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Abstract The production of ferrochrome via carbothermic reduction in submerged
arc furnaces is an energy-intensive process relying on the usage of coal and coke as
reducing agents. The pre-reduction of chromite in a rotary kiln is currently carried
out to decrease the specific electric energy consumption in the smelting furnace.
However, as fossil reductants are still needed for reduction, CO2 is emitted. The
usage of bio-based carbon with a faster carbon cycle compared to fossil reductants
could be an option to decrease the specific CO2 footprint of Ferrochrome production.
In this paper, the pre-reduction of chromite was investigated using various bio-based
reducing agents and lignite coke as a fossil reference. Isothermal reduction trials
were conducted at 1000, 1150, and 1300 °C and different holding times. While
at lower temperatures the pre-reduction was insufficient, the bio-based reducing
agents yield a degree of reaction between 61.0% and 65.4% at 1300 °C reaction
times of 360 min. The highest degree of reaction is reached using coconut charcoal,
followed by corn, olive, and bamboo charcoal. Coke results in the lowest degree of
reaction with 51.9%. While the bio-based reducing agents performed similar after
long reaction times, significant deviations were observed for shorter reaction times.
X-ray diffraction was carried out to investigate the obtained product, which showed
that the pre-reduction was mostly due to the formation of carbides, while the intensity
of metals in the sample was rather low.
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Introduction

The usage of fossil-reducing agents for the production of ferroalloys leads to the
direct emission of CO2. The production of ferrochromium solely was responsible for
the emission of at least 15.5 million tons of CO2 in 2016 due to the usage of reducing
agents [1]. One option to reduce the emission of CO2 could be the usage of bio-
based carbon, which can be considered CO2-neutral, if the same amount of biomass
is recultivated, that is consumed [2]. Especially the iron and steel industry carried out
a considerable amount of research regarding the usage of bio-based carbon [3–11],
while less research was carried out considering the substitution of fossil carbon by
bio-based carbon in the ferroalloy industry [1]. For the production of high carbon
ferrochrome, several processes are currently industrially carried out: the smelting
of chromite in open, semiclosed, or closed alternating current (AC) submerged arc
furnaces (SAF), the smelting in open arc direct current (DC) furnaces and the pre-
reduction of chromite in a rotary kiln followed by smelting in closed AC SAFs. The
pre-reduction AC SAF process has two advantages: together with the DC furnace
it has the highest chromium recovery, and has the lowest specific electric energy
consumption (SEC) per ton of FeCr [12]. Therefore, the pre-reduction process is
considered a viable option especially for countries with unsteady electricity supply
or high prices for electric energy. Especially in recent years, a significant amount
of research was carried out investigating the pre-reduction process of chromite [13–
21]. Kleynhans et al. [14] determined, that the SEC decreases depending on the
pre-reduction as shown in Eq. 1 [14].

SEC/(kWh/t) = 3403.7 kWh/t − 21.5 kWh/t · pre−reduction/% (1)

Experimental

In this section, the used raw materials and methods are described.

Materials

In this study, a Turkish metallurgical-grade chromite concentrate (following named
chromite) is used as a raw material. The chemical composition of the chromite ore
determined by x-ray fluorescence spectroscopy (XRF) is shown in Fig. 1. A detailed
characterization of the ore is presented elsewhere [22].

In addition, it was determined by Mössbauer spectroscopy, that 74% of iron is
ferrous iron and 26% is ferric iron. These findings allowed the calculation of the
amount of oxygen bound to iron and chromium, which must be removed in the
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Fig. 1 Bulk chemical analysis of the used chromite sample

pre-reduction of chromite. The oxygen content that has to be removed is there-
fore 18.779 wt% in the chromite. Assuming that carbon will react completely with
chromium- and iron oxide to carbon monoxide, 14.805 g of carbon per 100 g chromite
are the stoichiometric carbon addition to remove oxygen bound to chromium and
iron completely.

