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Abstract

This study investigates the effect of heat treatment temperature on the prop-

erties of charcoal composite pellets used for the reduction of ferroalloys. The

heavy fraction of biooil was used as a binder for the charcoal ore pellet prepa-

ration. The effect of heat treatment temperature on the pellet shrinkage was

related to the degree of reduction which varied with feedstock and ore com-

position. The results showed that the size and shape of the charcoal pellets

were not affected by the biooil devolatilization. Manganese charcoal pellets

showed higher electrical resistance during pyrolysis, whereas the structure,
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composition and electrical resistance of silica composite pellets remained un-

affected by heat treatment temperatures < 1650◦C. However, the secondary

heat treatment decreased the CO2 gasification reactivity and electrical resis-

tivity of charcoal composite pellets. In addition, the findings of this work

demonstrate the potential for using biooil as a binder for the charcoal com-

posite pellets used in ferroalloy industries. The composite pellets are suitable

to pre-reduce the manganese ore in the low temperature zones of an industrial

furnace, and the charcoal pellets can be used as an alternative bed material.

However, the high CO2 reactivity may create challenges during the direct

replacement of metallurgical coke with the bio-reductants.

Keywords: charcoal, ferroalloys, biooil, ash, pyrolysis

1. Introduction

Metallurgy is one of the most energy intensive industries, and is re-

sponsible for about 10 % of the global anthropogenic CO2 emissions [1]. The

use of biomass and its derivatives as CO2 neutral reducing agents in met-

allurgical processes can provide a possible solution to decrease emissions [2].

One of the challenges in using charcoal in metallurgical processes is related

to its fragility with the generation of large amounts of fine particles dur-

ing transportation and storage [3]. The mechanical strength of charcoal can

be improved through pelletization or briquetting [4, 5]. In the ferroalloy in-

dustries, manganese ore pellets must be sintered at higher temperatures to

provide mechanical stability similar to that of iron ore pellets. The addition

of sawdust and dolomite are known to increase the required sintering tem-

perature of the ore pellets [6, 7]. Current metallurgical production is based
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on the use of fossil-based fuels because the use of charcoal-ore pellets in the

reduction process can increase the overall power consumption by 72-152 kWh

per tonne of FeMn and will increase the cost of a reduction process [8, 9].

The properties of charcoal pellets can be affected by the feedstock, par-

ticle size and pelletization process. A uniform pellet size improves the gas

permeability of the bed material and the heat exchange between the hot gases

and the charge, leading to furnace stable operation [10]. The high porosity of

charcoal pellets affects the mechanical strength and degree of pre-reduction,

whereas the shape factor and size of a carbonaceous pellet has a strong in-

fluence on the segregation and gas permeability during ore reduction. The

early stages of the reduction process depend on the mass transfer between

the solid carbon and metal oxide [11]. Thus, a small carbon charge results

in high pre-reduction of ore metals and decreased heat treatment tempera-

ture, which might also affect the temperature in a coke bed [12]. In addition,

fine charcoal particles can lead to a poor gas permeability in the burden.

Similar problems can occur when the melting temperature is below the re-

duction temperature and no contact exists between the molten metal-oxide

and the coke bed [13]. Moreover, the melting temperature of minerals can

affect furnace temperature zones, with an increased content of acid oxides

decreasing the melting temperature of ore metals [8, 14]. The carbon must

be optimized the direct reduction of iron ore composite pellets is required to

be below the stoichiometric amount of carbon required for the reduction [15].

Charcoal pellets with high volatile content could lead to elevated release of

volatile matter, resulting in increased porosity and the formation of cracks

during material reduction [15, 16]. In addition, the low mechanical stability,
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high reactivity and shrinkage of charcoal particles might create challenges

for the stable operation of the furnace [17, 18]. Starch activated with a small

amount of moisture and used as a binder in charcoal composite pellet im-

proved the pellet mechanical strength [19]. Moreover, the use of pyrolysis

oil as a binder in charcoal composite pellets was shown to provide the wa-

ter required for the pelletization process and also to form oxygen-containing

functional groups which increase the mechanical strength of pellets due to the

ability to form hydrogen bonds during pyrolysis [5, 20]. The additional heat

treatment of charcoal composite pellets using biooil as a binder was shown to

decrease the charcoal pellet porosity due to the repolymerization of biooils in

the macropores of charcoal pellets [4]. Moreover, recent studies have shown

that the use of pyrolysis oil as a binder, instead of lignin and starch, can de-

crease process operating costs of charcoal pellet production and also improve

the densification of charcoal during storage and transportation [21, 22]. The

reduction of charcoal composite pellets results in a significant change in the

properties and shape of pellets in the ferroalloy industries [23, 24]. In previ-

ous studies, dilatation of iron composite pellets was observed in the temper-

ature range from 900 to 1000◦C due to whisker growth, whereas shrinkage

occurred in the temperature range from 1100 to 1200◦C due to sintering of

iron filaments [25, 26]. In addition, the swelling of iron composite pellets

at temperatures below 1100◦C is correlated with the transition from iron

oxide to the elemental metal [7]. The volume of composite pellets can also

change due to the variation of the temperature gradient which is affected by

exothermic and endothermic reactions in the pellet during reduction, leading

to the unstable operation of the furnace [27]. Swelling of composite pellets
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increases the apparent porosity and decreases the mechanical stability [28].

