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Abstract: The Joule heating behavior of carbon-based materials obtained by the process of carboniza-
tion of industrial para-aramid fabric wastes are investigated in the present work. Carbonization
involves a process of thermally decomposing organic material, thereby altering its physical and
chemical properties to obtain carbon-rich materials that are electrically conductive and display Joule
heating behavior. The principle of Joule heating is based on the intrinsic electrical resistance of the
material across an applied voltage. Here, para-aramid woven fabric wastes are converted into acti-
vated carbon materials through straightforward, controlled, single-step thermal treatments by three
different kinds of atmosphere, i.e., in the CO; evolved from charcoal, a mixture of gases from ammo-
nium bicarbonate salt (NH4HCO3), and Nitrogen gas (Nj), respectively, inside a high-temperature
furnace. The carbonization temperatures were varied from 800 to 1100 °C. The carbonization process
variables were optimized to obtain carbon-rich materials with lower electrical resistivity. The results
of electrical resistivity measurements show that for all three methods, the electrical resistivity de-
creases with increasing carbonization temperatures. An experimental setup consisting of an infrared
(IR) camera, positioned over the surface of the fabric specimen to record the surface temperature
of the material connected to a DC power supply, was employed. The kinetics of Joule heating and
subsequent cooling were also analyzed at a fixed voltage of 5 V by recording the changes in surface
temperature with respect to time. The heating-cooling cycle is described by a simple kinetic model of
first order.
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1. Introduction

In recent years, the growing demand for more multi-functional, techno-economic and
sustainable materials for various applications has attracted enormous research interest.
Electrothermal and Ohmic heating performance of textiles in particular have compelled
much attention in various heating applications. Carbonaceous materials in various forms
(fibers, fabrics, or particles) have drawn considerable attention as effective heating ele-
ments due to their intrinsic thermal and electrical properties [1,2]. These materials have
versatile applications in areas such as smart sensors, grounding materials to dissipate static
charge, structural health monitoring, de-icing in aerospace and wind-turbine structures,
and electromagnetic interference (EMI) shielding materials, among others [3-6].

Joule heating (also referred to as Ohmic heating or resistive heating), based on the
law of conservation of energy, is a phenomenon that occurs when a voltage difference is
applied across a conductive material such that electrical energy is consumed in overcoming
the resistance in the material between the electrons and the atoms, causing this energy to
be generated in the form of heat. This heating is referred to as Joule’s effect. The amount of
heat produced by the material is proportional to the square of the current, the resistance
of the circuit, and the duration for which the current flows through the circuit [7], shown
mathematically as follows:

Q = IRt 1)
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where Q is the heat produced by the material in joules; I is the electrical current flowing
through the conductor, in amperes; R is the electrical resistance, in ohms; t is the elapsed
time, in seconds. Joule heating has been extensively used in various applications where
thermal energy produced by the resistance in the conductor is put to use in the form of
conduction, convection, or radiation.

It is quite rhetorical to query how the processes of pyrolysis and carbonization of
various polymeric materials have been constantly carried out over time, in order to obtain
carbon-rich products conducive to various areas of application. Thermal decomposition
through these two phases involves aromatic evolution and polymerization of the organic
material, through bond cleavage reactions and the rearrangement of compounds in an inert
atmosphere over a wide temperature range [8-12]. Non-carbon volatiles in the form of
nitrogen, hydrogen, methane, carbon dioxide, carbon monoxide, ammonia, water, etc., are
eliminated during the process of carbonization, which contributes to almost 50 percent or
more by weight of the precursor material. The maximum temperature of carbonization
depends on the required type of carbon and its specific application. Fundamental modifica-
tions can be observed in the chemical composition as well as the physical properties [13-17].

The type of the precursor and the selected process parameters greatly influence the
final product of carbonization. Having said that, para-aramids (1, 4 p-phenylene tereph-
thalamide), more commonly recognized as Kevlar, have shown to be suitable precursors
to obtain carbon fibers by various methods of carbonization and activation (physical and
chemical) [10,18,19]. The carbonaceous materials obtained displayed significant electrical
and thermal properties. In the present experiment, we utilized feedstock material, gath-
ered from a local industry, as Kevlar fabric wastes and carbonized them to obtain carbon
fabric produce.

