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Abstract

Carbon dissolution from four types of metallurgical cokes and graphite was investigated by using immersion rods in a
resistance furnace to clarify the influence of factors governing the rate of carbon dissolution from carbonaceous materials
into Fe—-Mn melts at 1550 °C. The factors studied were the microstructure of carbonaceous materials, roughness, porosity
and the wettability between carbonaceous materials and the melt. Carbon/metal interface was characterised by scanning
electron microscopy accompanied with energy-dispersive X-ray spectrometry to investigate the formation of an ash layer.
The results showed that coke E had the highest dissolution rate. Surface roughness and porosity of the carbonaceous
materials seemed to be dominant factors affecting the dissolution rates. Further, crystallite size did not have a significant
effect on the dissolution rates. Solid/liquid wettability seemed to affect the initial stage of dissolution reaction. The
dissolution mechanism was found to be both mass transfer and interfacial reactions.
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1 Introduction

A variety of carbonaceous materials are being used during
the production of ferromanganese, usually in the form of
metallurgical coke. Due to the increases in coke prices,
high CO, emissions and high energy consumption which is
required for Boudouard reaction, attempts were focused on
replacing coke with other reducing agents such as natural
gas and carbon dissolved in metal. In previous work by
Safarian [1], it was shown that MnO reduction of slag with
carbon dissolved in metal was kinetically more favourable
than that with solid carbon. A study by Lee and Kolbeinsen
[2] also showed that the dissolution rate of C into the metal
was fast. On the contrary, Skjervheim and Olsen [3] found
that the rate of MnO reduction by solid carbon is about 2.3
times higher than that by dissolved carbon.

There are very little data on the dissolution rate of
carbonaceous materials in Mn-containing metals, while the
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dissolution rate of carbonaceous materials into iron melts
has been studied for a long time. The majority of these
investigations used graphite in their studies [4—11]. The
objective of mentioned studies on carbon dissolution from
graphite was to establish an understanding of the mecha-
nism that controls the transfer of carbon from graphite into
molten iron. It is generally agreed that the rate of graphite
dissolution in liquid iron is controlled by transfer of carbon
from graphite into molten iron [5, 11]. Nevertheless, it was
found that this mechanism does not necessarily apply to
more complex form of carbonaceous material such as
petroleum coke, coals and chars and it is assumed to be
controlled by more complex mechanisms in addition to
liquid side mass transfer [12, 13]. Some studies have
attributed the different behaviour of graphite and non-
graphitic carbonaceous materials to their respective carbon
structure. Wu and Sahajwalla [14], Ohno et al. [15] and Wu
[16] found that the larger crystallite size in poorly ordered
carbonaceous materials such as coke and coal would
increase the carbon dissolution rate and the reason was
that, with increasing crystallite size, the ordering in carbon
atom arrangement increases and it leads to increased car-
bon dissociation. In contrast, Cham [17] found no obvious
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effect of crystallite size on the rate of coke dissolution into
liquid iron.

Safarian [1] investigated the effect of surface roughness
of different graphite on the reduction rate of slags. It was
found that the reduction rate increased extensively with
increasing surface roughness.

Contradictory observations have been reported in the
literature on the effect of carbon porosity on dissolution
rate. Deng et al. [18] observed that coke with low porosity
has a high rate of dissolution in iron. On the contrary,
Mourao et al. [19] reported that coke with high porosity
exhibited greater dissolution and further suggested that
higher porosity offers more surface area for reaction and its
effect seems to be more significant in the initial period of
dissolution.

Wetting can affect the contact area between carbon and
iron, and good wetting allows liquid to penetrate into pores
of the solid or interstitial space between particles to
increase the contact area [17].

Wu and Sahajwalla [4] and Cham [17] found a weak
dependence between wettability of cokes and iron and
dissolution rate and the reason was that the dissolution rate
of cokes and coals showed weak dependence on the contact
area. On the other hand, Wu [16] found a stronger
dependence of rate constant on contact area for graphite
and coke rather than for coals.

The research focus of this paper is to investigate the
effect of carbon microstructure, carbon macrostructure and
also liquid/solid wettability on the dissolution rate of dif-
ferent carbonaceous materials in Fe—-Mn melts.

