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The color of ash as an information source about coke quality
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Ashes from combustion of coking coal from an Upper Silesian mine 
were studied by colorimetry to det. a correlation between the light 
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Moisture and ash content analysis is the most com-
monly performed test to determine the suitability of coal 
for technological processes. In the case of coal used for 
energy purposes, ash content, alongside moisture content 
and calorific value, is a key price-determining parameter, 
as it affects combustion efficiency. In the case of coking 
coal, the mineral matter content is low, but its quantity and 
composition have a significant impact on the quality of the 
coke obtained1). An increase in the ash content of coke has 
a negative impact on the blast furnace process, causing 
an increase in its energy consumption and the need to use 
larger amounts of fluxes. Some components of the mineral 
substance act as catalysts in the Boudouard-Bell reaction, 
causing a local decrease in the degree of anisotropy or 
undergoing reduction directly on the matrix, thereby weak-
ening its strength2).
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Metals from group VIII of the periodic table, as well as 
alkali metals and alkaline earth metals, are considered 
to be metals that catalyze the carbon dioxide gasifica-
tion reaction3). Compounds considered to be inhibitors 
of coke gasification reactions with CO

2
 are acidic oxides 

(SiO
2
, Al

2
O

3
)4). The alkalinity index defined by formula 

(1) is a coefficient determining the ratio of the catalytic to 
inhibitory effect of metal oxides. The reactivity of coke is 
directly proportional to the alkalinity index value5).

      (1)

In order to calculate the alkalinity index defined in this 
way from an incinerated carbon sample, its elemental 
composition must be determined, on the basis of which 
the oxide composition is then calculated.

The color of ash 

Depending on its chemical composition, coal ash varies 
in color, which can be assessed visually, as shown in Fig. 1. 

Color is assessed using devices called colorimeters, 
which work in a similar way to the human eye6). Modern 
spectrocolorimeters base their operation on spectrum 
analysis, often with partial coverage and interpolation. 
Figure 2 shows the result of color measurement of a hard 
coal ash sample presented in the Lab* color space. CIE 
L*a*b* is a color model that describes colors using three 
coordinates: L* (brightness), a* (red/green hue) and b* 
(yellow/blue hue).

The color of ash and its chemical composition 
Numerous scientific studies devoted to fly ash from hard 

coal, due to its use as a component of concrete, indicate 
that the color of ash depends on the Fe

2
O

3
 content and 

the amount of unburned coal. Unburned organic matter is 
responsible for grey and black colors, while Fe

2
O

3
 content 

is responsible for brown color7).
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Light-colored ash is usually associated with a high 
) and the presence of 

). 
It should be noted that the iron-containing components 
of ash give it different colors depending on the degree 
of oxidation. Iron in the +3 oxidation state takes on 
brown, red or yellow colors, while iron in the +2 oxida-
tion state takes on grey or grey-blue colors. Magnetite 
particles, containing divalent and trivalent iron, are 
black, and some of them, especially finely ground ones, 
may also be brown in color10).

Another chromogenic component of ash is manga-
nese, which occurs in ash in various chemical forms11). 
Depending on the degree of oxidation, manganese 
compounds take on colors ranging from yellow at +1, 
through red and pink at +2, to brown and red at +3 
and +412).

L*a*b* color space

 L*a*b*

Fig. 1. Digital images showing ashes derived from hard coal samples

The quality parameters of coke commonly used in trade 
are reactivity and post-reaction strength indices, determined 
by the Nippon Steel Corporation (NSC) test, which enable 
the assessment of coke behavior in blast furnace condi-
tions13). Determining these parameters is time-consuming, 
and because it requires coking a large sample of coal under 
laboratory conditions, it is also energy-intensive and there-
fore relatively expensive.

Numerous studies on coke reactivity have indicated 
that ash content and elemental composition of ash are key 
factors influencing this parameter. Crystalline substances 
contained in ash, containing Fe, K, Ca, Na and Mg, such 
as feldspar, pyrite, siderite, apatite, calcite, gypsum or 
dolomite, increase the reactivity of coke and reduce its 
strength. On the other hand, minerals containing Ti, Si 
and Al, such as bemite, illite, kaolinite and rutile, have the 
opposite effect14).
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Methods
The ash content of 32 coal samples from JSW SA 

mines was determined by combustion in accordance with 
PN-80/G-04512. The procedure consisted of completely 
burning 1–2 g of the analytical fuel sample in a muffle 
furnace at a temperature of 815 ± 15°C and calcining the 
remaining ash. The next step was to determine the elemental 
composition of the ash using inductively coupled plasma 
optical emission spectrometry (ICP-OES), with the results 
converted to oxide form. All coal samples were then coked 
in the KARBOtest installation, and the parameters of coke 
reactivity index (CRI) and coke strength after reaction 
(CSR) were determined. A CR8 spectrocolorimeter from 3nh 
was used to determine the color of the ash, which measured 
the color by measuring the energy of reflected light in the 
range of 360–780 nm, with a spectral resolution of 10 nm. 

