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Synopsis

The aim of this investigation was to determine the effect of high-temperature heat treatment on the
electrical resistivity of charcoal. Samples of two different wood types (eucalyptus and black wattle)
were pyrolised in a retort at a temperature of 700°C and the resulting charcoals heat-treated in
an induction furnace at temperatures from 800°C to 1800°C and residence times from 60 to 120
minutes. After cooling, the resistivities of the samples were measured at room temperature using
the four-point probe technique. It was found that as the heat treatment temperature increased
the electrical resistivity of the charcoal decreased, approaching an asymptotic value at higher
temperatures. Longer residence times decreased the resistivity, but this effect was not pronounced.
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Introduction

The ferroalloy industry is responsible for a considerable portion of the world’s greenhouse gas emissions.
To reduce these emissions, charcoal can be used as a replacement for coal and coke which are currently
used as reductants in submerged arc furnaces. Charcoal produced from wood is considered to be a
renewable source of carbon due to its short carbon cycle of 5 to 10 years (in certain climates) compared to
approximately 100 million years for fossil fuels (Norgate ef al., 2011).

Wood is a lignocellulosic biomass and is largely composed of lignin, cellulose, hemicellulose, and
extractives (He et al., 2018; Surup, Trubetskaya, and Tangstad, 2020). The Eucalypts genus in South Africa
has a growth rate of 20 to 35 m*/ha-year, which means that the carbon cycle is about ten years (Sappi, 2022).
Black wattle, namely the species A. mearnsii and A. dealbata, is a fast growing invasive tree species in South
Africa. It is one of the most popular species used for firewood and has a density range of 550 to 850 kg/m>.
The advantage of using black wattle to produce charcoal is that it has a very low ash content (0.6%), low
sulphur content (0.01%), and a low nitrogen content (0.13%) (Kosowska-Golachowska et al., 2018). The
low sulphur and ash content of charcoal is beneficial to the ferroalloy industry as this reduces the amount
of impurities being charged to the furnace during smelting. The sulphur content of carbon reductants in the
silicon and manganese industries is required to be less than 0.6%, and the ash content less than 12% (Surup,
Trubetskaya, and Tangstad, 2020). Using black wattle to produce charcoal will result in a lower slag volume
and reduced sulfur levels in the product alloy.

The most common process used to produce charcoal from biomass is pyrolysis. Pyrolysis involves
heating the wood to a high temperature in an inert atmosphere, which results in the wood carbonizing to
form a solid charcoal product. Some of the factors that influence the pyrolysis process include residence
time, maximum temperature, heating rate, and pressure (Dias Junior et al., 2020). In general, charcoal yield
from pyrolysis can be optimized by using a low heating rate and long residence time (Dufourny et al., 2019).

The available literature on the electrical resistivity of charcoal is with regard to a packed bed, and not
individual charcoal particles. Charcoal that has not been subject to heat treatment generally has a high
volatile content and a very high electrical resistivity. Monsen et al. (2007) found that the electrical resistivity
of a packed charcoal bed before heat treating was too high to measure at room temperature. The authors
found that as the heat treatment temperature increased, the electrical resistivity of the bed of charcoal
particles decreased.
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Figure 1—Grain-parallel and grain-perpendicular sections of (a) eucalyptus and (b) black wattle wood

Surup et al. (2020) looked at the effect of both high temperatures
and particle size on the electrical resistivity of a charcoal bed. It was
surmised that the high oxygen content in the charcoal coupled with
the disordered carbon structures could be the reason for the high
resistivity at temperatures lower than 950°C. An increase in heat
treatment temperature results in thermal decomposition of organic
compounds, the release of hydrogen- and oxygen-containing
volatiles, and a reordering of the residual carbon. As lignin and
cellulose are non-graphitizing they will form non-graphitic
turbostratic carbon when carbonized at high temperature (Gimaker
and Granberg, 2021). This results in a decrease in the electrical
resistivity of the charcoal. Surup, Pedersen, and Tangstad (2020)
also briefly considered the effect of residence time on the electrical
resistivity of charcoal beds at a temperature of 1600°C. It was found
that the electrical resistivity initially decreased with increasing time,
but after 30 minutes the resistivity decreased at a slower rate and
began to approach an asymptotic value.

Although the resistivity of particle beds, including charcoal,
has been measured the material resistivity of charcoal is seldom
reported. To improve understanding of how charcoal behaves in
a furnace it would be useful to know how the resistivity changes
with increasing temperature. Ideally, it would be best to measure
the resistivity at high temperatures. However, due to the difficulties
involved in high-temperature resistivity measurements, in this
investigation the resistivity was measured at room temperature after
heat treatment.