2 Experimental

Four metallurgical cokes, cokes C, D, E and F which were
supplied by industry, and graphite as a reference material
were studied in this work. Proximate analysis and ash
composition of all carbonaceous materials are shown in
Tables 1 and 2, respectively. The total ash content of the
graphite is 0.3 wt.%, and the ash composition analysis has
not been conducted for graphite.

Table 1 Proximate analysis of cokes and charcoal (wt.%)

Component Fixed carbon Ash Volatile matter
Coke C 85.28 11.82 1.43

Coke D 89.34 9.61 1.05

Coke E 85.57 13.68 1.35

Coke F 87.93 11.42 1.15

Graphite 98.6 0.3 0.8
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The X-ray diffraction profile of coke samples was
obtained using a Philips X’Pert multipurpose X-ray
diffraction system (MPD). The wavelength of incident
X-ray for Cu Ko radiation in this study was 0.15409 nm.
Powdered coke samples were scanned in the range of 260
from 10° to 50° with a step of 0.02°. The crystallite size,
L., or stack height and interlayer spacing between aromatic
planes of carbon crystallites dyy, were calculated using the
Scherrer equation and Bragg’s law.

A caliper was used to measure the volume of the carbon
substrate (disc shape), and using a known mass of the
substrate, the apparent density was calculated. The absolute
density was determined using a Micromeritics Accupyc 11
1340 helium pycnometer at University of New South
Wales. The helium is able to penetrate the particle and fill
the pores. A Keyence VK-X250 laser microscope was used
to measure the surface roughness of carbonaceous materi-
als. The laser system can create three-dimensional surface
images which capture colour and topographical informa-
tion and are used to analyse form and roughness
parameters.

The wettability of cokes and graphite with Fe-85 wt.%
Mn was determined using a graphite furnace shown in
Fig. 1. The furnace was designed with high cooling rate
which allowed the samples to be quenched to a temperature
below the melting point quickly after experiments. The
metal/carbon assembly was placed on a graphite stage and
slid into the hot zone of the furnace. Masses of the sub-
strate (~0.2 g) and metal (~0.37 g) were recorded prior
to experiment. The furnace chamber was evacuated ini-
tially and then backfilled with the Ar with a flow rate of 1.5
L/min until the end of the test. The temperature increased
at a heating rate of 25 °C/min to 1550 °C and then kept for
30 min to maintain isothermal conditions. The melting of
metal was marked as the beginning of contact time. A Sony
DCR-TRVISE digital video camera was used to record
image sequences during the wetting experiments. This
camera gives images at a resolution of 720 x 576 pixels.
A pair of Vivitar zoom lenses (one 4 x, one 1x) are screwed
onto the camera lens to provide the correct focal length for
viewing within the furnace. ImageJ software was used to
determine the contact angle by estimating an average of two
sides when the difference is within acceptable limits for the
method used (Fig. 2).

A vertical tube furnace was used for heating the samples
in an inert Ar atmosphere. The heat was supplied by a
resistant graphite element to heat the samples. The carbon
rods that were used as carbon source to dissolve into the
alloy were fixed with a Mo wire to an Al,O3 tube. The
furnace was evacuated by vacuum before it was filled with
argon gas before start. All the experiments were run under
an atmosphere of argon gas of grade 4.0 having a minimum
purity of 99.99%, at a gas flow of 2.5 L/min.



Factors influencing dissolution of carbonaceous materials in liquid Fe-Mn 1155

Table 2 Ash analysis of cokes and charcoal in dry basis (wt.%)

Carbonaceous material SiO, Al,O3 Fe, 05 CaO MgO MnO K,O S

Coke C 6.97 3.07 0.87 0.66 0.24 0.08 0.03 0.44

Coke D 4.22 2.84 0.83 0.42 0.19 0.1 0.22 0.50

Coke E 7.35 3.96 0.95 0.43 0.09 0.01 0.11 0.63

Coke F 6.29 2.87 0.68 0.39 0.18 0.01 0.23 0.50
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Fig. 1 Schematic diagram of sessile drop furnace used for wetting
experiments

Left contact angle=128.25°

Right contact angle=126.00°

Fig. 2 Sample program output for captured image angle analysis

The alumina crucible which was used for all melting
experiments had an outer diameter of 40 mm and a height
of 60 mm. Two thermocouples, one B-type for controlling
the furnace and one C-type for temperature measurement,
were used during the experiments. Schematic illustration
for furnace setup used in the measurement of carbon dis-
solution rate into different Fe—Mn alloys from graphite is
shown in Fig. 3.