The ash samples showed considerable variation in 
chemical composition (Table 1). The sum of compounds 
inhibiting the carbon dioxide gasification of coke, i.e. SiO

2 

+ Al
2
O

3
, ranged from 9.4 to 81.2%, while the sum of com-

pounds catalyzing it, i.e. Fe
2
O

3
 + CaO + MgO + Na

2
O 

+ K
2
O, ranged from 10.6 to 78.6%. When assessing the 

impact of ash contained in coke on indicators important 
for blast furnace coke1), namely CRI reactivity and CSR 
post-reaction strength, we can use the example of two types 
of ash obtained from coal samples from a single group of 
deposits, characterized by vitrinite reflectance R0 at 1.11% 
and similar ash content, i.e. Pn.2 and Pn.3. In the case of 
sample Pn.2, for which the content of silicon and aluminum 
compounds is 35.1% and the sum of iron, calcium, magne-
sium and sodium compounds is 52.4%, the CRI and CSR 
parameters are 24.1% and 66.2%, respectively. The unfa-
vorable chemical composition of ash sample Pn.3, in which 
the total silicon and aluminum compounds accounted for 
only 9.4% while the iron, calcium, magnesium and sodium 
compounds, which accounted for 72.6%, resulted in a sig-
nificant deterioration in the CRI and CSR values, which 
reached 43.8% and 46.6%, respectively. The phosphorus 
content, which is important from the point of view of coke 
quality and often determines the proportion of a given coal 
in the coking mixture, varies between P

2
O

5
 = 0.058 and 

6.16%. It is also worth noting the significant differences in 
the content of elements forming chromogenic compounds, 
such as iron and manganese, with Fe

2
O

3
 = 3.26–67.7% and 

Mn
3
O

4
 = 0.063–0.900%, respectively, as shown in Fig. 3. 

All the tested samples were characterized by a color 
which, in the CIE L*a*b* model, achieved positive values 
of the a* parameter (color deviation towards magenta) 
and positive values of the b* parameter (color deviation 
towards yellow). The L* parameter describing brightness 
(luminance) ranged from 41 to 81. The colors of ash were 
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                    (3)
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therefore shades of brown with varying levels of satura-
tion. Working independently on the L* brightness channel, 
a relationship was found between the brightness of the 
sample and the content of certain ash components. For the 
designated colors, for comparison with L*, the chromatic 
factor in the color was also determined using the color 
saturation calculated according to the saturation formula 
(2), obtaining very similar values of the determination coef-
ficient R2 as in the case of L*.

               (2)

where R, G, and B represent the respective color compo-
nents in the RGB color space: R – red, G – green, B – blue.

Similar results were obtained by examining the angle 
between the a* color plane and the L* luminance, calcu-
lated in the same way as ITP (Individual Typology Angle)6)

known from research on skin pigmentation and described 
by formula (3). 

                    (3)

Finally, based on the light reflectance coefficient 
determined for each sample across the entire spectral 
range of the apparatus and the chemical composition 
of the ash, a heat map was developed (Fig. 4) showing 
the correlation between light reflectance and the content 
of a given ash component across the entire wavelength 
range. For each component, the wavelength for which the 
linear correlation coefficient assumed the highest value 
was indicated.

In order to determine the equations describing the rela-
tionship between the content of a given ash component and 
the light reflectance coefficient, the wavelength for which 
the tested series of samples had the highest coefficient of 

2O3 and Mn3O4

O O4 
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determination (R2) was established. Figure 5 shows the 
data distribution (with a matched regression line) for the 
light reflectance coefficient R, %, for a given wavelength 
and the content (calculated as oxygen) of a given element 
in carbon samples. The linear regression determined in 
this way was characterized by a higher linear correlation 
coefficient than luminance (L*), saturation (S) and angle 
(L*b*)° (Table 2).