Concurrently, the mechanical stability can also decrease, resulting in an in-

creased formation of dust and fines [25]. The fine particles decrease the gas

permeability of the bed and may cause pressure surges which cause the un-

reacted particles to blow out of the bed [29]. The reduction of hematite ore

fines by different fossil-based carbonaceous materials in composite pellets in

a one-layer bed under nonisothermal asymmetric heating showed that the

reduction is faster at the pellet top compared to the pellet bottom [30]. In

addition, the pellets with the greater initial volatile content but with the

same amount of fixed carbon gave a significantly greater degree of reduction

without the involvement of the fixed carbon gasification reaction [31, 32].

The replacement of anthracite fines with charcoal prepared from eucalyptus

showed that low temperature pre-treatment of wood decreases the volatile

content leading to a decrease macropores and an improvement of pellet me-

chanical strength and durability [33]. Moreover, the mechanical strength and

electrical resistance of fossil-based pellets with the included iron ore were

increased with the addition of carbonized leather charcoal [34]. The prin-

cipal strengthening mechanism of heated charcoal composite pellets from

biomass was related to the formation of interconnecting slag and metallic

phases during reduction [35, 36]. Processing parameters, such as increasing

heat treatment temperature and the addition of fluxes increased slag forma-

tion [37]. In addition, the distance between iron oxide particles decreased

with the increasing iron-to-carbon ratio in charcoal composite pellets and

decreased charcoal particle size leading to an increase in pellet mechanical

strength during reduction [38]. The change in pellet volume during reduction
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of charcoal composite pellets with the iron ore inclusions was related to the

heat treatment temperature and size of pellets [39, 40]. However, the effects

of the charcoal properties and composition on the resulting composite pellet

characteristics that impact metallurgical applications add uncertainty to the

use of bio-reductants as an approach to increasing yields of manganese or

silicon during reduction of metal oxides.

In summary, renewable charcoal pellets have potential as an environ-

mentally benign replacement for the fossil-based composite pellets used in

ferroalloy production. In particular, this work was intended to investigate

the interaction of charcoal with the metal ore under high temperatures. The

aim of this work is to optimize the operating conditions for the cost-effective

bioreductant pellet production from wood to provide properties which are

similar to metallurgical coke pellets. In this study, the impacts of charcoal

composition on the density, thermal conductivity and elemental metal yields

during reduction in a high temperature furnace were investigated. The spe-

cific objectives of this study were to: (1) understand the influence of reduction

process on the properties of charcoal composite pellets, (2) investigate the

interaction of charcoal composite pellets with the included metal ore parti-

cles at high temperatures and (3) determine the extent to which charcoal

composite pellet reduction changes its properties to levels that are suitable

for application in ferroalloy industries.
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2. Materials and methods

2.1. Raw biomass characterization

Norway spruce (Picea abies) and sessile oak (Quercus petraea) were cho-

sen for the charcoal composite pellet study. The age of the Norway spruce

was 39 years, whereas the oak was 46 years old. Feedstock selection was based

on the differences in ash composition and compositional analysis (cellulose,

hemicellulose, lignin, extractives) of softwood and hardwood. Norway spruce

is low in ash, with lower potassium and calcium contents than oak, whereas

oak is low in lignin content. Both spruce and oak samples were chipped by a

disc chipper to 5-20 mm and dried at 60◦C before storage. Prior to the wood

characterization, the biomass samples were divided into six equal fractions

using a riffler. A vibrating EFL2000 sieve shaker (ENDECOTTS, United

Kingdom) comprising ten sieves ranging from 2 to 20 mm in aperture size

and a base pan (< 2 mm) was used (EN ISO 17827-2:2016) to determine the

particle size distribution.

2.2. Charcoal characterization

Charcoal samples from Norway spruce and sessile oak were generated

from woodchips in a slow pyrolysis reactor at 500, 700, 900, 1100 and 1300◦C.

The charcoal samples were crushed to a fine powder in a mortar with a ce-

ramic pestle and used for heating microscopy and thermogravimetric analysis

tests. A charcoal sample from Norway spruce produced at 900◦C was cho-

sen for the reduction in a high temperature furnace. Based on previous

work [41, 42], operation at 900◦C was selected to produce the charcoal cost-

efficiently with properties comparable to that of metallurgical coke. Biooil
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from the slow pyrolysis experiments was selected as the binding agent. Prior

to pelletization, the water fraction of the biooil was removed by vacuum dis-

tillation (300 mbar and 80◦C) and the residual (tar), was used as a binder.

A compact hot pellet press (MTI Corporation, USA), consisting of a metal

cylinder with a press channel, a backstop and a split furnace was used for

preparing the pellets. Charcoal pellets were made from charcoal particles,

tar binder and water in a 60:30:10 wt.% ratio. Composite pellets were pre-

pared from high purity manganese ore (Eramet AS, Norway), charcoal, tar

and water in a 46:14:30:10 wt.% ratio, whereas microsilica particles (Elkem

AS, Norway) were mixed with the charcoal, tar and water in a 30:30:30:10

wt.% ratio. The mixing ratios were selected according to the ratios of ore

and coke used in the industrial process. Pellets with a diameter and height

of 3 mm were pressed using a manual pellet press (Hesse instruments, Ger-

many). About 3 g of the mixture was pressed at 130 MPa into pellets with a

diameter of 12 mm and a height of about 20 mm. Once the pellet was pressed,

the backstop was removed and the pellet was extruded from the steel die.

