of the inertinite in the parent coal also plays a role in 19 

the drop in Fmax because the amounts of inertodetrinite (<10 m) are rather small in all three 20 

coals (3 to 5 vol%) and because only minor differences between the three coals are observed. It 21 

is nevertheless worth noting that most of the inertinite in the coals will be in the size range of the 22 
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medium and coarse charcoals added to the blends and that the MF coal has the highest proportion 1 

of inertodetrinite. 2 

 3 

3.5 Distinguishing charcoal and inertinite in the semicoke 4 

Inertinite in coal is formed by more or less rapid processes of lignocellulosic tissue 5 

devolatilization and oxidation, on top of which coalification is superimposed due to heating and 6 

to lithostatic pressure. Charcoal can be considered as the fast partial devolatilization product of 7 

similar tissues which occurred in an oxygen-deficient atmosphere where the effect of 8 

coalification is lacking. The cell-lumens in the charcoal would then remain mostly undeformed 9 

both in high reflecting and low reflecting material, whereas they would be much more deformed 10 

in semifusinite, and less so in fusinite. Fusinite typically has a high polishing relief, which can 11 

also be expected in, at least, the highest reflecting charcoals. Inertinite, especially if it is of 12 

moderate size, could easily be integrated into the semicoke matrix, whereas the integration of 13 

charcoal would be very much dependent on blend homogenization before coking and the ability 14 

of the molten vitrinite to penetrate the structure of the charcoal. Some examples of inertinite and 15 

charcoal in the semicokes are shown in Fig. 8. The most relevant characteristic that distinguishes 16 

charcoal from isotropic inertinite is the higher polishing relief of the charcoal and the fact that 17 

the cell-lumens are often open and sometimes have not been infiltrated by the matrix. In 18 

addition, charcoal particles remained isotropic whereas inertinite may develop anisotropy during 19 

the semicoke formation, frequently with wavy-like extinction, although formation of anisotropic 20 

domains in the lowest reflecting inertinites has also been observed. The presence of certain 21 

anisotropy in organic inclusions can be considered a distinguishing feature for inertinite and 22 

these particles are typically well-integrated in the coke matrix and show low-to-moderate relief. 23 
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In the case of isotropic unfused components, and because it is difficult to unequivocally assign 1 

them to either charcoal or inertinite, the criterion of sharp edges was used as the main 2 

distinguishing feature in this study. Thus, smooth-edged particles of less than 20 m probably 3 

derive from inertodetrinite whereas the sharp-edged particles are attributed to the finest charcoal. 4 

In addition, most of the smooth-edged inerts of more than 20 m are derived from macrinite and 5 

semifusinite, while the sharp-edged particles in the size range of 80-212 m are probably derived 6 

from charcoal. Fusinite also could yield particles with sharp or smooth edges depending on the 7 

accompanying components. 8 

The different categories in which organic inerts have been split trying to assign the organic inerts 9 

present in the semicoke to the charcoal or the coal are shown in Tables 5, 6, and 7. The amount 10 

of inerts in the semicoke has also been estimated from the original amount in the parent coals. 11 

The steps involved in the estimation were as follows: i) calculation of the semicoke yields of 12 

charcoal and each maceral group (Borrego et al., 2000) considering that they retain 10% of the 13 

volatiles, and ii) normalization of the matrix and organic inert yields to a mineral matter free 14 

basis. The estimation of organic inert yields in the semicoke is plotted in Fig. 9 versus the actual 15 

amount determined by point counting. The plot shows that the calculated organic inerts are 16 

generally close to those quantified and that for small amounts of added charcoal the amounts 17 

quantified by point counting are generally lower than those predicted, whereas in the case of 18 

large additions the amounts actually quantified are larger than those calculated. Even assuming 19 

that the calculated values are subject to a certain degree of error due to the weight-to-volume 20 

transformations and to the fact that the coke yields of the maceral groups are derived from 21 

mathematical expressions, all the calculations will be subject to a similar degree of error and, 22 

therefore, the observed trends can be considered as consistent. These results suggest that 23 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

