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The Boudouard reactivity of metallurgical coke and densified charcoals was
investigated in this study. Potassium is known to accumulate in ferroman-
ganese furnaces and hence was evaluated as a catalyst of COy reactivity.
Samples were impregnated using a gaseous impregnation technique with
KsCO3.The reactivity experiments were designed to simulate conditions
occurring in an industrial furnace, as used for production of Mn-alloys. To find
out the catalytic effect of potassium, the concentration varied from a fraction
of a percent up to 5 wt.%. The results show that with increasing potassium
content, the CO, reactivity of coke and charcoal increased, and this change
was more significant for coke. The CO, reactivities of coke and densified
charcoal were much closer to each other at the highest content of potassium.
Scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy
(EDS) showed that potassium distributed on the surface as well as on de-
posited carbon particles formed on densified charcoal.

INTRODUCTION

Electric arc furnace and submerged arc furnaces
are used to produce steel, silicon, ferrosilicon,
silicomanganese, ferromanganese, and so on. Pro-
cesses using EAF (electric arc furnace) and SAF
(submerged arc furnace) generally generate approx-
imately 1.83 kg CO, per kg of steel,! 1.04-1.15 kg
CO, per kg ferromanganese,” 1.4-6.9 kg CO,, per kg
of silicomanganese, and 2.5-4.8 kg COy per kg
ferrosilicon.>™ It is also mentioned that the total
CO, equivalent of manganese alloys is about 6.0 kg
per kg of alloy when the electricity is produced by
coal combustion.” Biomass and charcoal can be used
to power these furnaces and may potentially result
in the reduction of these emissions, e.g., by up to
12% in EAF, or 58% in integrated routes of steel
production.® Thus, one can expect a better under-
standing of the CO, equivalent with a better
understanding of charcoal properties, which in turn
will promote an increased use of renewable
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resources in EAFs and SAFs. A high reactive carbon
material will have a high rate of the Boudouard
reaction 1.”

CO3+C < 2C0 AH = 172kJ/mol (1)

This reaction is endothermic in nature and its
high rate would result in some negative effects such
as increased coke consumption in the furnace and
higher energy consumption.® The rate of the
Boudouard reaction is dependent on many factors,
including temperature, partial pressure of carbon
dioxide, gas flow rate, properties of the carbon, and
finally the presence of catalytic compounds, of which
potassium is the most important. The ASTM test for
COg reactivity is conducted in a 100% CO, atmo-
sphere at 1100°C, while other tests such as tests
which have been carried out at NTNU/SINTEF
(Norwegian University of Science and Technology/
Norwegian Institute of Technology) are conducted
in an atmosphere of 75% CO and 25% COs or 50%
CO and 50% CO,, at 800-1100°C, described and
discussed elsewhere.”2

Charcoal also has higher CO, reactivity compared
with metallurgical coke, which is a result of lower
density (i.e., higher porosity and surface area) of
charcoal compared with metallurgical coke. One of
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the most common ways of overcoming any negative
parameters associated with biomass use would be to
increase its bulk density through mechanical or
thermo-chemical means. The advantages of densi-
fied biomass are higher strength, lower CO, reac-
tivity, and more efficient storage and feeding.'?

The author reported on an investigation into the
densification of charcoal by depositing carbon in
another article.'* The densified charcoal is produced
from methane cracking and the main goals were to
increase charcoal density and reduce CO, reactivity.
The results showed that with densification, charcoal
density increased by 7-18% and porosity decreased
by 23-38% and, as a result, COs reactivity
decreased by 28-40%. However, the CO, reactivity
of densified charcoal was still much higher than
that found in metallurgical coke.

Alkalis, chief among them being potassium,
reside within the ferromanganese furnace and enter
as components of the manganese ore or to a lesser
extent as coke components.!®® Alkali accumula-
tion in the furnace, by re-circulation, takes place by
the reduction of potassium oxide in the raw mate-
rials to metal vapor in the smelting zone, as shown
in reaction (2). This potassium vapor follows the gas
flow upwards in the furnace and is re-oxidized in the
colder zone to produce potassium carbonate, as seen
in reaction (3), according to Tangstad and Olsen.'®
This potassium carbonate then condenses on the
charge materials which flow downwards in the
furnace shaft where it is reduced again in the
melting zone by reverse of reaction (3).