As reducing agents, charcoal made from coconut shells (following named
coconut), corn cobs (following named corn), olive pomace (following named olive),
bamboo (following named bamboo), and lignite coke made from Rhenish lignite
(following named coke) are used. To calculate the required addition of reducing
agents, it is necessary to determine the carbon content in each reducing agent.
Table 1 shows the proximate-, ultimate-, P- and Cl-analysis of the reducing agents
investigated in this study. For the calculation of the necessary addition of carbon, the
carbon content as determined by the ultimate analysis is used.

According to the analysis shown in Table 1, the bio-based reducing agents have a
significantly lower sulfur content compared to fossil coke, which is beneficial, since
sulfur is an impurity in ferroalloys. However, the chlorine content of the bio-based
reducing agents is higher compared to the chlorine content in coke, especially corn
charcoal and olive charcoal have a high chlorine content. In an industrial operation,

Table 1 Proximate-, ultimate- and Cl-analysis of bio-based charcoal and coke used

All in wt% Proximate analysis Ultimate analysis

Reducing
agent

Fixed
carbon

Total
moisture

Ash Volatile
matter

C H N S O Cl

Coconut
charcoal

72.1 8.7 7.2 12.1 73.84 1.24 0.39 0.06 8.60 0.07

Corn
charcoal

81.3 4.6 4.8 9.3 81.62 2.30 0.63 0.04 5.99 0.51

Olive
charcoal

63.7 7.2 12.6 16.4 67.54 1.60 1.16 0.05 9.79 0.43

Bamboo
charcoal

80.4 11.6 3.9 4.1 79.73 1.21 0.40 0.08 3.12 0.12

Lignite
coke

87.5 0.5 9.0 3.0 89.0 0.4 0.4 0.5 0.7 0.03
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Table 2 Ash analysis and basicity of bio-based charcoal and coke used

Reducing agent Ash composition in wt% Basicity

Al2O3 CaO Fe2O3 K2O MgO Na2O P2O5 SiO2

Coconut charcoal 4.1 23.0 4.1 7.7 3.6 2.9 1.6 46.8 0.8

Corn charcoal 0.6 1.8 1.5 46.1 3.4 < 0.01 6.4 15.8 3.2

Olive charcoal 2.2 16.8 2.0 34.2 3.4 1.6 7.1 8.0 5.7

Bamboo charcoal 2.8 2.8 3.1 35.6 3.9 < 0.01 6.3 30.6 1.4

Lignite coke 3.1 35.4 10.9 0.8 15.8 6.7 0.2 2.2 13.1

this could lead to severe corrosion of equipment in contact with off-gas. Besides
sulfur, further impurities could be introduced in the process from the ash. There-
fore, the ash was further analyzed. Samples of the reducing agents weighing 100 g
are burned in an oxidizing atmosphere at 815 °C until a constant mass is reached.
Afterward, the ash is analyzed by XRF. Table 2 shows the determined chemical
composition of the ash reported as oxides and the basicity of the ash samples as
calculated by Eq. 2.

B =
wt%cao · wt%Fe2O3 · wt%MgO · wt%Na2O · wt%K2O

wt%SiO2 · wt%Al2O3

(2)

Noticeable is the high CaO and MgO content in lignite coke, which results in the
highest basicity of the lignite coke ash. In corn, olive, and bamboo ash, the prevalent
compound is K2O. Even though the analysis is reported as oxides, based on the high
chlorine content in the samples shown in Table 1, potassium might be present at least
partially as potassium chloride, which was also indicated by x-ray diffraction of the
ash not presented in this article. The dominant component in coconut charcoal is
SiO2, yielding ash with the lowest basicity. During the smelting process after pre-
reduction, the major oxides Al2O3, CaO, MgO, and SiO2 from the ash will accumulate
in the slag phase, while potassium and sodium will partially be volatilized during
smelting as well. Especially since the potassium content in the biomass is quite
high, this could lead to disadvantages during processing, like increased refractory
corrosion. Iron oxide will be reduced either during pre-reduction or smelting as well
as phosphorous, which is mostly transferred into the metal and partially into the slag.
As phosphorous is an impurity in ferroalloys, this is another challenge to overcome,
since all investigated ash samples contained more phosphorous than lignite coke.

