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Pulverized Coal Injection (PCI) is an important standard technology replacing coke partially by pulverized
coal into the blast furnace that allows a significant reduction of hot metal costs and environmental impact,
contributing to a decrease of coke requirements for ironmaking. Coals typically used in this process in Brazil are,
at current time, exclusively imported from many countries, although economic important coal-measures occur
in the southern part of the country. The Brazilian coals have a low rank, higher contents of inert components,
proportioning nocoking properties and an expected high reactivity. Due to these caractheristics, these coals could
be used for injection in the blast furnaces in order to decrease the dependency on high cost imported coals. The
efficiency in the combustion and the coal reactivity are considered important parameters in the blast furnace,
since a larger amount of char (unburned coal) causes severe problems to the furnace operation. The aim of the
present work is to compare the reactivity of a south Brazilian coal, obtained from Faxinal mine, with two imported
coals and the blends of the Brazilian coal with the imported ones. The reactivity of these coals and their blends
were evaluated in a thermogravimetric analyzer. In the experiments, various mass ratios of Faxinal coal and the
imported coals were used to compose the blends. The gasification reaction with pure CO, was conducted under
isothermal conditions at 1050 °C and atmospheric pressure. The experimental results show the greater reactivity
of the Faxinal coal. The additive behavior was confirmed. The blends with a composition of up to 50% Faxinal
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coal have parameters according to the usual limits used for PCI.
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1. Introduction

Blast furnaces produce the raw material (pig iron) for almost 80%
of the worldwide steel production. The pulverized coal injection in
the tuyeres of the blast furnace process (PCI) has enabled an effective
increase in the blast furnace productivity due to the diminished con-
sumption of coke, which in Brazil is entirely imported and accounts
for most costs in the pig iron production'?.

The coals typically used for pulverized coal injection into the
blast furnace tuyeres (PCI) in Brazil are at current time exclusively
imported from many countries, although economic important coal-
measures occur in the southern part of the country.

With a production in the order of 5 Millions of tons/year, the prin-
cipal use for the coal mined in Rio Grande do Sul is the combustion
for power generation. This subbituminous coal has a low rank, and
high contents of inert components, proportioning nocoking properties
and an expected high reactivity. Due to these caractheristics, the south
Brazilian coals could be used for injection in the blast furnaces in
order to decrease the dependency on high cost imported coals?’.

However, one of the main problems which prevent the utiliza-
tion of these coals in PCI are their high mineral matter and sulphur
contents. Because of these restrictions, one mode of utilization can
be in coal blends with imported coals used for injection.

The efficiency in the combustion is important in the blast furnace,
since a larger amount of char (unburned coal) causes severe problems,
such as reduced permeability, undesirable gas/temperature distribu-
tion and significant char carryover. The more reactive a char is, the
better is the effect in the replacement of coke*.

*e-mail: eosorio@ct.ufrgs.br, vilela@ufrgs.br

There is not an agreement about the most suitable coal to be
injected in the blast furnace, especially in larger injection rates and
modified systems. However, the reasonable flexibility of the PCI
process allows an expansion of the types of coals to be used, mainly
as mixtures, since the sum of the coals’ properties will fulfill the
process requirements and will guarantee its stability.

The thermogravimetric analysis — TGA — has been widely used to
study the combustion behavior of coal and char”®. The probability of
unburned coal particles (char) to react and undergo gasification some-
where in the blast furnace may be estimated in TGA experiments’.

The present work aims to evaluate the reactivity of a Brazilian coal
(Faxinal mine), imported coals and their mixtures, in different mass
ratios, by thermal analysis. Moreover, it intends to demonstrate that
the use of mixtures minimizes the negative effect of some properties
of the Brazilian coal.

2. Materials and Methods

2.1. Raw materials and sample preparation

The Brazilian coal sample tested comes from the I-1 and I-2 coal
beds from the Faxinal mine (Rio Grande do Sul State), owned by
Copelmi Mineradora S.A. The ash content in the raw coal (50%w/w)
is reduced to 17% by gravity preparation in a jig.