K20 + C =2K(g) + CO(g) (2)

2K(g) + 3CO(g) = K5CO3(1) + 2C (3)

It is known that the furnace alkali and alkaline-
earth metals have a negative effect on the whole
smelting operation.'® Alkalis cause deterioration of
the coke quality, lowering the life of the lining and
refractories and often causing scaffolds. Alkalis are
also responsible for the generation of high pressures
in the furnace, non-uniform descent of the burden,
uneven distribution of gases, and a decrease in
burden permeability due to generation of fines.'®

The influence of potassium on the Boudouard
reaction of different cokes has been investigated in
different studies; Aderbigbe and Szekely,” Beyer
and Peters,?! Davies et al.,?> Alam and Debroy,?*
Rao et al.,>* and Van Niekerk et al.?® They all agree
that potassium speeds up the Boudouard reaction.

In addition to the general consideration regarding
the Boudouard reaction, tremendous work has been
done on the reaction kinetics. Lindstad'' examined
3 different parameters (temperature, partial pres-
sure of COy, and potassium concentration) and their
effect on COq reactivity. It was found that the
potassium catalyst has the strongest impact on

reactivity followed by temperature and CO, concen-
tration. Kwon?® found that the activation energy for
the Boudouard reaction for coal chars ranged
between 79 kd/mol and 155.5 kd/mol, while Zamal-
loa®” found the activation energy to be 150 kJ/mol,
171 kJ/mol, and 209 kd/mol for petroleum coke,
coke breeze, and graphite, respectively. Turkdo-
gan®® investigated the effect of pressure for graphite
and charcoal on CO,, gasification in the temperature
range 700-1300°C. It was found that the reactivity
increased linearly as the CO, pressure increased to
100% at total atmospheric pressure. The activation
energy was found to be 305 kdJ/mol for both graphite
and charcoal. Yokoyama®® found that with potas-
sium impregnation of active carbon by 0.9 wt.%, the
activation energy dropped from 360 kdJ/mol to
159 kJ/mol. Kaczorowski®® found that the activation
energy of Staszic coke did not change with impreg-
nation with 2.47 wt.% K while for Peak Downs coke
it dropped significantly from 315 kdJ/mol to
223 kJ/mol with impregnation with 2.56 wt.% K.

Because of the Boudouard reaction and the circu-
lation of potassium in an Fe-Mn-smelting furnace, it
is clear that the Boudouard reaction needs to be
restrained as much as possible in order to provide
good operation economy as well as to keep emissions
of greenhouse gases to minimum. Using biocarbon
as a substitute for coal and coke for ferroalloy
production has been extensively studied in Norway.
In an earlier publication by the author, it was
confirmed that with densifying charcoal, the CO,
reactivity reduced by 28-38%. However, the inves-
tigated charcoals were pure charcoals and did not
include potassium, and we know from the literature
mentioned earlier that K has a great impact on CO,
reactivity. Thus, to simulate the concentration of
potassium due to recirculation in the smelting
furnace, the samples were impregnated with
K5COs3 as the potassium source. The COg reactivity
of impregnated samples (densified and non-densi-
fied) were investigated to see what the effect of
densification on COg reactivity of impregnated
samples is. SEM/EDS analysis were conducted to
investigate the distribution of K in the impregnated
samples.