Experiments were conducted at 1550 °C. The furnace
was heated to the desired temperature at a rate of 20 °C/
min under continuous argon purging. After the metal was
melted, time was allowed for thermal stabilisation of the
bath for 30 min before any carbon addition. Carbon rods
were then immersed in the liquid metal for specified time.
It is worth mentioning that the immersion rod method was

o 28 cm o

Heating element
‘Water cooling tube
35cm Graphite rod
O e} Coke rod

|

Secondary
thermocouple

ALO,
crucible

L J Fe - Mn (I)

e
Ar gas outlet l

22 cm

15 mm

Fig. 3 Apparatus for carbon dissolution rate measurement using
carbon rods

chosen because then the mass transport phenomena could
be determined by the change of geometric size or mass of
the carbon rod before and after the dissolution experiment.
The carbon rods were preheated to the requisite tempera-
ture and then dipped into the metal melt by holding them
over the bath for a predetermined time period. This was
done to avoid boiling in the bath due to the immersion of
cold sample containing volatiles. Carbon samples were
drawn from the bath after the predetermined time interval,
and the crucible with the molten metal was pulled out from
the bottom of the furnace. The amount of carbon as a
function of time was determined by chemical analysis of
the metal samples (dissolution experiments) using com-
bustion infrared technique (LECO CS-200, St. Joseph,
USA) measured by SINTEF Molab. A scanning electron
microscope (SEM), Hitachi S-3400, accompanied with
energy-dispersive spectrometer was used to study the
interface between coke and metal after sessile drop
experiment.

@ Springer



1156

H. Kaffash, M. Tangstad

&3 2.5 3
e Coke C S Coke D
20} rd £ 20 ®
£ E % ®Run
215 215}
g ®Run | = ®Run 2
(=} 9
T10 b ®Run2 Blo b
E F
8 = L
205 205
OO i L E L 00 1 1 1 1 1 1
0 5 10 15 20 25 30 33 0 5 10 15 20 25 30 35
Time/s Timefs
2.5 2.0
- Coke E & Coke F
X 20 3
i ZL5 |
_§ 1.5 ®Run 1 § 4 »
E ®Run 2 § 1.0 F @ Rim |
210 } = ®Run 2
e =
=3 [=]
Do 205 b
A 0S5 a
0.0 : : : . 0.0 - : . :
] 3 10 15 20 25 30 0 3 10 15 20 25 30
Time/'s Timefs
70
Graphite
6.0 1
o 50
2 . eRun 1
£ 40
g ®Run 2
2
1
< 30
=
I
=
220
2
10 F
0.0 . : . "
0 20 40 60 80 100 120
Time/s

Fig. 4 Carbon concentration of bath against time for different forms of carbon at 1550 °C

3 Results and discussion

The carbon dissolution rates by liquid Fe-85 wt.% Mn over
time for the four cokes and graphite are depicted in Fig. 4.
It shows that the rates of carbon dissolution varied with the
carbonaceous material used. It should be noted that the area
of the graphite rod is somewhat larger than those of the
other materials. For the carbonaceous materials used in this
study, the final carbon content of each dissolution run did
not reach saturation due to the limitation of the size of
carbonaceous materials used. The solid lines are obtained
from the modelling using a first-order dissolution rate
[Eq. (1)], and an acceptable fit can be seen between the
model and measured carbon content in both runs.
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The first-order reaction rate for the carbon dissolution
rate dC/dt given in Eq. (1) is generally accepted by several
researchers [4-10].
dC Kk

E—XV(CS—Q) (1)
where C, and C, are the saturation carbon solubility and the
carbon content at time ¢, respectively; A is the interfacial
contact area, cmz; V is the volume of molten metal, cm3;
and k, is the first-order overall dissolution rate constant,
cm/s.