18 
 

inertinite is more reactive when a limited amount of charcoal is added. In addition, the positive 1 

deviation of the organic inerts quantified by point-counting at high charcoal additions might 2 

indicate that in these conditions not only was any inertinite and charcoal identifiable as an 3 

inclusion, but also that minor vitrinite-derived semicoke matrix could have remained isotropic, 4 

being difficult to distinguish from organic inclusions.  5 

 6 

3.6 Influence of charcoal on semicoke optical texture 7 

To assess the effect of controlled-size charcoal addition to coal on the development of optical 8 

texture, the semicokes recovered from each Gieseler plastometer run were studied by optical 9 

microscopy. Several reasons justified the selection of the Gieseler semicokes: i) The coal 10 

composition is a key factor in the development of optical texture and porous structure of coal-11 

based carbons and therefore the optical textures of semicoke and coke are closely related to the 12 

nature of the parent coal; ii) Most of the characteristics of high-temperature coke are established 13 

in the temperature range 350-500 ºC, and after the resolidification process, the organization of 14 

carbon arrangements in the semicoke is preserved under the usual conditions of coke oven 15 

operation (Loison et al. 1989); iii) Gieseler plastometry is a useful technique and widely used in 16 

research and industry when deciding which coal or additive to use in a blend for coke production 17 

and to predict coke quality; iv) Semicokes produced in dynamic and isothermal conditions in a 18 

Gieseler plastometer or in laboratory-scale ovens have provided valuable information on the 19 

development of optical texture as a function of coal properties (Hower and Lloyd, 1999) as well 20 

as on the mechanisms involved in the development of coal rheological properties with carbon-21 

bearing additives (Grint et al., 1985; van Krevelen, 1993; Clemens and Matheson, 1995; 22 

Menendez et al. 1996; 1997; Sakurovs, 2000).  23 
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Tables 5 to 7 show the results obtained from the textural analyses performed on each of the 36 1 

coal-charcoal blends. The semicoke matrix from the highest rank coal (LF) has the largest optical 2 

texture made up mainly of medium size domains (Table 5), whereas that from the lowest rank 3 

coal (HF) is made up of a combination of mosaics and domains (Table 7). The MF coal, that has 4 

a vitrinite reflectance value intermediate between the other two coals, yields the smallest optical 5 

texture in the semicoke which is dominated by fine-to-medium-size mosaics (Table 6). Overall, 6 

the amounts of sharp-edged inerts in the different size intervals are in good agreement with the 7 

sizes of the charcoal added to the coal.  8 

 9 

The addition of 2 wt% charcoal to the coal causes a decrease in the size of the anisotropic 10 

components of the matrix. In the case of the LF and MF coals, a 2 wt% addition of charcoal 11 

produces an appreciable decrease in the size of the optical textures. This decrease is less 12 

important when the largest charcoal is added (CH212) but there is a reduction in domains of 13 

approximately 50% with the addition of CH80 and CH20. This decrease mainly affects the 14 

domains of largest size. The HF coal seems to be the least affected by the addition of small 15 

amounts of charcoal, which mainly involves the medium-size domain texture, while the amounts 16 

of fine domain texture remain more or less the same. Generally speaking, regardless of the 17 

optical texture of the charcoal-free semicoke, the addition of carbonized biomass causes a 18 

reduction in the optical size of the matrix, the extent of which depends on the amount of charcoal 19 

added. Both the amount and the size of the charcoal appear to play a relevant role and the 20 

addition of small particles of biomass causes a greater reduction in the size of the optical texture 21 

than the addition of large biomass particles. The reduction in texture size with the addition of 22 

charcoal is observed in all three semicokes but the semicoke with the smallest optical texture 23 
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(MF) is the least affected by this reduction. The reduction observed in the size of the texture may 1 

have significant implications for the reactivity of the coke and this effect may be accompanied 2 

by other possible effects resulting from the catalytic influence of mineral matter (MacPhee et al., 3 

2009; Ng et al., 2011; Diez and Borrego, 2013), which are important in the present case due to 4 

the low mineral matter content of the charcoal used. 5 

 6 

4. Conclusions 7 

A systematic study of the addition of charcoal with a well-controlled size to good coking coals 8 

has revealed significant differences in the fluid properties of the coal-charcoal blends and the 9 

optical texture of the corresponding semicokes. The reduction in the fluidity of the coal when 10 

charcoal was added was not only dependent on the rank of the coal and the fluidity properties of 11 

the vitrinite, but also on the amount of inertinite and the optimum ratio of reactive-to-inert 12 

components within the coal. The coals with a higher reactive-to-inert ratio were able to 13 

incorporate a higher amount of charcoal as the effect on their thermoplastic properties was less 14 

detrimental.  15 

The reduction in fluidity with the addition of charcoal was found to be related to the particle size 16 

of the charcoal. It was observed that the smaller the charcoal particles, the greater the 17 

suppression of fluidity. Additions of charcoal in the range of the particle sizes of this study 18 

caused a reduction in the optical texture of the semicokes that would enhance any increase in 19 

reactivity resulting from the addition of biomass. The addition of small charcoal particles of a 20 

similar size to inertodetrinite caused a greater reduction in the size of the optical textural 21 

components than the incorporation of larger charcoal particles.  22 

 23 
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Figure Captions 1 
 2 
Fig. 1. Schematic diagram of charcoal fraction separation method by the wet sieving process 3 