Two high-rank, low-ash imported coals, identified as A and B,
were used to compose the mixtures. The USIMINAS Company
donated these samples.
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For the coal samples preparation, Faxinal coal and the A coal
were combined in the following mass ratios:

e 75% Faxinal - 25% coal A;

¢ 50% Faxinal - 50% coal A; and

* 25% Faxinal - 75% coal A.

Similar proportions of Faxinal and B coals were assembled. Sam-
ples were comminuted to a particle size 100% passing the 200-mesh
Tyler sieve and then mixed and homogenized.

3. Experimental Procedures

3.1. Coal characterization

The tests applied to the characterization of coal and mixtures,
described in'’, were the following:

 Ultimate Analysis: Indicates the coal’s chemical composition
as hydrogen, carbon, nitrogen, oxygen and sulfur;
Proximate Analysis: Consists of the moisture content determi-
nation, volatile matter, ashes and fixed carbon (by difterence).
Results are usually expressed in a dry basis;
Grindability Index: The grindability index or HGI (Hardgrove
Grindability Index) determines how grindable a coal is, when
compared to standard coals;
Petrography Analysis: Classifies the coal in a scientific basis,
describes constituents and determines its properties (ISO
1994,1995). Petrography is analyzed with the reflected light
microscope;
Analysis of Maceral Groups (Vitrinite, Liptinite and Inertinite):
Aims at to determine the macerals proportion in the coal;
» Reflectance of Vitrinite: Indicates the coal carbonification
degree or rank;
Chemical Composition of Ashes (X ray fluorescence): Ex-
presses the concentration of the elements present in the ash
as oxides; and

* Particle Size Measurements by Laser Diffraction: The size of

the particles is cumulatively evaluated by the diffraction of a
laser beam in a dispersion of sample in water and ethanol.

Coal samples were quartered and ground (first in an impact Mill
and after in a mortar) until 100% of the mass passed through a 200-
mesh sieve (< 75 wm).

3.2. Reactivity determination

A NETZCH - STA 409 thermobalance was used for the analysis
accomplishment. It is a fixed-bed differential reactor that operates
under the atmospheric pressure and allows the gas-solid reactions to
be monitored by the mass variation of the sample with the time.

The platecrucible is the most adequate to the experiments, in
the conditions of the analysis, that are: 30 mg of sample and flow of
reactant and carrier gases: 50 mL/min N, and 50 mL/min CO, in the
gasification. Under such experimental conditions, the resistance due
to the stagnant gaseous film around the particle becomes neglectable
in relation to the overall resistance of the process.

During the analysis, the following routine was adopted: in the
first part of the test (pyrolysis) the samples (30 mg) are heated
up to 1050 °C, with a 30 K/min heating rate, under a flow of N,
(50 mL/min); this temperature was kept until the end of the loss of
the volatile matter. After the mass stabilization, the reactivity test
started, with the replacement of N, by CO, (50 mL/min), until a
new value of stable mass was reached. Each sample was analyzed
in duplicate.

Figure 1 shows a graphical evolution of a thermogravimetric
analysis. Point 1 indicates the effect of buoyancy force in the begin-
ning of the test and point 2 the beginning of pyrolysis with N.. The
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point 3 indicates the beginning of the gasification reaction with the
injection of CO, and the mass here corresponds to the initial mass
of the devolatilized sample. It can be observed in this figure that the
end of the reaction is considered when the stabilization of the sample
mass takes place (4).

From the curves of weight loss as a function of time, the conver-
sion was calculated. The conversion is presented in a dry and ash-free
basis!!"*, where X is the conversion, W is the char weight of fixed
carbon loss and W, the initial char weight:

X=1-r (1

Reactivity is defined as the rate at which the char reacts in an
oxidizing/reducing atmosphere, subsequently its devolatilization,
describing the easiness with that the char reacts with the gasificant
agent.