EXPERIMENTAL PROCEDURES
Feedstock Materials

Three industrial charcoals which were densified
as reported in Ref. 14 and a metallurgical coke
(Met.coke) were used as sample materials for this
study. The three charcoals were provided by a local
silicon producer and the metallurgical coke was
provided by a silicomanganese producer. The mate-
rials were crushed by a jaw crusher (Retsch,
Germany) and sieved to the size range of 6.68—
15.00 mm. The proximate analysis and K,O content
of the materials are shown in Table I.
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Equipment
Potassium Impregnation

In order to investigate the influence of alkalis on
the Boudouard reaction, the impregnation of sam-
ples by potassium compounds is required. The
impregnation method was specially developed at
NTNU for testing the resistance of carbon elec-
trodes in the aluminum industry.?’ The impregna-
tion process is regarded as gaseous impregnation
where metallic potassium is formed in the course of
the reaction between potassium carbonate and
active carbon at elevated temperatures. Three types
of densified charcoal and metallurgical coke had to
be impregnated with alkalis. Mixed Ky;CO3; and
carbon powder were placed on the bottom of a steel
crucible inside two alumina crucibles, as is schemat-
ically shown in Fig. 1. Right on top of these alumina
crucibles, carbon samples were placed inside a
basket separating the sample particles from the
carbonate.

The crucible was then placed in an electric
furnace where a temperature of about 1000°C was
maintained for a number of hours depending on the
desired potassium content. A heating rate of 300°C/
h was chosen. To prevent samples from oxidation,
argon was allowed to circulate inside the furnace
retort.

This method was adopted in order to impregnate
coke and charcoals with potassium. K (g) is pro-
duced through the reaction of potassium carbonate
with carbon at about 1000°C in an Ar atmosphere as
represented by the reverse of reaction (3).

Reactivity Test

The CO; reactivity test was carried out using
thermogravimetric analysis (TGA). A gas mixture
having 50% COs and 50% CO was fed with a flow
rate of 4 NI/min. The gas was introduced after the
sample was heated in argon to a temperature of
1070°C. The sample amount (30—40 g) was placed at
the bottom of the stainless-steel crucible on a
ceramic perforated plate. The crucible was sus-
pended from a scale and inserted into the furnace,
so the hottest area surrounded the sample. The inlet
gas was fed to the top of the crucible from where it
distributed into the sample. The reaction was
stopped at a weight loss corresponding to 20% of
the fixed carbon having been reacted. This is
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typically the amount of carbon that is combusted
by the Boudouard reaction in ferromanganese pro-
duction. Once the required weight loss as calculated
from proximate analysis (volatiles, ash, and fixed
carbon) was achieved, the reaction was stopped by
purging with inert gas and withdrawing the sample
from the hot zone. The same method has been used
for different previous studies.'!%1431

The main components of the thermobalance
apparatus are an electric cylindrical furnace, a
Mettler Toledo PB 1502 balance (with an accuracy
of 0.1 g), and a crucible. The furnace temperature is
controlled by a thermocouple connected to a Euro-
therm 2408 controller, which in turn is connected to
a PC. The maximum temperature of the furnace is
1200°C. The crucible is suspended from the balance
by a steel wire.

Supplementary Fig. S-1 shows an example of how
the COy reactivity of samples was measured. Using
the slope of the curve for the recorded weight
measurements during oxidation with CO,, the
fraction of reacted fixed carbon per time was
calculated. The slope was defined as the CO,
reactivity.

Characterization Methods

The volatile matter content of materials was
measured as per the procedure delineated in DIN
51720. Ash content of charcoal samples was deter-
mined according to DIN EN 14775 while ash
content of coke and its derivatives was measured
according to DIN 51719. Fixed carbon content was
calculated based on a formula (fixed carbon =
100% — ash content — volatile matter content). Ele-
mental analysis of the feedstocks and solid residues
was conducted on an Elemental Analyzer 2400
CHNS/O Series II (Perkin Elmer, Waltham, MA,
USA) by Analytik-Service Gesellschaft mbH while
acetanilide was used as a reference standard. SEM/
EDS analysis of the impregnated and non-impreg-
nated samples was performed on a high-resolution
microscope ULTRA 55 (Zeiss, Germany) under high
vacuum to elucidate structural properties of the
samples.