Chromite was used in the trials as received and not pre-treated, while the reducing
agents were ground in a vibratory disk mill for 20 s each. Table 3 shows the particle
size of the raw materials as determined by dynamic imaging analysis.

While coconut, olive, and bamboo have a similar particle size, the same grinding
time yielded finer corn charcoal and a coarser coke.
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Table 3 Percentile particle sizes of raw materials used in this study

Raw
material

Chromite Corn
charcoal

Coconut
charcoal

Olive
charcoal

Bamboo
charcoal

Lignite coke

x10,3 in
µm

86.9 4.6 5.0 4.9 5.1 8.7

x50,3 in
µm

192.2 16.7 21.7 23.3 25.9 42.8

x90,3 in
µm

371.8 69.6 78.8 78.8 82.0 87.6

Methods

Mass loss trials were carried out using a Nabertherm HT 16/18 high-temperature
furnace equipped with molybdenum disilicide heating elements. The initial sample
mass per trial was 35.00 g, mixtures of ore with stoichiometric, sub-stoichiometric,
and over-stoichiometric additions of reductants were investigated. The mass loss after
every trial was measured, to determine the degree of reaction. Ore and reductants
were also heated separately, to determine the individual mass loss without reduction
reactions. The samples were placed in alumina crucibles (Ø = 50mm, h = 75mm)
with a purity of 99.7%. To prevent oxidation of the samples, the furnace chamber
was continuously flushed with 5 Nl/min argon in every part of the trial. The volume
of the furnace chamber was 16 l. A maximum of six crucibles were placed inside
the furnace per trial, to ensure that the temperature of the samples was uniform.
Variable heating parameters in this investigation were the maximum temperature of
each trial and the holding time at the maximum temperature. The heating time from
room temperature to the maximum temperature was 3.5 h and the cooling time was
not controlled. However, in the first hour after the trial, the furnace chamber cooled
down by roughly 400 °C and in the subsequent hour by 200 °C.

To evaluate the degree of reaction, the mass loss based on the reduction was
calculated using Eq. 3 subtracting the weight loss of the ore sample and reductant
individually from the mass loss of the ore-reductant mixture. To consider the varying
amount of ore and reductants in the mixtures, the mass loss of the pure compounds
was calculated using Eq. 4. Finally, the degree of reaction was calculated per 100 g
of chromite using Eq. 5. The maximum mass loss �mMax assumes, that oxygen
bound to chromium and iron is completely removed as carbon monoxide. Based on
the composition presented in Fig. 1, the maximum mass loss �mmax per 100 g ore
would be 32.863 g including oxygen removed from the ore and the removal of added
carbon as carbon monoxide.

�mReduction = �mMixture − �mPure Compounds (3)

�mPure Compounds =
�mChromite

mMixture
/

mChromite
+

�mReductant

mMixture
/

mReductant
(4)
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Degree of Reaction = 100% ·
�mReduction · 100g / mChromite

�mMax
(5)

Before the experimental work a thermochemical simulation of the pre-reduction
process was carried out using the commercial modeling software FactSage™ 8.0 [23].
For the simulation the chromite composition presented in Fig. 1 including the ferric
and ferrous ratio determined by Mössbauer spectroscopy was used, while carbon
was used as the reducing agent. The databases FToxid, FactPS, and SGTE were used
for the simulation. In contrast to Eq. 5, the removed oxygen per 100 g chromite
was calculated by Eq. 6. The total mass of oxygen according to the simulation was
used. The maximum amount of oxygen is based on the amount of oxygen bound to
chromium and iron and is 18.779 g.