In the present study, a comparative analysis of the Ohmic heating behavior and
electrical properties of carbon fabrics obtained by the carbonization of para-aramid fabrics
by three different procedures was conducted. Here, we utilize charcoal and ammonium
bicarbonate salt (in separate methods), which are inexpensive and commonly available, in
comparison to Ny gas, in order to potentially create an oxygen-free atmosphere inside the
furnace to support activation during the carbonization process. The electrical resistivity
and Joule heating behavior of the activated carbon are analyzed. A kinetics model is
further used to analyze the heating and cooling cycles of the Joule-heated materials with
respect to voltage and time. The para-aramid fabrics used for this study were industrial
feedstock material, hence contributing towards sustainability and the potential utilization
of textile wastes.

2. Experimental
2.1. Materials

Kevlar 29 para-aramid woven fabric was obtained from Veba Textile Mills Ltd. (Broumov),
Czech Republic, in the form of discarded short fabric wastes with a yarn count of 1710 dtex,
density of 1.43 g/cm?, and 5.2 wt % moisture content (parameters specified by the manu-
facturing company).

2.2. Methodology

Carbonization of Kevlar was carried out using three different methods based on the
atmosphere created in the furnace during the process of pyrolysis, as described below.

Method 1: Charcoal Method

The carbonization of Kevlar fibrous wastes was carried out under the layer of charcoal,
creating a CO, atmosphere, in a high-temperature furnace. The Kevlar fabric was directly
carbonized without any intermediate stabilization step. The final temperatures of 800 °C,
900 °C, 1000 °C, and 1100 °C, with heating rate of 300 °C/h and without any holding time,
were adopted during the process of carbonization. This method is described more precisely
in our previous work [20].
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Method 2: Ammonium bicarbonate salt Method

Carbonization of Kevlar was carried out in a smelting furnace in a combined gas
atmosphere generated by using ammonium bicarbonate salt. Ammonium bicarbonate is
an inorganic compound with formula NH;HCOj3, and it decomposes when heated above
36 °C, releasing ammonia, water, and carbon dioxide gases as follows: NH;HCO3; — NHjs
+ HyO + COy, so the atmosphere created inside the furnace is mainly a mixture of gasses:
CO; and NHj, replacing air.

The Kevlar fabric samples in rolled form, were placed inside a cylindrical crucible,
positioned in the center of the furnace. A total of 10 g of ammonium bicarbonate salt
was added into the crucible containing the Kevlar sample, in order to create a mixed gas
atmosphere. The Kevlar fabric samples were carbonized to four final temperatures from
800 to 1100°C, with an interval of 100 °C.

Method 3: N, Method

Carbonization of Kevlar was carried out in a high-temperature furnace, in the presence
of an inert N flow atmosphere; a heating rate of 10 °C/min and holding time of 20 min
at the final temperature was adopted. The Kevlar fabric samples were carbonized to four
final temperatures from 800 to 1100 °C, with an interval of 100 °C.

The carbon samples obtained from the three methods mentioned above are listed in
Table 1, with details of their yields in percentages. For all three methods, the final product
at every selected final carbonization temperature, although weak, retained its fabric form
and possessed structural integrity, making it suitable to handle for further investigations.

Table 1. Details of carbonized samples.

Sample Atmosphere Carbonization Carblz)lnniilation Fabric Yield Carbon
Code Type Method Temperature (%) Yield (%)
Q)
C8 CO, 1 800 5824 £1.3 69.1 £0.9
C9 CO, 1 900 4726 £ 1.6 764+ 1.2
C10 CO, 1 1000 35.69 +2.1 83.44+0.8
C11 CO, 1 1100 3144+ 1.8 89.1+04
A8 Gas mixture 2 800 3021 +£1.1 83.7£0.6
A9 Gas mixture 2 900 2631+ 1.7 871+ 0.6
A10 Gas mixture 2 1000 2349 £25 88.5+0.8
All Gas mixture 2 1100 19.89 £ 2.8 90.2 + 0.8
N8 Nitrogen 3 800 4623 + 1.1 672 +0.9
N9 Nitrogen 3 900 4179 £1.2 734+ 0.8
N10 Nitrogen 3 1000 3447 £19 841+ 0.6
N11 Nitrogen 3 1100 30.60 £ 1.5 88.2+0.8