The reaction rate is defined in different ways that are interrelated
between themselves and that are independent of the system, but
depending on the reactants’ properties'®. The reaction rate can be
expressed in a general form, in the case of solid-fluid systems!'!-*#
where r, is the maximum reactivity, W_is the initial weight ash free
and (dw/dt) the maximum rate of fixed carbon loss:

4. Results and Discussion

4.1. Coal characterization

Results of sample characterization of the three studied coals
(Faxinal, A and B) in relation to ultimate and proximate analyses
and HGI are presented in Table 1.

Comparing the values of volatile matter, it is evidenced that the
content in Faxinal coal is nearly 50% higher than those of the imported
coals. It happens due to its lower carbonification degree.

In relation to the desired ash content for PCI, coals A and B fall
within the range, while Faxinal coal presents a higher value. The sulfur
present in the coal accounts for the formation of slag. PCI require-
ments demand a value close to 1%?*. Again, the sulphur content for
the Brazilian coal is superior to the recommended and the imported
coals show contents around 0.5%-0.6%.

The comparison of the values from the ultimate analysis reveals
higher values of carbon and hydrogen for the Faxinal coal than for
coals A and B. This is due to the difference in their degrees of car-
bonification. The contents of carbon and hydrogen are often used
in the correlation between physical and chemical properties as the
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Figure 1. Graphical evolution of the thermogravimetric analysis.
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Table 1. Proximate (volatile matter, ashes and fixed carbon) and ultimate analysis (carbon, hydrogen, total sulfur, halogens, nitrogen and oxygen-by differ-

ence), in dry basis (db) for Faxinal, A and B coals.

Sample VM, (%) A, (%) Cfix,(%) C, (%)  H, (%)  S;,(%) N, (% O+Hal, (%)  HGI
Faxinal 33.10 17.00 49.90 66.00 428 1.30 129 10.13 58
Coal A 14.36 6.91 78.79 84.10 4.02 0.49 1.73 2.95 85
Coal B 14.68 7.61 77.71 81.20 3.82 0.67 1.73 441 85

db = dry basis; T = total

reactivity in the gasification. Nitrogen occurs combined with the coal
chemical structure and its values are used to evaluate the potential of
the nitrogen oxides formation, causes of atmospheric pollution. In
this study, all coals presented a content inferior to 1.5%.

The results of proximate analysis for the coal blends assembled
are presented in Table 2.

The contents of volatile matter for the coal blends is around
20% and 30%, and these values fall within the range used in the
steelmaking industry (10%-40%)'. Very high contents of volatile
matter increase the gas volumes and yield unstable combustion and
coke degradation®.

The reduction in the content of ashes is a very important aspect,
both for coals injected in the blast furnace and for the ones used in
the power generation. In both cases, the higher the ash content, the
greater the consumption of heat will be. In PCI, the carbon con-
sumption and the gas flow can be increased, and the productivity
can decrease. The assembly of coal mixtures aimed to reduce the
ash contents to around 10%, which is the common value in PCI. It
was verified that the mixtures that contained 50% Faxinal and 50%
Coal A or 50% Coal B produced sufficiently satisfactory results,
very close to the average of the individual coals ash contents. This
reveals that mixtures with 50% Faxinal coal present an acceptable
ash content for use in PCIL.

The Faxinal coal grindability index - HGI value was 50, while
the imported coals presented a value of 85. The higher HGI values,
the greater easiness of milling a determined coal and the lower the
costs in this operation. Coals commonly used in PCI present HGI
superior to 50*.

The result of the evaluation of the particle size distribution for
the individual coals showed that the diameter of 90% of the parti-
cles is in the 64.52-73.19 um range. Most of the particles present
a diameter close to 75 um. Since the particle size distribution is a
feature that affects the reaction rate's, it is important that all samples
present the distributions as close as possible, so that the results are
comparative.

Table 3 presents the result of the ashes’ chemical composition
for the studied coals. Initially the acid nature, typical of ashes from
RS coals, can be observed, with a high content of SiO,. Moreover,
one notices that the alkali total value (Na,0 and K,O) for the Faxi-
nal coal is inferior to those of the imported coals. The presence of
alkalis in the coal must be controlled, since to the recirculation of
these compounds inside the blast furnace causes an increased coke
consumption and the crusts formation.