Removed Oxygen = 100%
Mass of Oxygen in Atmosphere

mMaximum Oxygen Removed
(6)

Samples after the direct reduction of chromite and the initial ore were analyzed by
x-ray diffraction with a “STADI MP” powder diffractometer made by “STOE&Cie
GmbH” using the Kα1-radiation of molybdenum (wavelength = 0.70930Å). For
the evaluation, HighScore Plus 4.9.0.27512 and the PDF-4 Axiom 2021 database
were used.

Results and Discussion

In this chapter, the results of the thermochemical simulation, the experimental trials,
the phase analysis of the reduced samples and the potential specific electrical energy
saving are presented.

Thermochemical Simulation

Figure 2 shows the removed oxygen as calculated by Eq. 6 based on the thermo-
chemical simulation in dependence of the temperature and the carbon addition.

According to Fig. 2, at temperatures below 1100 °C, a plateau is reached after the
removal of 15–20% oxygen, which is mostly due to the reduction of iron oxides. At
1150 °C and 1200 °C, more oxygen is removed as chromium oxides start to react
and a (Cr, Fe)7C3 phase is formed. However, a significant amount of chromium is
still bound in a spinel phase. Above 1250 °C, the amount of the spinel phase and
the chromium concentration is significantly reduced, in addition to the (Cr, Fe)7C3

phase, a (Cr, Fe)3C2 phase is formed in equilibrium with graphite. To examine the
behavior of iron and chromium and iron more closely, Fig. 3 shows how iron and
chromium are bonded at 1300 °C depending on the amount of carbon added.
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According to Fig. 3, adding 6.5% of the stoichiometric carbon requirement already
leads to the formation of 29% iron in a metallic state, while trivalent iron oxides
are reduced nearly completely. Adding 26% of carbon nearly reduces divalent iron
completely and 5% of chromium is reduced into a metallic solution phase as well.
Adding more carbon results in the reduction of chromium and (Cr, Fe)7C3 starts to
form. In addition, metallic iron reacts to carbides as well. When the carbon addition
exceeds 78.3%, no metallic phases are present anymore and iron and chromium are
either bound as (Cr, Fe)7C3 or oxides. Above carbon additions of 130.5%, in addition
to the (Cr, Fe)7C3 phase, a (Cr, Fe)3C2 phase starts to form and chromium and iron are
not reduced anymore. The amount of iron not reduced in equilibrium with graphite
is 0.02% and 1.71% of chromium is not reduced.

Degree of Reaction

The degree of reaction based on Eq. 5 was determined for various reducing agents,
reaction temperatures and holding times for the solid-state reduction of chromite.
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Figure 4 shows the degree of reaction for various parameter combinations of
preliminary trials.

In most cases, an increasing stoichiometric carbon addition also results in an
increased degree of reaction. At 1000 °C using 104.43% carbon in the form of corn
charcoal results in a degree of reaction of 17.4%, which is the highest degree of
reaction and slightly higher than the theoretical removal of oxygen shown in Fig. 2.
Olive charcoal results in a slightly lower degree of reaction, while the other three
reducing agents yield a degree of reaction below 10%. Increasing the temperature
to 1150 °C using the same holding time of 60 min results in a significant increase
in the degree of reaction. At those parameters, olive charcoal yielded the highest
degree of reaction. While the other bio-based reducing agents yielded a relatively
similar degree of reaction, coke yielded a significantly lower degree of reaction. In
Fig. 4c, the holding time is tripled compared to Fig. 4b, which yields a significantly
increased degree of reaction for all reducing agents, except olive charcoal, where
the degree of reaction increased only slightly. Coke still has the lowest degree of
reaction, but is now closer to bamboo charcoal, coconut charcoal, and corn charcoal.
In Fig. 4d, the holding time is 60 min again and the temperature is increased to
1300 °C, which increases the degree of reaction using olive charcoal in the best
case to 65%, however, a stoichiometric carbon addition of 156.64% was used in this
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case. Using only 104.43% carbon yields a degree of reaction of 52.9% using olive
charcoal, while the lowest degree of reaction was observed using coke with 32.6%.