The pellets were dried at 30◦C overnight in a drying chamber and stored in

sealed plastic containers.

2.3. High-temperature furnace

The charcoal was treated in a vacuum induction furnace (max. 60 kW,

max. 10 kHz) with a chamber volume of 0.5 m3. The heating vessel con-

sisted of a three-part crucible with an outer alumina crucible (outer diameter:

130 mm, inner diameter: 110 mm, height: 300 mm), a middle carbon crucible

(outer diameter: 90 mm, inner diameter: 50 mm, height: 145 mm) and an

inner glass carbon crucible (outer diameter: 50 mm, inner diameter: 38 mm,
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height: 125 mm), as described previously [41]. The three-part crucible was

positioned in an induction coil. The gap between the alumina crucible and

the carbon crucible was filled with a carbon felt. A carbon felt disc (diameter:

110 mm, height: 30 mm) was placed between the bottom of the alumina and

carbon crucibles was used for the high-temperature protection. The pellets

were placed in the glassy carbon crucible. The pellets were placed in the

glassy carbon crucible. The pellet temperature was measured using type S

thermocouples about 5 mm above each pellet. Prior to the experiment, the

chamber was evacuated and filled with argon. The chamber was continu-

ously purged with argon at a defined flow rate of 20 l min−1. The formation

of carbon monoxide was monitored using by a gas emission analyser, VARIO

Luxx (MRU, Germany). The sample was heated to 900◦C at a heating rate

of 100◦C min−1 and further heated at 10◦C min−1 to 1650◦C and maintained

kept at that temperature for 2 h. After the heating program was finished, the

sample was cooled at a rate of 30◦C min−1 to room temperature and stored

in sealed plastic containers.

2.4. Solid product analysis

2.4.1. Thermogravimetric analysis

The reactivity the milled charcoal and charcoal pellets were analyzed

by exposing samples to a reactive gas consisting of 100 % volume fraction

of CO2 (100 cm3 min−1) in a thermogravimetric analyser TGA/DSC Sys-

tem (Mettler Toledo, USA). In each experiment, 5 mg of sample was loaded

into an Al2O3 crucible. The charcoal samples were firstly heated to 110◦C

and kept for 30 min isothermally for drying. The dried samples were sub-

sequently heated to 1100◦C at a constant heating rate of 10◦C min−1 and
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maintained at the final temperature for 30 min. The reaction threshold is

defined as the temperature that corresponds to the appearance of a sample

mass decrease [43]. Non-isothermal thermogravimetric measurements were

carried out in 100 vol.% N2 to determine the thermal decomposition of char-

coal samples and to distinguish between pyrolysis and gasification reactions

at medium and elevated temperatures.

2.4.2. Heating microscopy

The silhouettes of charcoal pellets were investigated in inert atmosphere

using an EM-201-17 (Hesse Instrument, Germany) heating microscope, as

shown in Figure 1.

N
2

1 2 3 4 5 6

Figure 1: Heating microscope includes the following parts: 1. Light source, 2.

Thermocouple type S, 3. Heating chamber, 4. Charcoal pellet sample, 5. Camera,

6. Computer.

Charcoal pellets with a diameter and height of 3 mm were used for the

experiments. The charcoal pellets with an edge length of 3 or 4 mm were

placed in the center of the sample plate above the tip of the thermocouple.

The heating chamber was continuously purged with nitrogen at a constant
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rate of 500 ml min−1, which was controlled by a flowmeter HFC-202 (Tele-

dyne, USA). The samples were heated to 500◦C at a constant heating rate of

30◦C min−1 and further heated at a heating rate of 10◦C min−1 to the final

temperature of 1300◦C, and maintained for 30 min.

2.4.3. Electrical resistivity

Electrical conductivity measurements were performed using a 34470A 7

1/2 Digit Multimeter (Keysight Technologies, USA). The connection between

the four probes of the source meter and microelectrodes was established using

a socket. Two adjacent electrodes were connected to the voltmeter (Fluke,

USA), while the other two electrodes were connected to the current source

(ISO-Tech IPS 3303) (constant current) of the source meter, as reported by

Sun et al. [44]. A charcoal pellet was connected by four different electrodes

to the source meter based on the van der Pauw electrode geometry [45]. The

electrical conductivity was determined according to equation 1:

σ =
L

R · A
(1)

In equation 1, σ is the electrical conductivity, A is the cross-sectional area, L

is the length of the resistor, and R is the resistance between Ti-Au electrodes.

2.4.4. Microscopy

The surface properties of the charcoal composite pellets were investi-

gated using a digital microscope VHX-500F (Keyence, Germany), and the

cross-sections of samples were analyzed using an optical microscope DM4000

M LED (Leica, Germany). Prior to the analysis, the composite pellets were

embedded in the conductive polymer TechnovitR© 5000 (Kulzer Technik, Ger-

many). SEM/EDS analysis of the char was conducted on a high-resolution
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field emission microscope SU-70 (Hitachi, Japan) under high vacuum in or-

der to understand the structural properties and composition of the ferroalloys

and charcoal pellets. The elemental mapping was performed on four different

areas of interest for the manganese oxides and quartz charcoal pellets.