In relation to phosphorus, the content for the Faxinal coal is much
lower than those for the imported coals. Nevertheless, this number
falls within the suitable range for PCI'.

The petrography analysis (Table 4) was done at the Laboratory
of Coal and Organic Petrology - UFRGS. The Faxinal coals present
a high vitrinite content, as well as low vitrinite reflectance, features
that are characteristics of the sub bituminous rank of this coal. For
the low-volatile bituminous-type coals A and B, the high value for the
vitrinite reflectance and the high content of inertinite are recorded.

Table 2. Coal mixtures proximate analysis (moisture, volatile matter, ash and
fixed carbon), in dry basis.

Sample Moist VM, Ash,~ Cfix,
(%) (%) (%) (%)
Faxinal 75%-coal A 25%  7.254 28.07 13.43 51.25
Faxinal 50%-coal A 50%  0.99 2332 10.94 60.75
Faxinal 25%-coal A 75%  3.30 18.28 9.08 69.34
Faxinal 75%-coal B 25%  7.265 2776 13.76 48.78
Faxinal 50%-coal B 50%  0.12 23.15 11.76 59.97
Faxinal 25%-coal B 75%  3.30 21.88 9.80 65.02
Table 3. Ash chemical composition of Faxinal, A and B coals.
Sample Faxinal Coal A Coal B
%Ash 17.00 6.91 7.61
Sio, 70.00 42.30 44.67
ALO, 19.00 41.0 24.68
Fe,O, 5.60 5.04 7.78
MnO n.d. 0.04 0.03
MgO 0.44 0.60 1.27
CaO 1.10 1.43 9.90
Na,O 0.10 0.34 0.93
K,0 1.20 2.18 0.80
TiO, 1.40 n.d. n.d.
PO 0.05 1.84 1.55

n.d. = not determined

Table 4. Petrography analysis: macerals groups and vitrinite reflectance for
Faxinal, A and B coals.

Sample Vitrinite Liptinite Inertinite Minerals Ro (%)
Semi- Others
fusinite
Faxinal ~ 91.0 44 0.4 42 104 0.48
Coal A 518 - 27.2 21.0 1.0 1.58
Coal B 582 - 29.6 12.2 1.8 1.68

Others = fusinite, micrinite, macrinite, funginite and inertodetrinite.

4.2. Evaluation of coals and coal blends reactivity

With relation to the graph shown in Figure 2, the first loss of mass
refers to the pyrolysis and occurs in the 350-770 °C range for the
Faxinal coal and in the 500-900 °C range for the coals A and B. The
difference in the temperature ranges at which the pyrolysis occurs is
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due to the samples different degrees of carbonification. The second
loss of mass starts at about 40 minutes after the pyrolysis and it refers
to the consumption of the fixed carbon by CO,.

The mass stabilization that indicates the end of the reaction in
the isotherm time (1 hour) does not occur. Actually, the stabilization
occurs approximately after 4 and a half hours of isotherm, when the
coal A achieves 98% of conversion. Coal B, similarly to the coal A,
reached 97% of conversion in 4 hours 30 minutes.

Table 5 presents the values for the maximum reaction rate, time
spent until the attainment of the maximum reaction rate and time
until the 50% conversion for the individual coals and their blends.
The highest conversion reached by the Faxinal coal is explained by
its lower rank and also it can be related to its petrographical composi-
tion, mainly with the high vitrinite content. Vitrinite is considered a
very reactive component, when compared to inertinite. Inertinite is
composed by condensed aromatic nuclei, being the densest, poorest
in volatiles and less reactive. The imported coals A and B have high
contents of inertinite and a high rank This explains their low degree
of conversion®.

In accordance with Lu’, because of the particle size used in PCI,
the reaction rate can be affected by the intrinsic reactivity (determined
by the chemical structure). The behavior of the Faxinal coal, coal A
and the mixtures in the time of 20 minutes isotherm are shown in
Figure 3. This time interval was chosen because it is approximately
the time the Faxinal coal takes to complete its gasification.