Table I. Weight fractions (%) of components of the various types of coke and charcoal used in the

experiments
Charcoal Dens. charcoal Charcoal Dens. charcoal Charcoal Dens. charcoal
Met.coke A A B C C
Fix. C 88.20 85.17 98.05 80.50 96.54 81.60 96.74
Volatiles 0.9 13.08 0.57 16.75 1.43 15.79 1.55
Ash 10.90 1.75 1.38 2.75 2.03 2.61 1.71
K,0 0.002 0.3 0.27 0.35 0.33 0.5 0.32
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Fig. 1. Experimental set-up for potassium impregnation of carbon
samples in a steel crucible with lid.

RESULTS
Impregnated Samples

The structure of metallurgical coke was investi-
gated using SEM/EDS before and after impregna-
tion as shown in Fig. 2. Before impregnation
(Fig. 2a), potassium distributed evenly through the
sample, while after impregnation (Fig. 2b) by
5 wt.% potassium, the distribution of potassium
was non-uniform and was present mostly within the
pore walls.

Figure 3 shows the structure of charcoal C after
impregnation. As is visible in Fig. 3a, EDS analyses
confirmed that the walls of the charcoal pores were
covered by potassium and, in a part of the sample,
more potassium had accumulated. By taking a look
at a higher magnification image, as seen in Fig. 3b,
the magnified part of the sample was the part with
higher carbon deposition which had formed during
the densification process. This suggests that potas-
sium was deposited on the surface of the charcoal as
well as on the surface of the deposited carbon.

It is also worth taking a look at the structure of
non-densified  charcoal = which  has  been

impregnated, to see the effect of densification on K
impregnation. Supplementary Fig. S-2 shows the
SEM structure of non-densified charcoal C which
was impregnated with 4.2% potassium. It can be
seen that potassium distribution is not uniform,
with some walls covered by a thick layer while other
regions are largely potassium free.

CO; Reactivity

The COy reactivity of non-impregnated samples
has been studied previously and results can be seen
in supplementary Fig. S-3 and supplementary
Table S-1. After the samples were impregnated
with potassium at various concentrations, the
Boudouard reactivity was studied. Supplementary
Table S-2 shows the actual impregnation experi-
mental parameters together with the resulting
reaction rates. The results for three types of densi-
fied charcoal, one non-densified charcoal, and one
metallurgical coke are presented in Fig. 4. From
this figure, it can be seen that the reaction rate
increases with potassium concentration in a loga-
rithmic fashion. In addition, for densified charcoals,
at a concentration of around 1 wt.% K, the reaction
rate reaches a constant value, while for non-densi-
fied charcoal and metallurgical coke, the concentra-
tion is 4 wt.% K. It can also be seen that the
difference in reaction rate between coke and densi-
fied charcoals is much lower for impregnated sam-
ples compared with non-impregnated ones.

COg, reactivity and potassium content of the non-
densified charcoal C was added to Fig. 4, and it
shows that the non-densified charcoal C has higher
COg, reactivity compared with densified charcoals at
all potassium contents. The increase in gasification
rate due to potassium was higher for the non-
densified charcoal C compared with the densified
one.

To examine the effect of the extent of impregna-
tion on activation energy of the samples, some more
reactivity tests at various temperatures were con-
ducted. The results are presented as Arrhenius
plots in Fig. 5 and show the activation energy values
in supplementary Table S-3. It can be seen from the
Arrhenius plots that the activation energy of the
impregnated metallurgical coke was not higher in
comparison to the activation energy of the non-
impregnated sample. In the case of charcoal C, the
activation energy dropped significantly after
impregnation.

DISCUSSION

Three types of different industrial charcoal which
were densified by depositing carbon from methane,
a non-densified charcoal, and a metallurgical coke
were used in this study. The goal was to investigate
the effect of K impregnation on the CO, reactivity of
samples and to see the effect of densifying charcoals
on the CO, reactivity.
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Fig. 2. SEM/EDS micrographs of (a) non-impregnated and (b) impregnated (5% K) metallurgical coke.