2.4.5. Thermodynamic calculations

Thermodynamic calculations were performed using the computational

package FactSage [46]. The new oxide database GTOX, developed by Re-

search Center Juelich and GTT-Technologies as reported by Yazhenskikh

et al. [47] was used in combination with the commercial database SGPS for

gaseous and some solid stoichiometric substances. The equilibrium calcula-

tions were conducted under defined conditions (chemical composition of a

system, temperature, pressure) [48]. All available phase relations and trans-

formations were taken into account during the calculation of the minimized

Gibbs energy of a system in order to find the equilibrium state. The results

were obtained for equilibrium conditions only, the possible kinetic effects are

not considered.

2.5. X-ray diffraction

The crystalline constituents of charcoal and charcoal composite pellets

were characterized using an Empyrean X-ray diffractometer (Malvern Pana-

lytical, The Netherlands) in parafocusing Bragg-Brentano geometry (setup:

Cu LFF tube operated at 40 kV and 40 mA, BBHD-mirror with 0.4◦ diver-

gence, 0.04 rad soller slits, PIXcel3D detector in 1D mode). The samples

were placed on a background-free Si single crystal sample holder. The phase

analyses were done in the HighScore software package Version 4.8 (Malvern
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Panalytical, The Netherlands) and the ICDD PDF-2 database 2004 (Inter-

national Centre for Diffraction Data, USA).

2.5.1. X-ray microtomography

The pellets were scanned using the HECTOR X-ray CT system at the

Ghent University Centre for X-ray Tomography (UGCT, www.ugct.ugent.be) [49,

50]. The HECTOR system was developed and built by the Radiation Physics

group of the UGCT in collaboration with TESCAN XRE, (www.XRE.be,

part of the TESCAN ORSAY HOLDING a.s.), formerly known as XRE, a

UGCT spin-off company.

Charcoal pellets. A Region of Interest (ROI) of both an untreated and a

treated charcoal pellet was scanned without physical subsampling to avoid

any cutting artifacts. The X-ray tube voltage and tube power were 70 kV

and 10 W, respectively. 2401 projections, with an exposure time of 1 s per

projection, were collected over a sample rotation of 360◦, for a total scan

duration of 1 h. The volumes were reconstructed using the Octopus Recon-

struction software [51], licensed by XRE, and the spatial resolution in terms

of approx- imate voxel pitch was 3.5µm. The reconstructed pellet struc-

ture corresponds to a cylinder with a diameter of 6.7 mm and a height of

5.9 mm. In order to calculate the porosity within the pellet volume, seg-

mentation was carried out by interactive thresholding with a visual feedback

using Avizo software (Thermo Fisher Scientific, USA). The latter software

was also used for rendering the 3D visualizations.

Composite pellets. Composite pellets containing either manganese (Z=25) or

silicon (Z=14) were scanned differently due to the poor X-ray penetration
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of the samples. Tube voltage and tube power were 130 kV and 10 W respec-

tively. 2401 projections, with an exposure time of 2 s per projection, were

collected over a sample rotation of 360◦, for a total scan duration of 1.5 h.

The volumes were also reconstructed with Octopus Reconstruction software,

yielding a voxel size of 4µm. The analysis of the heat-treated manganese ore

pellet in a reconstructed cylinder form with a diameter of 8 mm and height

of 6.5 mm was not conducted due to the fragile nature of the pellet. How-

ever, a reconstructed cylinder of diameter 6.5 mm and height 6.5 mm that

corresponded to the inner dimensions of a plastic tube in which the pellet

was mounted for scanning was used in the present work. Due to the high

contrast between the different solid phases in composite pellets, it was no

longer possible to calculate the porosity. Instead, interactive thresholding

was applied to visualize a segment with the high density voxels in the origi-

nal charcoal pellet scans. The same threshold was used to segment the high

density voxels in the heat treated pellet scans and thus, an estimate of change

in the relative proportion of heavy elements (namely Mn and Si) after heat

treatment was calculated.

3. Results and discussion

3.1. Biomass characterization

The ultimate and proximate analysis of oak and spruce was carried out

at Eurofins Lidköping and shown in Table 1.
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Table 1: Proximate, ultimate and ash analyses of feedstocks.

Fuel Norway spruce Oak

Proximate analysis

Moisture, (wt. % as received) 8.6 7.6

Ash at 550 ◦C, (wt. % dry basis) 0.8 1.6

Volatiles, (wt. % dry basis) 80.6 82.6

Fixed carbon content (wt. % dry basis) 18.6 15.8

HHV, (MJ kg−1) 20.3 19.3

LHV, (MJ kg−1) 18.5 17.5

Ultimate analysis, (wt. %, dry basis)

C 53.2 50.6

H 6.1 6.1

N 0.1 0.2

S 0.06 0.02

Cl 0.04 0.02

Ash compositional analysis, (mg kg−1 on dry basis)

Al 40 20

Ca 2300 3600

Fe 200 50

K 800 1500

Mg 250 300

Na <50 <50

P 200 250

Si 550 550

Ti 50 50

The compositional analysis of biomass (cellulose, hemicellulose, acid-

soluble lignin, acid-insoluble lignin, and extractives) was conducted by Celig-

nis Analytical according to NREL technical reports [52–54] and Thammasouk

et al. [55], and is shown in Table 2.
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Table 2: Composition of Norway spruce and oak, calculated in percentage based

on dry basis (wt.%).