Energy dispersive X-ray (EDX) analysis was carried out using an LZ 5 EDX detector,
Oxford Instruments, High Wycombe, UK, in order to calculate the relative percentages
of different elements in the activated material after the carbonization process at different
temperatures. The elemental analysis of the starting material, Kevlar, in terms of weight
percentages on dry basis, was 63.85% C, 15.09% N, 0.8% S, and 18.84% O [20]. Thermal
degradation advances with increasing temperatures by the removal of volatile compounds.
The increase in carbon content (as a percentage) is of primary importance when enhancing
the electrical conductivity and Joule heating of the final product (shown in Table 1). The
remaining composition of the carbon fabrics obtained after carbonization is made up of
trivial amounts of impurities such as Na, K, Cl, and Ca.
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2.3. Ohmic Heating Measurement

The Joule heating behavior of the carbon fabric samples were characterized using a
test setup as illustrated in Figure 1. The test sample was clamped in position along its width
by a pair of 6 cm long electrodes at both ends, which were 8 cm apart. These electrodes
were connected to a DC power supply (TIPA PS3010), TIPA, spol. sr.o, Opava, Czech
Republic. An IR camera (FLIR-E6390), Teledyne FLIR LLC, Oregon, USA. was placed above
the test sample at a height of 40 mm, in order to monitor the surface temperature and heat
distribution on the sample surface. The current 1 A was kept constant, and the voltage was
gradually increased from 0 V to 10 V, at intervals of 1 V, with a holding time of 10 s, and
the average temperature over the middle section of the material between the two sets of
electrodes was considered.

Heat - — |R camera
: R w"ﬂ'

et

|
|
|
-~ - |
|
|
|

-5

|

Activated carbon DC power supply

Figure 1. Joule heating measurement setup.

Furthermore, to investigate the Joule heating performance of the carbon fabrics ob-
tained by different methods of carbonization, a constant voltage of 5 V was applied to
evaluate the heating/cooling kinetics based on the time-temperature characteristics of the
materials.

2.4. Electrical Resistivity

Correspondingly, the test sample was clamped the same way as mentioned in the
previous section to measure the Joule heating and was connected to a digital multimeter,
which displayed the electrical resistance (in ohms) of the material. A current flow of 1 A was
set by regulating the voltage and the resistance value was recorded after 10 s. Furthermore,
the electrical resistivity (in ohm.cm) was calculated mathematically as follows [7]:

A xR
=7 @)

where p is the electrical resistivity (in ohm.cm); A is the cross-sectional area (along the
width of the fabric sample in our case); R is the resistance measured (by the multimeter);
and L is the length of the fabric sample.

3. Results and Discussions
3.1. Electrical Resistivity

Figure 2 shows the electrical resistivity of the fabrics carbonized to four final tempera-
tures ranging from 800-1100 °C, using methods 1, 2, and 3. The electrical resistivity of all
samples was measured five times per sample. It is evident that for all three methods, the
electrical resistivity decreased progressively with increasing carbonization temperatures.
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This is attributed to the higher carbon yield due to carbonization at higher temperatures,
due to the removal of organic compounds in the form of volatiles [21,22]. These carbon-rich
fabrics acquire a dense micro current network and create a better passage for current flow.
Migration and hopping of electrons through the fibrous network, being a potential means
of electron transport, is thought to be responsible for the higher electrical conductivity or
lower resistivity [20,23]. For all three methods, there was no significant difference in the re-
sistivity between fabrics carbonized at 800 °C to 1000 °C. The electrical resistivity of fabrics
processed by methods 1 and 2 were nearly the same at 1000 °C and 1100 °C carbonization
temperatures. Overall, in all three methods the carbonized fabrics displayed lower resistiv-
ity, or rather greater conductivity at higher carbonization temperatures, which indicates
higher current flow through these materials, thus contributing to increased Joule heating.