One of the main disadvantages of using charcoal as a reductant
compared to coke is the cost. Charcoal produced in Australia,
making use of Lambiotte retorts for pyrolysis, has an estimated
production cost of US$386 per ton, while charcoal produced in
Brazil costs US$255 per ton (Suopajirvi and Fabritius, 2013).

The cost of producing coke is approximately US$ 237.50 per ton
(Makgato, Falcon, and Chirwa, 2019).

Experimental plan

Samples of the eucalyptus and black wattle wood that were used to
produce the charcoal are shown in Figure 1. The wood was cut into
blocks and dried in a drying oven to remove any excess moisture
present. The moisture content of the wood was determined using
the ASTM D442-20 standard test method (ASTM International,
2020) and the ash content was measured following the ASTM
D1102-84 standard test method (ASTM International, 2021a).

The charcoal was produced in a retort suspended in a resistance
heated furnace. Figure 2 shows the general layout of the retort
suspended in the furnace. Nitrogen gas was used to maintain an
inert atmosphere in the retort. Furnace temperature was measured
using a Type S thermocouple mounted in the furnace, outside of
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Figure 2—Retort furnace used to produce charcoal. A: SiC resistance furnace;
B: retort suspended in the furnace; C: sample on stand inside retort; D: Type S
control thermocouple; E: suspension cables; F: gas inlet; G: gas outlet
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Figure 3—Retort furnace temperature profile for the pyrolysis process

the retort. A programmable temperature controller was used to
control the temperature of the furnace. The temperature profile of
the retort used for this process is shown in Figure 3. The maximum
pyrolysis temperature was 700°C. After the pyrolysis process had
been completed the retort was removed from the furnace and

the charcoal was allowed to cool inside the retort. Large pieces of
charcoal were cut into smaller blocks for heat treatment.

Proximate analysis was conducted to determine the differences
in the charcoal produced from the two wood types. The proximate
analysis determined the moisture, ash, fixed carbon, and volatile
matter contents. The proximate analysis was conducted according to
the ASTM standard test method for the chemical analysis of wood
charcoal (ASTM D1762-84) (ASTM International, 2021b).
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The charcoal samples were subjected to heat treatment cycles in
an induction furnace. A schematic of the furnace is shown in Figure
4. The samples were placed in a graphite crucible which was then
raised into a preheated graphite susceptor. An inert atmosphere
was maintained inside the furnace using argon gas. Heat treatment
temperature and residence time were varied while all other factors
were fixed. After heat treatment the sample was lowered into the
sample cup and allowed to cool in an argon atmosphere.

A central composite experimental design was used to allow
for a wide range of heat treatment temperatures and times to be
investigated while minimizing the number of experiments. The heat
treatment plan is shown in Figure 5. An additional heat treatment
at 800°C for 90 minutes, indicated in red in Figure 5, does not form
part of the central composite experimental design and was simply
a further heat treatment that was conducted to obtain more data at
lower temperatures. The centre point was repeated three times while
all other tests were done once.

The electrical resistivity of the charcoal samples was measured
by the four-probe measurement technique. Resistivity was measured
in two directions: with current flowing parallel to the wood grain
and perpendicular to the grain.

The diagram in Figure 6 shows the set-up that was used for
measuring the electrical resistivities. A Velleman DC Lab power

Figure 4—Schematic of the induction furnace used to heat treat charcoal
samples. A: Ambrel Ekoheat 15 kW power supply; B: Type S control
thermocouple; C: PID temperature controller; D: furnace shell; E: removable
sample cup; F: movable sample support rod; G: sample on insulated stand; H:
tubular graphite susceptor; I: gas inlet; J: gas outlet

1800
A
o
S 1700 - -
s
& 1500
7]
g A ° A
& 1300
B
£
§ 1100 n n
g
T:E A
£ 900
*
700

55 80 65 70 75 80 B85 90 985 100 105 110 115 120 1325
Residence Time (min)

Figure 5—Heat treatment experimental plan
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supply (Velleman Group, 2022) provided a constant current of up to
5 A. A Keithley 2000 multimeter (Keithley Instruments, 2000) was
used to measure the voltage drop across the sample.

The measurement process was as follows. The probes were
first connected to the charcoal sample as shown in Figure 6. The
sample was placed between two pieces of aluminium foil backed
by polyethylene foam. A constant load was applied to the charcoal
sample using the set-up shown in Figure 7. This arrangement
ensured good electrical contact across the whole area of the sample
and thus a uniform current distribution, as well as reducing any
variance between the measurements. The voltage drop across the
sample was measured using a set of pins that were a fixed distance
apart. The current was first increased from 0.5 Ato 4.5Ain 1 A
increments, and the corresponding voltage drop recorded. The
current was then decreased from 5 A to 1 A in 1 A increments,
with the corresponding voltage drop being recorded. These
measurements were used to calculate the resistance using Ohm's
Law. Making use of several current and voltage readings for each
measurement ensured accurate estimates of the sample resistance.
The electrical resistivity was then calculated by using the resistance
and the sample dimensions as shown in Equation [1].