Biomass Cellulose Hemicellulose

Lignin

Extractivesacid in-

soluble

acid

soluble

Norway spruce 37.8 25 27.9 0.7 7.8

Oak 36.7 18.7 19.4 2.5 11

3.2. Product yields

The original spruce and oak charcoal pellets and charcoal composite pel-

lets from pyrolysis at temperatures ranging from 500 to 1300◦C were reacted

in a heating microscope in order to investigate the behaviour of the pellets

at high temperatures. The mass losses at 1200◦C from tests using heating

microscopy were recorded. In addition, the mass losses of manganese and

quartz charcoal pellets were determined in the high-temperature furnace at

1550 and 1650◦C, as shown in Figure 2. The results show that the mass loss

from secondary pyrolysis of both spruce and oak charcoal pellets decreased

with increasing primary pyrolysis temperature, from about 55 % for charcoal

produced at 500◦C to 11 % for charcoal generated at 1300◦C. Prior to reduc-

tion, the charcoal composite pellet contained 46 wt.% manganese ore and 54

wt.% charcoal matrix. This suggests that almost all of the organic fraction of

the charcoal composite pellet reacted at 500◦C. The increased yield of quartz

charcoal composite pellets from about 30 % for charcoal produced at 500◦C

to 37 % for charcoal generated at 1300◦C suggests the formation of slag. The

pellet prepared from quartz, charcoal, tar and water in a 30:30:30:10 wt.%

ratio could include interactions of quartz particles with the alkali metals in
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a charcoal matrix, leading to the formation of an interconnecting slag with

the increased heat treatment temperature [35, 36].
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Figure 2: Charcoal pellet yields (%) from secondary pyrolysis in a heating microscope and

high-temperature furnace.

In general, the mass loss of the original charcoal pellets was greater than

the mass loss of secondary heat treated charcoal particles which decreased

from about 22 % for the charcoal produced at 500◦C to 6 % for charcoal

generated at 1300◦C [41]. The greater mass loss of charcoal pellets compared

to that of the original charcoal particles was attributed to the high binder and

water contents in the pellets. In addition, the pellet from charcoal produced

at 1300◦C showed the greatest solid yield, indicating enhanced coke formation

from reacting biooil in a charcoal matrix. This was related to the increase in
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porosity of the charcoal due to the progressive removal of volatiles from the

pores, and the physical and chemical condensation of the remaining skeletal

charcoal structure with increasing heat treatment temperature, confirming

the previous results [56, 57]. Consequently, the charcoal particles with greater

porosity had a stronger tendency to trap reacting biooil in voids than the

charcoal produced at heat treatment temperatures below 1300◦C, confirming

previous results of Veksha et al. [58]. The solid pellet yields of composite

pellets remained similar for the charcoal produced at 500, 900 and 1300◦C,

indicating competition between devolatilization and reduction reactions. In

addition, the solid yields for the composite pellets were lower than those of

original charcoal pellets. This is probably due to the competing reduction

and devolatilization reactions in pyrolysis of charcoal composite pellets [59].

3.3. Gas evolution

The gas evolution from the composite pellets is shown in Figure 3. At

900◦C, the heating rate of 100◦C min−1 was changed to 10◦C min−1, leading

to the decrease in a gas volume. The formation of CO was shifted to lower

temperatures due to the endothermic reactions which decrease the decom-

position temperature of composite pellets. Gas evolution at temperatures

below 1000◦C was attributed to devolatilization and decomposition of biooil

and reduction of higher oxides, such as the reduction of MnO2 to Mn3O4.

The main CO formation during the heat treatment of manganese ore com-

posite pellets was observed at temperatures above 1020◦C with a maximum

formation at 1480◦C, confirming previous results [8, 60].
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Figure 3: CO evolution of manganese and quartz charcoal pellets during pyrolysis.

The melting point of manganese oxides increased with the decreased ox-

idation state of manganese in the temperature range from 535◦C (MnO2)

to 1945◦C (MnO), whereas elemental manganese has a melting point of

1246◦C [61]. Thus, the higher oxidation states of manganese can melt and re-

act faster with the carbonaceous matrix of charcoal than the lower manganese

oxidation states during the reduction. CO formation during the reduction of

quartz charcoal pellets began at 1330◦C with the maximum yield observed

at 1580◦C. In the present study, the temperature for the maximum CO yield

was 100◦C lower than temperatures reported in previous studies [62]. The

decrease in the temperature required for maximum CO formation during
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charcoal pellet conversion into the elemental metals emphasizes a key role of

the feedstock on the reduction of ferroalloys.