Potassium compound was recognized on the char-
coal and coke surfaces as a result of the impregna-
tion process. The distribution of potassium was
inhomogeneous through the particles. For the den-
sified charcoal, potassium was distributed on the
deposited carbon as well as the surface of the
charcoal. Previously,'* it was found that with
densification, the carbon deposited inside the pores
and reduced the porosity, and hence CO4 reactivity.
In the present study it was seen that in K-impreg-
nated non-densified charcoal, the COg reactivity is
higher compared with the impregnated densified
ones. It was also seen that K is preferably deposited
on the deposited carbon in densified charcoal which
means pores are still blocked and COgy reactivity is
reduced.

The reactivity of all samples increases with the
potassium concentration in a logarithmic fashion,
starting very steep for coke and not very steep for
charcoals, and finishing almost flat for all samples.
It was previously reported by Hippo®? that at the
very beginning of the reaction, the closed coke pores
open rapidly causing an increase in the specific
surface area and thus in the reactivity. It was also
indicated that the rate decreases in the later stages

due to the change in coke structure and hence the
surface area. Impregnation of densified charcoal
resulted in reaching the plateau earlier compared
with non-densified charcoal, and it can be concluded
that densifying charcoal hindered further increases
in reaction rate. The only report including impreg-
nation of charcoal is a study from Syvertsen et al.>
who found that impregnation of charcoal from
Spruce with 2.8% potassium led to an increase in
reaction rate of about 5 times, while 6.75% K in
eucalyptus only gave an additional 2 times higher
reaction rate. For metallurgical coke, impregnation
with 5% potassium led to a higher reaction rate by
8.6 times.

Two different mechanisms regarding the role of
catalysts in carbon gasification are often £r0posed in
the literature. Audley® and Kapteijn®® proposed
that the catalysts act by increasing the number of
active sites and consequently higher gjasiﬁcation
rates are obtained. Jalan®® and Deventer®” reported
a significant decrease in activation energy for the
impregnated samples and proposed that the main
mechanism for the catalyzed gasification of carbon
by carbon dioxide was the lowering of the activation
energy. In this study, however, the activation
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Fig. 3. SEM/EDS micrographs of (a) densified and impregnated (4% K) charcoal C, and (b) higher magnification of the part of the sample with

carbon deposition.
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Fig. 4. Boudouard reactivity versus potassium concentration.
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Fig. 5. Activation energy for impregnated and non-impregnated
samples.

energy of the impregnated metallurgical coke was
not much higher in comparison to the activation
energy of the non-impregnated sample. This fact
supports the theory in which catalysts act by
generating additional active sites on the carbon
surface. A small change in activation energy for
metallurgical coke corresponds to minimal catalytic
effect of potassium on the gasification rate for this
sample. In the case of charcoal C, the activation
energy dropped significantly. This is supported by
the theory that the catalyst acts by lowering the
activation energy.

CONCLUSION

In this study, 3 types of densified charcoal and a
metallurgical coke were impregnated with potas-
sium and the goal was to investigate the effect of
potassium content on the COy reactivity. It was
found that with increasing potassium content of all
samples, the CO, reactivity increased and for all
potassium contents, non-densified charcoal C
showed the highest CO, reactivity, followed by
densified charcoals and metallurgical coke. It was
also found that non-densified charcoal C reached a
higher amount of potassium compared with densi-
fied charcoal C for the same impregnation time. For
the metallurgical coke, the activation energy of the
impregnated sample was almost the same as that of
the non-impregnated sample, indicating that potas-
sium increases the number of active sites. This
shows that the increase in the rate caused by
potassium impregnation can simply be added to the
inherent reactivity of the coke. For charcoal, the
activation energy of the impregnated sample was
much lower than for the non-impregnated, which
might mean that the mechanism of catalysis is by
lowering of the activation energy. The results of the
present work show that with densifying charcoal,
we could reduce the effect of potassium, and the
difference between charcoal and metallurgical coke
regarding CO; reactivity would decrease.
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