Fig. 2. SEM and microphotographs images of the charcoals of different size: a.d) CH20; b.e) 4 

CH80; c.f) CH212. 5 

Fig. 3. Variation in the fluidity of the blends with the amount and size of the charcoal added 6 

Fig. 4. Percentage loss of Fmax for the LF, MF and HF coals as a function of charcoal amount 7 

and size 8 

Fig. 5. Variation of Gieseler Fmax with the total amount of organic  inerts (charcoal + Inertinite 9 

group macerals) 10 

Fig.  6. Loss in Gieseler fluidity in relation to the Compositional Balance Index (CBI)  11 

Fig. 7. Shape of the loss in fluidity curves corresponding to different charcoal additions as a 12 

function of the Compositional Balance Index (CBI) for the three size fractions  13 

Fig. 8. Photomicrographs of the semicokes obtained in a Gieseler plastometer showing the 14 

inertinite inclusions (In) and charcoal inclusions (Ch) 15 

Fig. 9. Organic inerts quantified in the semicoke vs. those calculated using the maceral 16 

composition of the coals and the normalized semicoke yields of Table 4 17 

 18 

 19 



Table 1. Main characteristics of the coals and charcoal studied. 

Coal LF MF HF CH 

Volatile matter (wt% db) 19.3 23.8 24.7 22.37 

Volatile matter (wt% daf) 21.2 26.3 27.2 23.4 

Ash (wt% db) 8.9 9.5 9.1 4.3 

Mineral matter calculated 

using Parr formula (wt %) 9.9 10.8 10.2 4.6 

He Coal (g/cm
3
) 1.38 1.37 1.36 1.48 

He Organic matter  (g/cm
3
) 1.24 1.20 1.20 1.43 

Elemental composition (wt%)    

St db 0.58 0.95 0.62 0.03 

C daf 91.92 89.13 87.65 82.48 

H daf 4.99 5.12 5.23 2.82 

N daf 1.93 1.54 2.37 0.67 

(O+Sorg)dif   daf 1.15 4.21 4.76 14.03 

Gieseler fluidity Parameters    

Fmax (ddpm) 373 541 1891  

Ts (ºC) 419 406 397  

Tf (ºC) 461 457 457  

Tr (ºC) 497 493 493  

Plastic range (ºC) 78 87 96  

wt=weight; db=dry basis; daf=dry-ash-free basis;  He=Helium density; Fmax=Maximum 

fluidity;Ts=softening temperature; Tf=temperature of maximum fluidity; 

Tr=resolidification temperature. 
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Table 2. Petrographic (maceral and reflectance) analyses of the different components of the 

coals (vol=volume; Rr=random reflectance). 

Coal LFC  MFC  HFC  

  vol (%) Rr (%) vol (%) Rr (%) vol (%) Rr (%) 

Vitrinite 76.8 1.25 82.8 1.22 81.1 1.17 

Telovitrinite 70.4 1.25 73.8 1.22 78.2 1.18 

Detrovitrinite 6.4 1.25 9.0 1.19 2.9 1.16 

Inertinite  22.2 2.03 14.8 1.93 17.6 1.90 

Fusinite 4.4 2.66 1.6 2.70 3.4 2.30 

Semifusinite 12.4 1.79 7.0 1.84 9.4 1.69 

Macrinite 1.4 2.16 1.0 2.18 1.6 2.34 

Inertodetrinite 4.0 2.07 5.2 1.82 3.2 1.87 

Liptinite 0.8 0.89 1.8 0.92 - - 

Coke 0.2 9.33 0.6 3.92 1.3 4.65 
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Table 3. Some chemical and  physical parameters of the charcoal fractions 