Itis noticed from Figure 3 that the Brazilian coal reaches greater
conversions values in significantly lesser times that the others. Moreo-
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Figure 2. Thermogravimetric analysis for Faxinal coal, coals A and B.
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ver, the bigger the proportion of this coal in the mixtures, the faster
these blends reach bigger conversions. Initially the differences are
more significant but, as time passes, the conversion increases and the
reaction rate diminishes'3. Then, the reactivity decreases and these
differences can not be easily evidenced.

In the isotherm time, the conversion for the Faxinal coal was
100%, with a maximum reaction rate of 0.07 min', after 4 minutes.
For coals A and B, the maximum reaction rate values were 0.031
and 0.035 min’', after 10 and 9 minutes, respectively. The reached
conversions were 0.82 and 0.84, respectively. The mixtures had their
reactivity evaluated in the same way.

According to Ollero', since the reaction conditions are fixed
(for example, temperature, pressure and reactants), the reactivity
can have its variation evaluated by the conversion or the time. So,
to comparing the time where definitive conversion is reached would
be a suitable tool to determine a representative value of reactivity'>.
In the present study, the time that the samples take to reach a 50%
conversion was chosen (Table 5).

A statistical method to evaluate the reactivity differences among
the coals and the mixtures was done. The results of the analysis of
variance (ANOVA) can be summarized as follow:

 Time to reach the maximum rate were quite different for Faxinal

and coals A and B. Faxinal reached the maximum reaction rate
in about half of the time;
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Figure 3. Conversion up to 20 minutes isotherm for Faxinal coal, coal A and
their mixtures.

Table 5. Maximum reaction rate, time spent until the attainment of the maximum reaction rate and time until the 50% conversion for the individual coals and

their mixtures.

Time until a 50%
conversion (min)

Time until the maximum
reaction rate (min)

Sample Maximum reaction rate (min)
Faxinal 0.071
Faxinal 75%-Coal A 25% 0.063
Faxinal 50%-Coal A 50% 0.043
Faxinal 25%-Coal A 75% 0.036
Coal A 0.035
Faxinal 75%-Coal B 25% 0.059
Faxinal 50%-Coal B 50% 0.042
Faxinal 25%-Coal B 75% 0.031
Coal B 0.031

4.0 6.0
5.0 7.5
7.5 13.0
8.5 16.0
10 17.0
5.0 8.0
7.5 14.0
8.5 16.0
9 18.0
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* Amount of Faxinal in the mixtures influenced the time in which
the maximum reaction rate was attained;

* Higher Faxinal proportion in the mixture faster the maximum
reaction rate in the gasification is reached;

 There were significant differences between the time to reach the

maximum rate for a 50% conversion either for the individual

coals and for the mixtures.

Proportion of Faxinal coal in the mixture influences the time

necessary for the 50% conversion; and

In the case of coal mixtures, the necessary time for 50% conver-

sion decreases as the proportion of Faxinal coal increases.

The reactivity of unburned char is relevant for the combustion in

blast furnace*. The most reactive a char is, the best is its effect in the

replacement of the coke?. The faster the burning occurs in the condi-

tions of the tuyere and the following gasification, the better'’.

5. Conclusions

The main experimental results obtained in this study are showed
bellow:

* Additive behavior of the mixtures is true for volatile matter
and ashe contents in coal, alkalis and phosphorus contents in
ash, as well as reactivity;

According to the characteristics of the coals used for PCI, the
mixture containing 50% Faxinal and 50% coal A is indicated
for further tests in the industrial process;

Faxinal coal presents a reactivity superior to that of the imported
A and B coals;

Burn-off time of Faxinal coal gasification reaction is approxi-
mately 15 times lower than that for the imported ones; and
The reactivity increase with Faxinal coal content in the mixtures.
The time to reach the maximum rate and the 50% conversion
decreases as the content of Faxinal in the mixtures increases.
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