Saturation carbon content of the metal as a function of
temperature and iron and manganese contents can be cal-
culated from the following correlation proposed by Sand-
vik and Tuset [20].
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1g C; = (1.005 — 478/T) + 0.147Twyta/ (Wam + i) (2)

where T is temperature; and wyy, and wg, are the mass
percent of manganese and iron in metal, respectively.

This gives a saturation level of 7.58 wt.% C at 1823 K
for the given alloy. The interfacial area in Eq. (1) is cal-
culated from the average dimensions of the solid rod before
and after its immersion. As the dissolution progresses, the
diameter of the samples continuously reduces and so does
the surface area. In this study, contrary to other reported
studies in this area [10, 18], changes in surface area of
carbonaceous materials were taken into account in the
model.

k, is determined from the negative slope of a plot of
— ki = VIAIn[(Cs — CpI/(Cs — Cp)] versus time, as shown
in Fig. 5, where Cj is the carbon content at time 0. From
this plot, the corresponding overall rate constants were
determined, as shown in Fig. 6.

A good linear relationship between — k, = V/A
In[(C; — C)HI(Cs — Cp)] against time can be clearly dis-
cerned from Fig. 5. Overall dissolution rate constant is a
combination the rate constant for the chemical reaction at
the interface k, and mass transfer coefficient k,,, as shown
in Eq. (3) [21].

1 1 100f

o1y 3

ke ke kmpK: 3)
sat

K, =€ (4)
a.c)

where f is the carbon activity coefficient at the liquid side
of the interface; p is the density of liquid; K; is the equi-
librium constant for the dissolution reaction; ac) is activity
of carbon in carbonaceous material; and a&* is activity of
carbon in liquid metal. Since &, and k, are both unknown,
it is not possible to identify the dissolution mechanism, but
it is possible to investigate the influencing factors on each
parameter in Eq. (3) and thus predict the most likely dis-
solution mechanism.

3.1 Effect of ash

Ash in carbonaceous materials would accumulate at the
interface and become physical barriers at the interface,
reducing contact area available for further carbon dissolu-
tion [21]. It is important to note that k, for cokes was higher
than that for graphite which was quite unexpected as other
researchers have generally reported coke dissolution to be
rather slow when compared to graphite dissolution [19, 22].
One of the reasons may be due to the fact that all of our
experiments were done within 1 min and as shown in
Fig. 6, the ash layers were not yet formed to act as barrier
for dissolution. Figure 7a, b shows the coke/metal interface

after 15 and 30 s, respectively. It can be seen that white
particles which mostly consist of Al,O3 and SiO, exist in
the interface, but it is difficult to distinguish the minerals
which were in the coke before dissolution reaction and the
minerals formed after dissolution, and these minerals had
not formed layers that can retard the dissolution rate. It is
worth mentioning that coke E had the highest amount of
ash (13 wt.%).

3.2 Effect of carbon microstructure

As shown in Fig. 8, the graphitisation given by L. is dif-
ferent for various carbonaceous materials at 1550 °C.
Figure 9 shows the carbon crystallite size, as determined
using Scherrer’s equation, for all cokes and their dissolu-
tion rates in Fe-85 wt.% Mn at 1550 °C before contact with
liquid metal. It can be seen from Fig. 9 that there was little
difference in L. between four coke samples and therefore
the high overall dissolution of certain cokes cannot be
explained on the basis of crystallite size. It is in agreement
with findings of Cham [17] who found no correlation
between the carbon crystallite size of cokes (with similar
crystallite sizes) and their dissolution rates in molten iron.
It is, however, in contradiction with findings of Wu et al.
[14, 16] who reported a link between structural ordering
and dissolution rates of non-graphitic carbonaceous
materials.

Structure of carbon may affect k. and to a minor extent
K, and Cg,. Cgy, is the equilibrium carbon content with the
solid and varies with K, and thus the solid structure. This is
because k, describes the dissociation reaction rate of carbon
atoms from solid lattice into the metal. The dissociation
process includes the ruptures of atomic bonding type, and
the bonding strength is determined by the solid structure.
K. is related to the free energy change which depends on
the solid structure. Different carbonaceous materials such
as graphite, charcoal, cokes and diamond are carbon of
different structures, and they have different K, [21]. The
mass transfer limiting mechanism is supported by the effect
of carbon microstructure on dissolution rate.