3.4. Charcoal pellet reactivity

Figure 4 shows the differential weight loss curves for the 100 % volume

fraction CO2 gasification of spruce and oak charcoal pellets with a diameter

of 3 mm. The DTG curves show a double peak in CO2 gasification, indi-

cating a heterogeneous char mixture with respect to the composition that

leads to the differences in reactivity of the two constituents with less reactive

carbon structure. The highest reaction rates of spruce charcoal pellets varied

from 950 to 1010◦C while that of the oak charcoal pellets occurred between

930 and 1010◦C, indicating that feedstock origin had a minor effect on the

char reactivity. The maximum reaction rates of spruce and oak charcoal

pellets were observed nearly identically at 1300◦C. In general, previous stud-

ies showed that the maximum reaction rates of charcoal pellets were similar

to those of secondary heat treated biooil-charcoal blends [41]. The results

show that differences in heat treatment temperature have more influence on

charcoal reactivity than the feedstock composition.
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Figure 4: DTG curves of charcoal pellets generated from (a) spruce and (b) oak and

reacted in 100% volume fraction CO2. 21



3.5. Electrical resistivity

The electrical resistivity of the original charcoal and charcoal composite

pellets with the included manganese oxide or quartz particles was investi-

gated and summarized in Table 3. The charcoal was prepared at 700 or

900◦C, then compressed in a pellet that was further dried and secondary

heat treated (SHT) at 1300◦C in the high temperature furnace. The elec-

trical resistivity of manganese oxide charcoal pellets decreased from 1.7 to

0.35 Ωm, whereas the electrical resistivity of quartz charcoal pellets remained

unchanged (≈ 0.4 Ωm).

Table 3: Electrical resistivity of manganese oxide or quartz charcoal pellets including

standard deviation (σ).

After compression After drying After SHT

Material Ωm σ Ωm σ Ωm σ

non-treated charcoal pellet (700◦C) 0.8 0.4 1.1 0.3 1.5 0.4

non-treated charcoal pellet (900◦C) 0.01 0.03 0.02 0.03 0.02 0.05

MnO charcoal pellet 1.7 0.4 1.1 0.3 0.3 0.1

Quartz charcoal pellet 0.4 0.4 1.1 0.4 0.4 0.1

In comparison, the electrical resistivity of the original charcoal pellets

increased from 0.8 to 1.5≈ 0.4 Ωm after heat treatment [41]. The electrical

resistivity of these original charcoal particles decreased from 1.5 to 0.01 Ωm

between 700 to 900◦C and remained relatively constant during heat treatment

up to 1300◦C, emphasizing the importance of the role of temperature above

700◦C.
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3.6. Pellet shrinkage

Figure 5 shows silhouette areas of the original charcoal pellets from

spruce and oak as well as the manganese oxide charcoal pellets using the heat-

ing microscope at temperatures up to 1200◦C. The charcoal pellets shrunk

when the primary pyrolysis temperature was exceeded. The distillation of

biooil resulted in a loss of oil and the formation of solid coke. Interestingly,

no swelling was observed on the surface of the charcoal pellets in the boiling

range. The results indicate that incomplete pyrolysis was progressing even

when the heat treatment temperature exceeded the final temperature of pri-

mary pyrolysis. Moreover, the evaporation of the lighter molecules from the

biooil had no influence on the particle size or shape of the charcoal pellets.

Spruce charcoal pellets decreased in size during CO2 gasification at 900◦C

because the overall charcoal pellet reduction was limited by the Boudouard

reaction 2 [63]:

CO2(g) + C(s) = 2CO(g) (2)

In contrast, the size of manganese oak charcoal pellets remained unchanged

due to the high partial pressure of CO2 according to reaction 3 [64]:

MnO(s) + CO(g) = Mn(s) + CO2(g) (3)

In general, a dilatation of manganese oxide charcoal pellets was observed

when the sample reached the final temperature of 1200◦C. The pellets formed

whiskers at the outer surface when the temperature was increased to 1300◦C

and a residence time of 30 min, as shown in the supplemental material (Fig-

ure S-2). Structural changes were not observed at temperatures greater than

1300◦C during experiments in the high temperature furnace confirming pre-
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vious results [65] which suggested that the manganese ore could be reduced

to the elemental manganese and further reacted to manganese (II) nitride at

temperatures below 1300◦C.
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Figure 5: Percentage of silhouette area changes of original wood pellet and manganese

oxide charcoal pellets in nitrogen atmosphere using the heating microscopy at temperatures

up to 1200◦C.

3.7. Thermodynamic calculations with FactSage

Equilibrium calculations of charcoal composite pellets were performed

to investigate the formation of slag phases.
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Figure 6: Output results of FactSage calculation using the GTOX database with the main

inorganic components of charcoal composite pellets containing MnO or quartz particles

after heat treatment at 1650◦C. The following abbreviations were used MEO (solid solution

containing mostly MnO only), LIOS (oxide melt), CBCC and CUB (manganese-based solid

solution phases), BCC (iron-based solid solution phase), SIOM (solid solution based on

SiO2,tridymite), SIOH (solid solution based on SiO2,cristobalite) and WOLL (wollastonite).
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The thermodynamic calculations showed that silicon carbides, silicon ox-

ides, carbon and gas were the dominant phases formed during quartz charcoal

pellet reduction, as shown in Figure 6. Manganese carbides were found along

with silicates in manganese oxide charcoal pellets. The thermodynamic cal-

culations showed a liquid elemental metal phase composed almost entirely of

manganese with small amounts of carbon and other metals (Al, Fe), man-

ganese carbide (C3Mn7) as well as solid solution based on manganese (II)

oxides (MnO) were the dominant phases formed during the pyrolysis of MnO

containing charcoal pellets in the temperature range from 1200 to 1300◦C.