Parameter CH212 CH80 CH20 

Ash (wt% db) 3.05 3.16 4.81 

He charcoal (g cm
-3

) 1.47 1.48 1.50 

He Organic matter (g cm
-3

) 1.43 1.43 1.43 

Coulter size-distribution 

Frequency <2 m (%) - - 3.2 

Frequency 2-10 m (%) - 1.0 47.7 

Frequency 2-25 m (%) - 9.5 44.3 

Frequency 25-50 m (%) - 39.5 4.8 

Frequency 50-100 m (%) 10.7 46.6 - 

Frequency 100-200 m (%) 67.7 3.4 - 

Frequency >200 m (%) 21.6 - - 

Mean size (m) 189 60 12 

Mode size (m) 147 66 10 

wt=weight; db=dry basis; daf=dry-ash-free basis;  He=Helium density 
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Table 4. Volatile matter (VM) content (daf %) of the maceral groups for each coal 

calculated from Borrego et al. (2000) and normalized semicoke yields (NSCy) of the 

different macerals 

 LF MF HF 

VMvitrinite 28.4 29.1 30.2 

VMinertinite 19.4 19.6 19.9 

VMliptinite 30.1 31.5 33.5 

NSCkyvitrinite 75.1 81.2 79.9 

NSCkyinertinite 24.0 16.8 20.1 

NSCkyliptinite 0.9 2.1 0.0 
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Table 5. Optical texture (vol %) analyses of semicokes from LF coal. Values in bold refer to the percentage of the component in the 

sample and the other values to the percentage relative to the matrix or inert organic inclusions, depending on their class. 

Blend LF LF212 LF212 LF212 LF212 LF80 LF80 LF80 LF80 LF20 LF20 LF20 LF20 

Charcoal  (%) 0 2 5 10 15 2 5 10 15 2 5 10 15 

MATRIX 71.6 72.8 71.1 65.2 59.4 70.2 66.2 64.4 57.0 73.2 65.2 53.8 54.1 

Isotropic (I) 2.3 5.7 3.5 5.0 5.0 5.4 5.4 10.2 10.7 6.3 2.4 11.1 17.1 

Incipient anisotropic (Ia) 1.1 2.5 0.3 0.0 2.4 4.3 4.8 9.0 9.9 4.6 1.8 10.4 16.3 

Mosaic 3.1 3.8 1.9 8.3 17.5 41.3 20.2 63.7 42.0 39.6 16.6 39.3 51.5 

Fine (fM) 0.0 0.0 0.0 1.2 2.4 15.1 5.1 26.7 14.5 9.8 3.1 15.2 19.7 

Medium (mM) 2.0 1.9 0.6 1.8 7.4 21.4 4.5 34.5 15.3 23.2 6.4 14.8 18.6 

Coarse (cM) 1.1 1.9 1.3 5.2 7.7 4.8 10.6 2.5 12.2 6.6 7.1 9.3 13.3 

Domain 93.1 89 95.3 86.8 74.1 51.6 74.0 25.5 46.6 53.8 75.8 46.7 27.7 

Fine (fD) 7.7 8.2 12.3 20.6 26.6 29.1 35.6 17.4 26.7 25.1 27.0 18.9 12.5 

Medium (mD) 75.7 73.6 74.8 57.1 34.0 15.7 32.6 7.5 17.2 23.0 38.7 24.8 11.7 

Coarse (cD) 9.7 7.1 8.2 9.2 13.5 6.8 5.7 0.6 2.7 5.7 10.1 3.0 3.4 

Fibers 2.0 3.0 0.9 2.5 4.7 2.3 0.6 1.2 1.1 1.1 5.5 3.3 4.2 

 Fine (fF) 2.0 3.0 0.6 2.5 4.7 1.1 0.3 0.6 1.1 0.8 4.6 2.6 3.8 

Medium (mF) 0.0 0.0 0.3 0.0 0.0 0.9 0.0 0.6 0.0 0.3 0.9 0.7 0.4 

Coarse (cF) 0.0 0.0 0.0 0.0 0.0 0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0 

INCLUSIONS 26.8 25.6 28.0 33.2 39.4 27.2 31.6 33.8 41.3 25.4 32.2 45.0 44.5 

Smooth-edged inerts (SMEI) 71.0 64.8 57.6 48.2 40.6 53.7 36.7 39.6 24.7 50.4 45.3 38.5 33.2 

Inertodetrinite 18.3 14.8 9.6 8.4 11.2 14.7 15.2 9.5 8.4 14.2 13.7 12.8 7.8 

Sharp edged inerts (SHEI) 10.7 19.5 30.4 40.4 44.7 30.9 47.5 49.7 64.7 33.9 39.8 48.7 59.0 