As the degree of reaction at low temperatures was insufficient, more trials were
carried out at 1300 °C with a constant carbon addition of 104.43% for different
holding times. Higher temperatures were not investigated, to avoid partial melting
of the mixtures, which could lead to damring formation in the pre-reduction process
in rotary kilns [16].

During the first 90 min, olive charcoal yields the highest degree of reaction and
coke the lowest. Corn and coconut charcoal behave similarly and slightly better
than bamboo charcoal. A further increase in the reaction time especially yields an
enhanced reaction for bamboo and coke, whereas the reaction of the other reducing
agents increases less strongly. After 360 min, the bio-based reducing agents yield
a degree of reaction between 61.0% and 65.4%. The highest degree of reaction is
reached using coconut charcoal, followed by corn, olive, and bamboo charcoal. Coke
results in the lowest degree of reaction with 51.9%. The lower degree of reaction of
coke is in line with comparisons carried out by Kleynhans et al. [15], who investigated
several fossil-reducing agents and determined, that the pre-reduction using coke was
between 33 and 44%, while anthracite yielded a higher pre-reduction between 56
and 66% [15]. This was explained by the higher volatile content and therefore higher
hydrogen content compared to the thermally treated coke [15]. The hydrogen content
of the bio-based reducing agents varies between 1.21% and 2.30% and is 0.4% in
the fossil coke, based on Table 1. The hydrogen-, and volatile content could be an
explanation, why the bio-based reducing agents performed better compared to coke,
but those properties cannot be used to explain the reducing ability of the bio-based
reducing agents compared to each other. For example, coconut and bamboo have a
similar hydrogen content, but they significantly differ in their degree of reaction.

Phase Analysis

To evaluate the solid phases generated in the trials, samples treated for 60 min with a
stoichiometric carbon addition of 104.43% at different temperatures were analyzed
by X-ray diffraction. In addition, the ore as received was analyzed by X-ray diffraction
as well. Figure 6 shows the diffraction patterns of samples reduced with coconut
charcoal and coke. Those reducing agents were chosen, as they yielded the highest
and lowest degree of reaction as shown in Fig. 5.

Phases selected for the phase analysis were chromium carbide with the
chemical formula Cr7C3 and the PDF-number 04-007-1045, an α-iron phase
containing chromium with the chemical formula Cr0.03Fe0.97 and the PDF-
number 04-004-2488, forsterite with the chemical formula Mg2SiO4 and the PDF-
number 00-004-0768 and a magnesiochromite spinel with the chemical formula
Mg0.56Ti0.01Cr1.33Fe0.51Al0.59O4 and the PDF-number 04-024-3779. In all reduced
samples and in the raw ore, chromite and forsterite were identified. The intensity of
chromite was the highest in all samples, however, spinels without chromite have peaks



616 M. Sommerfeld and B. Friedrich

0

10

20

30

40

50

60

70

0 60 120 180 240 300 360

D
eg

re
e 

of
 R

ea
ct

io
n

 in
 %

Time in Minutes

Coconut

Corn

Olive

Bamboo

Coke
T = 1300 °C

C-Addition = 104.43 %

Fig. 5 Degree of reaction dependent on the holding time at 1300 °C for various reducing agents

Chromite Forsterite FeCr Cr7C3Cr7C3

1.4 1.6 1.8 2.0 2.2 2.4 2.6

D in Å
1.4 1.6 1.8 2.0 2.2 2.4 2.6

D in Å

1000 °C

1150 °C

1300 °C

Ore

1000 °C

1150 °C

1300 °C

Ore

Reducing Agent = Coconut Reducing Agent = Coke

(a) (b)