Previous studies have shown the formation of manganese carbides in the

temperature range from 800 to 1300◦C, whereas manganese oxides and liq-

uid oxides were formed at temperatures greater than 1200◦C [66, 67]. The

C6Mn23 compound was formed for MnO/C ratios greater than 1/1.3, whereas

C3Mn7 and carbon were formed during reduction with larger carbon excess

ratios, confirming the previous results of Kononov et al. [68]. The equilib-

rium calculations demonstrate that C3Mn7 can be formed at temperatures up

to 1400◦C, whereas the dissociation of manganese carbides into liquid man-

ganese alloys and graphite can occur at temperatures above 1300◦C through

peritectic reactions. The discrepancy between experiments and calculations

can be explained by a lack of reliable thermodynamic information concern-

ing phase relations between oxides and carbides in the available databases

and also by the fact, that the calculations considered the equilibrium state

only. MnO/C ratios lower than 1/1.3 provide sufficient amounts of carbon

to completely reduce the manganese alloys based on the XRD results from

previous studies of Shin et al. [69]. In the present study, the formation of
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manganese carbides during reduction can be related to the slow cooling rate,

according to Grimsley et al. [70].

3.8. X-ray diffraction

The charcoal was prepared at 900◦C, compressed into a pellet with the

MnO and SiO2 particles using tar as a binder. Prior to the XRD analysis,

the charcoal composite pellet was dried and secondary heat treated (SHT)

at 1300◦C.
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Figure 7: XRD measurements of original spruce, spruce charcoal pellet with MnO particles

or with quartz particles after heat treatment.

The XRD analysis of the original spruce indicated the formation of a

crystalline pattern corresponding to the cellulose structure, as shown in Fig-
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ure 7. The broad reflections at 15, 22.5 and 35◦ show the development of a

crystalline cellulose phase [71, 72]. The XRD results showed that charcoal

pellets with MnO particles exhibit reflections from graphitic carbon indi-

cating the progress towards graphitization with increasing heat treatment

temperature. In addition, charcoal pellets with MnO particles show reflec-

tions from orthorhombic manganese carbides (Mn5SiC and Mn7C3) and cu-

bic manganese carbide (Mn3AlC), whereas the charcoal quartz pellets show

sharp and narrow reflections from silicon carbide [73, 74]. The formation of

silicon carbides during high-temperature pyrolysis of charcoal quartz pellets

is due to the decomposition of charcoal carbon onto the quartz particles [62].

3.9. Microscopy

The external surface structure of manganese oxide charcoal pellet after

reduction was studied using microscopy, as shown in Figure 8. Structural

changes to composite charcoal pellets arising from reduction were investi-

gated at locations on the top, bottom and side of the pellet. Figure 8(a)

shows that the porosity of the manganese alloy particles increased after heat

treatment. In addition, Figure 8(b) shows the formation of a metal skele-

ton with the large voids that probably contain manganese carbides due to

the large amount of carbon detected during SEM-EDS analysis. The origi-

nal structure of the charcoal particles was only observed at locations where

manganese oxide particles were not incorporated, as shown in Figures 8(c)-

8(d). Figure 9 shows a cross section of a manganese oxide charcoal pellet.

The high temperature reduction of manganese oxides led to the formation of

large voids inside the particle, which were filled with the reacting charcoal

material.
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8(a): Bottom 8(b): Bottom zoom

8(c): Top 8(d): Side

Figure 8: Optical microscopy of manganese composite pellets at the bottom, at the top

and on the side of the pellet.

Moreover, Figure 9 indicates the formation of different liquefied metal

phases. The dissolution of carbon into the metal slag has been observed

at the boundary layer between the slag and charcoal particles [75]. Figure 9

shows that the structure of the quartz charcoal pellets remained unchanged

after their reduction at 1650◦C. The charcoal structure can be visually dis-

tinguished from the unreacted quartz particles. However, an additional solid

carbon structure was formed inside the charcoal structure related to the for-

mation of silicon oxides during the reduction. Previous studies have shown

that amorphous SiO2 could be formed as a decomposition product of gaseous
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SiO at lower temperatures. The gaseous SiO can be produced in advance in

an oxygen-deficient atmosphere at higher temperatures according to reac-

tion 4 [76].

SiO2(s) + Si(l) = 2SiO(g) (4)

The additional layer of silicon carbides could block the pellet surface for fur-

ther consecutive reactions, resulting in reduced formation of CO at 1650◦C [77].

Figure 9 shows copper particles which originate from the sample metallurgical

preparation.

Figure 9: Cross section of the manganese charcoal pellet.

The elemental composition of the charcoal composite pellets is summa-

rized in the supplemental material (Table S-3). The mapping areas of the

SEM-EDS analysis are schematically shown in the supplemental material
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(Figure S-5 and Figure S-6). The results of elemental analysis using SEM-

EDS showed that iron, aluminum and silicon were detected in the reduced

manganese oxide charcoal pellet. The metal skeleton was embedded into

the carbonaceous charcoal matrix, whereas oxygen was mainly observed in

the charcoal enriched spots. Moreover, the high quantities of carbon and

manganese suggest that manganese oxides were reduced to manganese and

manganese carbides during high temperature treatment.