212-80 µm 6.1 10.9 20.8 33.1 35.5 7.4 10.8 5.3 7.9 7.1 5.0 4.4 1.8 

80-20 µm 2.3 5.5 6.4 4.8 7.6 14.0 25.9 33.1 46.3 10.2 3.7 3.1 6.0 

<20 µm 2.3 3.1 3.2 2.4 1.5 9.6 10.8 11.2 10.5 16.5 31.1 41.2 51.2 

Undifferentiated Isotropic Inclusions 0.0 0.8 2.4 3.0 3.6 0.7 0.6 1.2 2.1 1.6 1.2 0.0 0.0 

Mineral Matter 1.6 1.6 0.9 1.6 1.2 2.6 2.2 1.8 1.7 1.4 2.6 1.2 1.4 
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Table 6. Optical texture (vol %) analyses of semicokes from MF coal. Values in bold refer to the percentage of the component in the 

sample and the other values to the percentage relative to the matrix or inert organic inclusions, depending on their class. 
Blend MF MF212 MF212 MF212 MF212 MF80 MF80 MF80 MF80 MF20 MF20 MF20 MF20 

Charcoal (%) 0 2 5 10 15 2 5 10 15 2 5 10 15 

MATRIX 84.8 82.6 79.8 72.8 66.2 80.6 78.2 71.0 65.8 81.6 72.5 70.6 71.3 

Isotropic (I) 
7.1 6.3 10.6 7.1 7.9 4.7 7.2 5.3 6.7 4.9 15.1 2.8 11.2 

Incipient anisotropic (Ia) 4.7 5.8 8.0 2.7 6.6 3.7 5.6 3.1 4.9 3.4 12.8 2.8 6.1 

Mosaic 68.4 79.2 72.7 76.8 83.7 85.6 70.6 81.4 86.6 84.8 69.3 90.1 86.3 

Fine (fM) 39.4 46.2 46.6 50.0 71.6 53.8 52.4 52.4 72.6 56.4 54.7 64.6 68.4 

Medium (mM) 21.2 28.6 19.8 25.7 12.1 31.5 15.3 27.3 13.4 27.2 12.3 23.2 15.4 

Coarse (cM) 7.8 4.4 6.3 1.1 0.0 0.2 2.8 1.7 0.6 1.2 2.2 2.3 2.5 

Domain 25.5 14.3 18.0 18.0 8.2 9.4 22.8 14.1 7.6 11.0 16.8 7.1 5.0 

Fine (fD) 16.0 11.1 12.5 12.6 6.3 7.4 15.6 11.0 6.1 9.3 11.7 6.8 3.9 

Medium (mD) 6.8 2.9 4.5 4.6 1.5 1.7 6.9 3.1 1.5 1.7 4.7 0.3 1.1 

Coarse (cD) 2.6 0.2 1.0 0.8 0.3 0.2 0.3 0.0 0.0 0.0 0.3 0.0 0.0 

Fibers 0.2 0.5 0.0 0.3 0.9 0.7 0.3 0.3 0.0 0.0 0.0 0.0 0.0 

Fine (fF) 0.0 0.5 0.0 0.3 0.9 0.7 0.3 0.3 0.0 0.0 0.0 0.0 0.0 

Medium (mF) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Coarse (cF) 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

INCLUSIONS 11.8 15.8 17.8 25.8 31.2 17.6 19.8 27.6 32.6 17.4 22.9 27.6 27.1 

Smooth edges Inerts (SMEI) 35.6 38.0 24.7 23.1 17.9 44.3 27.3 25.4 16.0 27.6 30.1 24.6 22.1 

Inertodetrinite 18.6 11.4 16.9 7.7 6.4 13.6 11.1 6.5 5.5 13.8 14.2 6.5 4.4 

Sharp edges Inerts (SHEI) 45.8 50.6 53.9 69.2 71.2 42.0 59.6 68.1 77.9 58.6 54.9 68.8 73.5 

212-80 µm 13.6 32.9 27.0  49.2 46.2 12.5 8.1 10.1 4.3 16.1 6.2 5.1 0.7 

80-20 µm 18.6 10.1 13.5 16.2 19.2 20.5 37.4 49.3 51.5 3.4 2.7 5.1 3.7 

<20 µm 13.6 7.6 13.5 3.8 5.8 9.1 14.1 8.7 22.1 39.1 46.0 58.7 69.1 

Undifferentiated Isotropic Inclusions 0.0 0.0 4.5 0.0 4.5 0.0 2.0 0.0 0.6 0.0 0.9 0.0 0.0 