_ VA |
P=7 (1]

where: p: Electrical resistivity (Q-m)
A : Cross-sectional area of the sample (m?)
I': Current flowing through the sample (A)
L : Length of the sample (m)
V' Voltage drop across the sample [V]

Results

Wood and charcoal proximate analysis

One of the problems encountered was that it was difficult to
produce charcoal at the set temperature, 700°C, without cracks

DC Power Supply Multimeter

Figure 6—Set-up for measuring electrical resistivity using the four-probe
method

Figure 7—Set-up for electrical resistivity measurements to allow for a
constant load

VOLUME 123 OCTOBER 2023 503 «



Electrical resistivity of heat-treated charcoal

forming. The charcoal produced from black wattle is shown in
Figure 8. It can be seen that most of the cracks formed in the
direction parallel to the wood grain, along the ray cells. Due to
these cracks, the charcoal had to be cut into smaller cubes before
heat treating, as shown in Figure 9.

The proximate analyses of the two different types of charcoal,
as well as the moisture and ash contents of the two wood feedstock
materials, are shown in Table L.

Electrical resistivity

The resistivity measurements are summarized in four plots
based on the wood type and the direction of measurement. The
empirical equation which was used to describe the response
surface plots is shown in Equation [2], and the values which were
substituted in for each plot are summarized in Table II. One of
the main causes of variance in the measured resistivities was the
cracks present in the samples.

%= axpxs 2]

where:  x3: Temperature (°C)

x2 :Time (min)
a, b, ¢ : Constants

(a) parallel to wood grain
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Figures 10 and 11 shows the response surface plots for the
electrical resistivity of eucalyptus charcoal in the direction parallel
to the wood grain and perpendicular to the wood grain respectively.
The adjusted R* values were above 0.8 for the two response surfaces,
which indicates that the fit of the models accurately represents the
measured values.

Figures 12 and 13 show the response surface plots for the
electrical resistivity of black wattle charcoal in the directions
parallel to and perpendicular to the wood grain respectively. The
adjusted R? values were above 0.8 for the two response surfaces,
which indicates that the fit of the models accurately represents the
measured values.

An attempt was made to measure the resistivity of the charcoal
produced at 700°C prior to any heat treatment. Using a two-point
technique, the resistance exceeded 200 M(), the maximum range of
the instrument used. This indicates a resistivity of at least 2 MQ-m.
A two-point measurement method was used in this case as the
current that could be passed through the sample was too low to
accurately measure using the available instrumentation.

SEM analysis

A JEOL JSM-IT300 scanning electron microscope was used in
secondary electron mode to view the charcoal samples. SEM

(b) perpendicular to wood grain
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Figure 8—Black wattle charcoal produced through pyrolysis showing cracks that formed

Figure 9—Black wattle charcoal cubes used for resistivity measurements
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Table I
Proximate analysis of charcoal and wood
Wood Charcoal

Eucalyptus | Black Wattle | Eucalyptus | Black Wattle
Moisture (wt.%) 11.79 8.30 0.74 0.99
Ash (wt.%) 1.03 0.86 0.57 3.41
Volatile matter (wt.%) 7.29 5.29
Fixed carbon (wt.%) 91.40 90.31
Yield (%) 36.09 28.49
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Table II
Summary of values used to plot response surface curves as well as the R* and
SSE values
Eucalyptus | Eucalyptus Black wattle | Black wattle
(parallel) (perpendicular) | (parallel) (perpendicular)
a 8.358e+08 1.074e+09 5.22e+08 6.92e+08
b -4.031 -5.066 -2.292 -2.548
c 1.895 3.487 -0.7132 -0.3284
R? 0.8505 0.883 0.8566 0.8463
Adjusted R? 0.8172 0.8569 0.8248 0.8121
SSE 10.78 21.93 3.153 6.692
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Figure 10—Effect of temperature and time on the electrical resistivity of charcoal produced from eucalyptus wood in the direction parallel to the wood grain
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Figure 11—Effect of temperature and time on the electrical resistivity of charcoal produced from eucalyptus wood in the direction perpendicular to the wood grain
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Figure 12—Effect of temperature and time on the electrical resistivity of charcoal produced from black wattle wood in the direction parallel to the wood grain
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Figure 13— Effect of temperature and time on the electrical resistivity of charcoal produced from black wattle wood in the direction perpendicular to the wood grain