3.3 Effect of carbon macrostructure

In this study, the uniformity of the surface is supported by
the average roughness Ra. The average roughness is the
main height as calculated over the entire measured area.
Table 3 shows Ra for all carbonaceous materials. The
average values are given from three measurements and for
some samples from four measurements and show a stan-
dard deviation of 11% or less. As Table 4 shows, coke E
has the roughest surface and graphite has the smoothest
surface.
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Fig. 5 Sample plots on —k, = V/A [In(Cs — C)/(Cs — Cp)] against time for different carbonaceous materials. R? Correlation coefficient

The porosity of different carbonaceous materials mea-
sured by pycnometry is shown in Table 4. Three replicates
were done for each sample. As Table 4 shows, charcoal has
the highest porosity and graphite has the lowest porosity.
Among cokes, coke E has the highest porosity and coke C
has the lowest porosity.

In this study, roughness and porosity of carbonaceous
materials follow the same trend. Table 5 shows the results
of roughness and porosity of all carbonaceous materials
and also their dissolution rate constant in Fe-85 wt.% Mn at
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1550 °C. It can be seen from Fig. 10 that among cokes,
with increasing roughness and porosity, the dissolution rate
showed an increasing trend. Thus, a correlation can be seen
between macrostructure of cokes and their overall disso-
lution rate in Fe-85 wt.% Mn. The roughness and porosity
of cokes are coke E > coke D > coke F > coke C, while
the dissolution rates of cokes are coke E > coke C > coke
D > coke F. This is in agreement with findings of Mourao
et al. [19] who reported that cokes with high porosity
exhibit higher dissolution rate and further suggested that
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higher porosity offers more surface area for reaction and its
effect seems to be more significant in the initial stage
because at the later stage, the liquid metal may get trapped
in the pores and tend to get saturated by carbon. Upon
comparing graphite and cokes, the same explanation could
be used for graphite as well. Graphite with the lowest
porosity and surface roughness showed the lowest disso-
lution rate.

MAG: 300x HV: 20kV WD:dimm

5.25

520
515
510
505
5.00

Coke C Coke D Coke E

L/nm

Coke F

Fig. 8 L. before contact with Fe-85 wt.% Mn for all four cokes at
1550 °C

3.4 Effect of liquid/solid wettability

Results of the wettability studies on four cokes and gra-
phite with Fe-85 wt.% Mn and the replicates are sum-
marised in Fig. 11. It can be seen from Fig. 11 that they
initially come into contact with molten Fe-85 wt.% Mn
droplets. As Table 6 shows, all carbonaceous materials
including cokes show wetting behaviour at the time of
melting. The melting point for Fe-85 wt.% Mn is around
1300 °C, and the contact angles for all cokes are between
60° and 65°. The high dissolution rate of cokes compared

MAG: 300x HV: 20kV WD: 10.8mm

Al

Z E

8 Si
o

U o

Energv/keV

Fig. 7 SEM image of coke E after 15 s (a) and 30 s (b) immersion in Fe-85 wt.% Mn and energy-dispersive X-ray spectrometry analysis of a

white particle (c)
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65 Table 5 Roughness, porosity and dissolution rate constant for dif-
ferent carbonaceous materials
60 L
Carbonaceous material Ra/pm Porosity/% k/(cm sfl)
o Graphite 8 6 352 x 107
g 50 * . Coke C 63 44 50.6 x 107
= |® Coke D 73 48 489 x 107
45
> Coke E 97 55 60.5 x 1073
40 Coke F 67 46 481 x 1073
35 ! L
5.00 5.0 5.10 5.15 5.20 5.25 .. . . .
I fom mentioning that the difference in initial contact angles is

Fig. 9 L. values versus k, at 1550 °C for cokes

to graphite at the initial stage might be owing to its good
wettability with the metal at the initial stage of dissolution.
Graphite contact angles did not change significantly and
remained more or less constant during wetting. Good
wetting of cokes with Fe-85 wt.% Mn confirms non-exis-
tence of blocking ash layer at the initial stage of
dissolution.