Fig. 6 X-ray diffraction pattern of raw ore and ore reduced at various temperatures with a coconut
charcoal and b coke

at similar d-spacings, therefore it could be possible that a spinel without chromium
is responsible for the measured intensities in the reduced samples. The observed
forsterite peaks are weak in the raw ore and in the samples reduced at 1000 °C.
In the samples reduced at higher temperatures, they become stronger, this is in line
with the thermochemical simulation, that predicts an increasing amount of an olivine
phase rich in Mg2SiO4. Peaks of the selected FeCr phase are already slightly visible
at samples treated at 1000 °C, which was also predicted by the thermochemical
simulation. Increasing the temperature leads to a slight increase in the intensity of
the FeCr peaks. The majority of new peaks compared to the raw ore in the reduced
samples at 1150 and 1300 °C can be explained by a chromium carbide phase, which
has a relatively high intensity. Therefore, it can be assumed that the majority of pre-
reduction does not result in the formation of a metallic phase, but rather a carbide
phase instead.
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Influence of the Pre-Reduction on the Specific Electrical

Energy Consumption

Assuming, that the degree of reaction as calculated by Eq. 5 can be used to calculate
the specific electrical energy consumption (SEC), the saved SEC in the subsequent
smelting process can be calculated by Eq. 1. This is shown in Fig. 7 for the five
reducing agents used at 1300 °C for the pre-reduction and for reaction times of 90
and 360 min.

It is clearly visible that any pre-reduction process results in a decrease of SEC.
The highest decrease in SEC with 1373.8 kWh/t is possible with coconut charcoal at
360 min holding time. The lowest decrease of SEC with 822.0 kWh/t can be reached
using coke as a reducing agent at 60 min holding time. The mean SEC savings
in percent were 40% for the bio-based reducing agents and 32.8% for coke after
360 min.

Conclusion

The pre-reduction of chromite followed by the smelting in a submerged arc furnace
is currently the industrial production route with the lowest specific electrical energy
consumption. However, fossil carbon carriers are used as a reducing agent in this
process, and this leads to direct CO2 emissions. To decrease the specific CO2 emis-
sions for the production of ferrochrome, the suitability of bio-based reducing agents
as an alternative to coke was investigated. In this work, the pre-reduction of chromite
by several reducing agents was carried out for varying temperatures, reaction times,
and carbon additions. While at 1000 and 1150 °C the degree of reaction was rather
low, a reaction temperature of 1300 °C yielded a maximum degree of reaction up to
65.4% using coconut shell charcoal as a reducing agent, followed by corn cob char-
coal with 63.9%, olive pomace charcoal with 62.1%, bamboo charcoal with 61.0%,
and lignite coke with 51.9%. Especially after longer reaction times, the degree of
reaction of the bio-based reducing agents was relatively similar, while for shorter
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durations significant differences in the degree of reaction were observable. The X-
ray diffraction analysis of the pre-reduced samples further revealed, that the reaction
occurring during the pre-reduction is mostly attributed to the formation of carbides
with the stoichiometric formula Cr7C3, while the content of metals produced was
significantly smaller.

It is estimated, that the pre-reduction of chromite can decrease the specific elec-
trical energy consumption by 40% compared to the direct smelting of chromite.
However, there are some issues to overcome before bio-based carbon can be a
substitute in an industrial scale. As some samples of bio-based carbon contained
significantly higher chlorine and phosphorus contents compared to coke. In the case
of chlorine, this could be a challenge for equipment in contact with off-gas, which
will likely contain elevated chlorine contents. In the case of phosphorous, this could
be an issue regarding the quality of the produced ferrochrome, since phosphorous is
an impurity in ferroalloys. Therefore, potential bio-based charcoals have to be care-
fully selected, to avoid problems due to the chemical composition. The sample with
the lowest phosphorous and chlorine content is coconut shell charcoal, which also
yielded the highest degree of reaction. One advantage of all bio-based carbon samples
is a significantly lower sulfur content compared to fossil coke, which might yield
lower sulfur contents in the final alloy and reduced SO2-emission to the atmosphere.
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