Figure 14—Secondary electron SEM images taken at 200x showing the structure of charcoal parallel to the wood grain: (a) eucalyptus original charcoal pyrolysed at
700 °C, (b) black wattle original charcoal pyrolysed at 700°C, (c) eucalyptus heat treated at 1800°C for 90 minutes, (d) black wattle heat treated at 1800°C for 90 minutes
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Figure 15—SEM images taken at 200x showing the structure of charcoal perpendicular to the wood grain: (a) eucalyptus original charcoal pyrolysed at 700°C, (b) black
wattle original charcoal pyrolysed at 700°C, (c) eucalyptus heat treated at 1800°C for 90 minutes, (d) black wattle heat treated at 1800 °C for 90 minutes

images were taken of both eucalyptus and black wattle charcoal
to determine if there was any change in the microstructure due to
the heat treatments. Figure 14 shows the structures of eucalyptus
and black wattle charcoal parallel to the wood grain, and Figure 15
shows the structures perpendicular to the wood grain.

» 506 OCTOBER 2023 VOLUME 123

Discussion

The results show that in general, the electrical resistivity of the
charcoal samples decreased with an increase in heat treatment
temperature and residence time, although this decrease became less

The Journal of the Southern African Institute of Mining and Metallurgy
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pronounced as the temperature increased. The greatest decrease in
resistivity took place between 700°C, the temperature at which the
charcoal was produced, and 800°C.

The trend in electrical resistivity in the charcoal produced
from eucalyptus varied slightly between the grain-parallel and
grain-perpendicular directions. The resistivities measured in the
perpendicular direction (Figure 11) were slightly higher than
those measured in the parallel direction (Figure 10). The resistivity
measured in the perpendicular direction decreased from 15.3
mQ-m at 800°C to 0.4 mQ-m at 1800°C, and in the parallel direction
from 9.6 mQ-m at 800°C to 0.3 mQ-m at 1800°C. The difference
between the two directions, however, was not as significant as was
originally expected. It was expected that there would be a change in
resistivity in the two directions due to the difference in structure.
However, the SEM analysis showed that the eucalyptus charcoal
has a similar structure and porosity in both directions. This can be
seen when comparing Figure 14 (a) and (c), the structure parallel
to the wood grain, to Figure 15 (a) and (c), the structure in the
perpendicular direction.

The trend in resistivity in the charcoal produced from black
wattle showed a similar response. The resistivities measured in the
perpendicular direction (Figure 13) were once again found to be
slightly higher than those measured in the parallel direction (Figure
12). The electrical resistivity measured in the grain-perpendicular
direction decreased from 7.1 mQ-m at 800°C to 0.3 mQ-m at 1800
°C, and in the grain-parallel direction from 4.7 mQ-m at 800°C to
0.2 mQ-m at 1800°C. Comparison of the charcoal structures in the
two different directions showed that black wattle exhibits a more
distinct structural difference than eucalyptus. The charcoal was
more porous in the parallel direction, as seen in Figure 14 (b) and
(d), compared to the perpendicular direction (Figure 15 b and d).

The resistivity model presented in Equation [2] is a purely
empirical model. An attempt was made to fit models based on
the rate of recrystallization of the carbon, But none of the models
provided an acceptable fit to the measured data. The data was fitted
to an Arrhenius plot without taking the effect of time into account.
Using the average resistivity for each temperature it was found that
the activation energy for resistivity change was 59.3 kJ/mol and 51.6
kJ/mol for the eucalyptus and black wattle charcoals respectively.

The microstructures of the two types of charcoal did not
change significantly with temperature, as seen in Figures 14 and
15. Changes may have occurred to the structure of the charcoal at
an atomic level, but these changes would not be visible in the SEM
images.

Conclusions

The effect of heat treatment temperature and residence time on
the electrical resistivity of charcoal made from two different types
of wood was investigated. The following conclusions were drawn
from the results.

»  The electrical resistivity of both eucalyptus and black wattle
charcoal decreased with an increase in heat treatment
temperature and residence time.

»  Inboth cases the resistivities measured in the grain-
perpendicular direction were higher than those in the grain
parallel direction.

»  The cracks present in the charcoal blocks would have had a
significant effect on the resistivity, thus affecting the results
obtained.

»  SEM analysis showed that there was no significant change

The Journal of the Southern African Institute of Mining and Metallurgy

in the microstructure of the charcoal with increasing
temperature. There could possibly be changes at an atomic
level that would not be visible in the images.

Recommendations

In future projects related to this topic, it is recommended that
lower temperatures be used for the pyrolysis process to reduce

the amount of cracking that occurs. Additional heat treatments
could be conducted in the temperature range of 700°C to 1000°C
to gain a better understanding of the trend in resistivity. It is also
recommended that the ash of the charcoal produced should be
analysed to get a better understanding of the composition of the
material. This could be done using either ICP-OES or XRF analysis.
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