Figure 12 shows the relationship between initial contact
angle of different cokes and their dissolution rate in Fe-85
wt.% Mn at 1550 °C. An increasing trend can be seen
between initial contact angle and the dissolution rate.
However, the R> value is not so high. It is worth

Table 3 Roughness of carbonaceous materials

just within 5° and thus the difference between the disso-
lution rate cannot be explained on the basis of initial
contact angles.

In this study, we have not investigated the dissolution
mechanism, but from the factors influencing the dissolution
rate, we would guess what the dissolution mechanism
could be. If the mass transfer was the only dissolution
mechanism, all the carbonaceous materials should have the
same dissolution rate which is not correct in our case.
Furthermore, since the microstructure and macrostructure
of carbonaceous materials and carbon/metal wettability
affect the dissolution rate, it can be concluded that inter-
facial reactions may also be a rate determining step. Thus,
the dissolution mechanism in this study is mixture of mass
transfer and interfacial reaction.

Carbonaceous material Ra/pm Average/pm Standard deviation/pm Standard deviation/%
Run 1 Run 2 Run 3 Run 4

Graphite 9 10 6 7 8 1.58 16

Coke C 65 62 63 - 63 1.29 2

Coke D 71 69 79 - 73 4.32 5.5

Coke E 97 95 98 100 97 1.87 2

Coke F 67 66 68 66 67 0.86 1.2

Table 4 Porosity determined by pycnometry

Carbonaceous material Absolute density Apparent density Porosity/%
Value/(g cm™3) Standard deviation/% Value/(g cm™3) Standard deviation/%

Graphite 2.05 +3 1.92 +2 6

Coke C 1.81 +10 1.01 +15 44

Coke D 1.85 +18 0.96 +12 48

Coke E 1.93 +12 0.85 +12 55

Coke F 1.87 +11 1.009 +9 46
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Fig. 11 Dynamic contact angle measurements for cokes and graphite with Fe-85 wt.% Mn vs. time and temperature

@ Springer



1162 H. Kaffash, M. Tangstad
66 adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
< 5 r R’ =0.6082 l source, provide a link to the Creative Commons licence, and indicate
% 64 } o if changes were made. The images or other third party material in this
g article are included in the article’s Creative Commons licence, unless
‘g 63 . indicated otherwise in a credit line to the material. If material is not
‘g 6 L PY . included in the article’s Creative Commons licence and your intended
o T use is not permitted by statutory regulation or exceeds the permitted
.Tg 6l | use, you will need to obtain permission directly from the copyright
E 60 | ° holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.

59 . : .

0.045 0.050 0.055 0.060 0.065 Funding Open Access funding provided by NTNU Norwegian
k,/(cm s7) University of Science and Technology (incl St. Olavs Hospital -

Fig. 12 Relationship between initial and final contact angles and
dissolution rate for different coke samples and dissolution rates in Fe-
85 wt.% Mn at 1550 °C

4 Conclusions

For the cokes, there were no obvious effects of carbon
structure on the rate of carbon dissolution. The crystallite
sizes of the four cokes were similar and therefore the effect
of L. could not be established. Among different types of
carbonaceous materials, carbon dissolution rates generally
increase as carbon ordering increases, but in the present
study, graphite had higher crystallite size but lower dis-
solution rate.

Porosity and roughness of the cokes seemed to be a
dominant factor affecting the dissolution rates, and higher
roughness and porosity contributed to higher dissolution
rate. It was also confirmed by comparing two types of
carbonaceous materials (graphite and cokes).

Cokes showed wetting behaviour with contact angles
ranging between 60° and 65° at the time of metal melting.
Good wetting of cokes with metal at the initial stage of
dissolution might be the reason for higher dissolution rate
of cokes. Among cokes, a significant trend could not be
found between wettability and dissolution rates at the ini-
tial stage of dissolution.

Microstructure of carbonaceous materials did not affect
the dissolution rate, and this supports the rate-limiting step
to be the carbon mass transfer in metal. Liquid/solid wet-
tability and macrostructure of carbonaceous materials
affected the dissolution rate, and it supports the rate-lim-
iting step to be interfacial reactions. Thus, the dissolution
mechanism is found to be a combination of both mass
transfer and interfacial reactions.
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