Although the linear correlation coefficients between the 
element content and the light reflectance coefficient for 
some elements relevant to coke reactivity are insufficient to 
seriously consider using such a simple technique to predict 
the coke reactivity parameter, a multiple linear regression 
model has been developed in which the explanatory vari-
ables are the reflection coefficients of waves of appropriate 
lengths. Selection of wavelength for individual ash com-
ponents, i.e.: 600 nm for Al

2
O

3
, 623 nm for SiO

2
, 717 nm 

for Mn
3
O

4
, 716 nm for Fe

2
O

3
, 480 nm for TiO

2
 and 361 nm 

for MgO is dictated by the maximum correlation between 
a specific wavelength and the content of a given component 
in the tested sample. The least squares method was used to 
determine the regression coefficients. The final form of the 
model can be expressed by formula (4). 

CRI = 54,276 + 16,867R
(600nm)

 + 112,093R
(717nm)

 + 
5,577R

(480nm)
 - 24,004R

(623nm)
 - 107,046R

(716nm)
 - 4,098R

(361nm)

where R
(x, nm)

, %, denotes reflectance at a selected wave-
length of light.

The result of predicting coke reactivity based on model 
(4) – assuming a linear relationship between the light reflec-
tance coefficient at a given wavelength and the content of 
Al, Si, Ti, Mn, Fe and Mg elements – similarly to model (5), 
developed using the same methodology, using the results 
of ash chemical composition determination by ICP-OES 
as predictors, explains only about 60% of CRI variability 
(Fig. 6). 

2) between the content of a given ash component and the 

correspond to higher R2

R -

R

R2

-
R -

L S
(L*b

-

2 3 2

3 4 2 3 2
 oraz 

-
-

CRI R
(600nm)

R
(717nm)

R
(480nm)

R
(623nm)

R
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R
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R

-
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CRI = 7.045 - 0.305c
Al2O3

 + 19.084c
Mn3O4

  - 
0.026c

Fe2O3
 + 0.447c

SiO2
  + 5.150c

TiO2
+ 3.006c

MgO 

where c denotes the content of a given component, % by mass.
The model is based on a significantly cheaper and faster 

spectrophotometric method, which can be used at virtually 
no cost during routine determination of ash content in coal 
or coke samples.

Over the years, numerous models have been developed to 
predict coke reactivity index (CRI) and coke strength after 
reaction (CSR). These were usually regional models based 
on the characteristics of local coals15). To date, it has not 
been possible to develop a universal model covering all 
coking coals regardless of their origin16). Comparing the 
linear correlation coefficient of model (4), which is 0.55, 

2O3, (b) Mn3O4, (c) TiO2, (d) SiO2, (e) Fe2O3 and (f) MgO

O O4 O

(5)

(5)
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with the values obtained for seven models described in the 
literature, developed on the basis of laboratory tests of 
single-component cokes17), which achieved a correlation 
level in the range of 0.79–0.91, it can be concluded that the 

L a b

Sample
2 2 2 3 4 2 3

Al
2 3

P
2 5 3 L* a* b*

Color CRI CSR

11

#8D7460

#A08370

#A79187

#8A6953

12

#AA8971

R

2 2 2 3 4 2 3
Al

2 3 2
P

2 5 3

L*

S

(L*b*)

R a)

(713) (539) (361) (375) (480) (717) (716) (600) (623) (360) (360)
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accuracy of this model is insufficient and that it needs to be 
expanded with additional explanatory variables. Despite 
the moderate value of the coefficient of determination, this 
model can be considered satisfactory, particularly in terms 
of the speed and low cost of the analysis performed.

Visual assessment of ash color can provide information 
on how the mineral substance contained in coal will affect 
the reactivity of coke, which is related to the catalytic prop-
erties of chromogenic substances such as iron or manga-
nese compounds. At the same time, compounds of titanium, 
silicon and aluminum, whose presence in ash inhibits coke 
gasification reactions, are not commonly known for their 
intense, colorful hues. It can therefore be assumed that 
darker-colored ashes promote the reactivity of coke.

The use of a spectrocolorimeter allows the color change 
of ashes to be described numerically, which can be an addi-
tional indicator when assessing the relationship between 
the optical properties of ash and its catalytic potential in the 
Boudouard-Bell reaction. However, the chemical composition 
of ash cannot be the sole predictor of the CRI parameter, 
especially when coals with different coking properties are 
being tested. Therefore, a model developed solely on the basis 
of ash chemistry always provides an insufficient description 
of the variability of the CRI parameter in different coals.

This work was carried out as part of the Implementation 
Doctorate project No. DWD/5/0235/2021 “Forecasting the 
coke reactivity index and post-reaction strength index based 
on quality parameters that can be determined from a small 
sample size in JSW S.A. coals”.
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