Figure 10: Optical microscopy of quartz charcoal pellets.

The iron inclusions in the manganese charcoal pellets suggest the for-

mation of iron carbides which belong to the eutectic carbides with a melting

point at 1153◦C [60]. The liquefied carbon and iron from the reduction can

crystallize to eutectic graphite during cooling [78]. The elemental analysis of

the reduced quartz charcoal pellets indicated that the composition changed
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only slightly during the reduction due to the high oxygen content in the

charcoal particles. However, the high mass loss of the quartz charcoal pellets

(47 %) was an indication of the decomposition of charcoal and biooil and the

reduction of quartz based on the results above (section 3.2).

3.10. X-ray microtomography

Figure 11 shows the 2D and 3D cross-sectional slices obtained from

XµCT measurements for non-treated and heat treated charcoal pellets. The

characteristic features of charcoal particles are observed for all scanned sam-

ples. The spatial resolution of 3.5µm is sufficient for observing most features

of the charcoal particles and binder, providing physically reasonable struc-

tural assessments. The XµCT images indicated that the charcoal particles

in heat treated pellets were more porous than charcoal particles in untreated

pellets. The greater level of voids, obtained with the treated pellets than

in non-treated pellets reflects the higher porosity of treated charcoal pel-

lets, confirming the previous results of Trubetskaya et al. [22]. The porosity

increase from 0.5 to 1.4 % with the temperature treatment in the charcoal

pellets was mostly related to the release of volatiles during the heat treat-

ment. The XµCT images indicated that solid manganese oxide particles melt

and formed large voids during the reduction of charcoal composite pellets,

as shown in Figure 12. The low level of voids in the carbonaceous matrix

of charcoal pellets after reduction reflects the reaction of manganese oxide

and organic charcoal matter into elemental manganese, manganese carbides,

etc. In addition, the increased porosity from 50.1 to 84.7 % in the man-

ganese charcoal pellets was mostly due to the transformation of manganese

oxides to elemental manganese and the gaseous products released during the
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reduction.

11(a): 2D projection of non-treated pellet 11(b): 2D projection of heat treated pellet

11(c): 3D projection of non-treated pellet 11(d): 3D projection of heat treated pellet

Figure 11: XµCT imaging analysis of non-treated and heat treated charcoal pellets.

The XµCT images indicate that the quartz particles in charcoal com-

posite pellets remained unchanged in terms of their shape and size, corre-

sponding to the optical microscopy results. In addition, the quartz particles
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remained solid and the border between quartz particles and charcoal matrix

is visible indicating less transformations in quartz particles during reduction

compared to the heat treatment of manganese charcoal pellets. The porosity

of quartz charcoal pellets increased only slightly from 43.1 to 53.7 %.

12(a): 2D projection of raw Mn charcoal

pellet

12(b): 2D projection of heat treated Mn

charcoal pellet

12(c): 2D projection of raw quartz charcoal

pellet

12(d): 2D projection of heat treated quartz

charcoal pellet

Figure 12: XµCT imaging analysis of raw and heat treated manganese or quartz

charcoal pellets.
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4. Conclusion

The novelty of this work is the experimental demonstration that the

solid yield, electrical resistivity and conversion of ferroalloys to the elemental

metals can be improved by the addition of biooil as a binder to the char-

coal composite pellets. Softwood and hardwood were converted into renew-

able carbonaceous reductants using pyrolysis treatment. The experiments in

the heating microscope and high-temperature furnace showed that the solid

yields were 5-55 % greater during reduction of the original charcoal pellets

than during the pyrolysis of the charcoal composite pellets. The charcoal

pellets developed a similar reactivity to the charcoal-biooil blends with with

the highest reactivity observed between 930 to 1010◦C and thus, remained

more reactive than fossil-based coke where the maximal reaction rate was at

1220◦C. The electrical resistance of pellets from charcoal prepared at 700◦C

was 100 times greater than that of composite pellets prepared at 900◦C. More-

over, the electrical resistance of both manganese oxide and quartz charcoal

pellets decreased to 0.4 Ωm emphasizing the importance of secondary heat

treatment and type of included ore on the electrical properties of bioreduc-

tants. The porosity of charcoal pellets was increased by approximately 30 %

during transformation of manganese oxides to elemental manganese, whereas

the porosity increased only by 10 % during reduction of quartz charcoal pel-

lets. The changes in the macroporosity of the charcoal composite pellets

during reduction emphasize both the importance of ash transformation re-

actions related to present of alkali metals in original feedstock and included

ore particles. The X-ray diffraction, X-ray microtomography, SEM-EDS and

thermodynamic calculations showed that the carbides and oxides were dom-
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inating phases formed during the reduction of charcoal composite pellets

indicating the high degree of conversion of metal oxides to elemental metals.

The find- ings of this study emphasize the potential use of biocarbon-based

composite pellets in the ferroalloy industry with concomitant improvement

in charcoal transportation and storage.
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