Mineral Matter 3.4 1.6 2.4 1.4 2.6 1.8 2 1.4 1.6 1.0 4.7 1.8 1.6 
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Table 7. Optical texture (vol %) analyses of semicokes from HF coal. Values in bold refer to the percentage of the component in the 

sample and the other values to the percentage relative to the matrix or inert organic inclusions, depending on their class. 
Blend HF HF212 HF212 HF212 HF212 HF80 HF80 HF80 HF80 HF20 HF20 HF20 HF20 

Charcoal (%) 0 2 5 10 15 2 5 10 15 2 5 10 15 

MATRIX 80.0 81.8 77.0 74.8 64.8 79.8 72.5 70.8 64.6 80.4 67.8 71.6 64.0 

Isotropic (I) 
10.3 0.5 11.4 3.8 2.8 5.3 9.1 2.3 0.6 1.4 16.5 3.6 4.1 

Incipient anisotropic (Ia) 6.8 0.5 10.8 1.6 1.5 2.3 8.0 1.1 0.6 1.0 15.3 1.4 4.1 

Mosaic 31.3 53.3 30.7 79.1 60.8 47.4 37.2 75.4 77.7 59.0 29.5 79.6 81.6 

 Fine (fM) 13.5 20.3 12.2 45.5 26.2 13.8 18.7 27.1 31.3 26.9 15.9 43.9 51.6 

Medium (mM) 12.0 32.0 10.2 31.0 31.5 28.6 14.3 45.8 43.7 29.4 10.3 34.1 29.1 

Coarse (cM) 5.80 1.00 8.30 2.70 3.10 5.00 4.10 2.50 2.80 2.70 3.20 1.70 0.90 

Domain 59.5 45.5 56.5 17.4 36.1 47.4 54.3 22.9 21.7 39.6 54.6 17.9 14.1 

Fine (fD) 29.5 30.3 34.9 12.6 26.2 31.3 43.3 19.5 17.6 29.6 40.4 13.7 13.1 

Medium (mD) 23.8 12.5 17.2 3.7 8.0 12.0 9.4 3.4 3.1 8.2 13.0 3.6 0.9 

Coarse (cD) 6.3 2.7 4.4 1.1 1.9 4.0 1.7 0.0 0.9 1.7 1.2 0.6 0 

Fibers 0.8 0.7 1.7 0.8 0.9 1.5 0.0 0.0 0.0 0.2 0.0 0.0 0.3 

Fine (fF) 0.8 0.5 1.7 0.5 0.9 0.8 0.0 0.0 0.0 0.2 0.0 0.0 0.0 

Medium (mF) 0.0 0.2 0.0 0.3 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.3 

Coarse (cF) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

INCLUSIONS 18.6 16.4 20.3 24.2 33.4 18.4 24.6 27.8 34.2 18.0 30.0 26.6 35.4 

Smooth edges Inerts (SMEI) 30.1 46.3 23.2 24.8 19.8 32.6 42.3 23.7 20.5 41.1 26.7 25.6 21.5 

Inertodetrinite 12.9 9.8 10.5 5.8 7.8 10.9 5.7 8.6 7.0 14.4 9.3 6.8 8.5 

Sharp edges Inerts (SHEI) 36.6 41.5 54.7 67.8 70.1 54.3 46.3 66.9 72.5 42.2 56.0 66.9 68.9 

212-80 µm 10.8 34.1 38.9 45.5 51.5 10.9 10.6 5.8 11.1 11.1 5.3 7.5 1.7 

80-20 µm 12.9 3.7 13.7 15.7 14.4 34.8 22.8 45.3 50.3 7.8 8.0 4.5 4.0 

<20 µm 12.9 3.7 2.1 6.6 4.2 8.7 13.0 15.8 11.1 23.3 42.7 54.9 63.3 

Undifferentiated Isotropic Inclusions 20.4 2.4 11.6 1.7 2.4 2.2 5.7 0.7 0.0 2.2 8.0 0.8 1.1 

Mineral Matter 1.4 1.8 2.8 1.0 1.8 1.8 3.0 1.4 1.2 1.6 2.2 1.8 0.6 
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