12
-l- —eo— Method 1
£ 1 —e—Method 2
9
£ 8 Method 3
L
o
> 6
>
2
.'Z 4
[7,]
[J]
o 2
0
800 900 1000 1100
—e— \lethod 1 4.77 2.52 0.151 0.129
—o— ethod 2 5.69 2.34 0.158 0.128
Method 3 10.42 5.662 0.738 0.603

Temperature (°C)

Figure 2. Electrical resistivity of activated carbon fabrics from methods 1, 2, and 3.

3.2. Joule Heating Characteristics
Temperature—Voltage (T-V) relation

The surface temperature of activated carbon fabrics was investigated at applied volt-
ages ranging from 0 to 10 V, at intervals of 1 V for constant current I = 1 A; the surface
temperature was recorded 10 s after setting the specific voltage. Figure 3a—c show the T-V
curves of the fabrics carbonized by methods 1, 2, and 3, respectively. For each sample,
the average value of five test measurements was considered. For fabrics obtained by all
three methods, observations made from the T-V curves demonstrate that, initially, the
surface temperatures stayed nearly the same, without a significant rise in temperature
when a low voltage (V < 3 V) was supplied. Subsequently, with increasing voltage, the
surface temperature of the fabrics gradually increased. Similarly, for all three methods, the
fabrics carbonized at 1000 °C and 1100 °C showed a considerably steep increase in surface
temperature with increasing voltage. The surface temperatures for fabrics carbonized at
1000 °C and 1100 °C were nearly alike over the entire range of applied voltage (0-10 V). At
the maximum applied voltage (10 V), methods 1, 2, and 3 showed surface temperatures of
244 °C, 264 °C, and 210 °C, for fabrics carbonized at 1000 °C.
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Figure 3. Temperature—voltage relation of activated carbon fabrics from (a) method 1; (b) method 2;
and (c) method 3.

Heatingl/Cooling Kinetics: Temperature—Time (T-I) relation

The purpose of this segment was to analyze the kinetics of continuous heating and
cooling of the carbon fabrics, obtained by time-dependent temperature (T-I) relation curves
(shown in Figure 4). For each sample, the average value of five test measurements was
considered. It is evident that for all the samples, the surface temperature increased steeply
once the voltage (set at 5 V) was applied starting at 0 s, and then, after 30 s, the rate of
temperature growth gradually increased and reached the maximum temperature at 120 s.
Consecutively, after switching off the electrical power supply, the temperature decreased
rapidly to room temperature. The stable increase in temperature by Joule heating for fabrics
obtained by all three methods greatly depended on the final carbonization temperature.
Furthermore, the leveling-off temperature was higher for fabrics carbonized at 1000 °C and
1100 °C, for all three methods at the same applied voltage (5 V). It is clear that under the
same applied voltage, the magnitudes of the maximum temperatures were nearly the same
for fabrics carbonized at 1000 °C and 1100 °C for all three methods. For this reason, the
fabrics carbonized at 1000 °C, using the three methods (C10, A10, and N10), were taken into
consideration for comparison (Figure 4d). The maximum temperature of C10 was slightly
higher than that of A10 and N10. Furthermore, the initial increase in surface temperature
with respect to time was significantly higher for C10 than for A10 and N10. This can be
attributed to the more uniform distribution of graphite layers with the fibrous structures
for higher current flow. The delay in the increase of surface temperature before reaching
a maximum, especially for A10 and N10, is possibly be due to the initial heat loss due to
convention or radiation, which means it takes longer for current to be distributed uniformly
as possible, throughout the surface of the fabric, and thus takes longer to stabilize and
reach the maximum temperature.
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Figure 4. Temperature-time relation of activated carbon fabrics from (a) method 1; (b) method 2;
(c) method 3; and (d) comparison of the three methods for fabrics carbonized at 1000 °C.

Here, three heating/cooling kinetic parameters, namely, heating time constant, ef-
ficiency of heat transfer, and cooling time constant were obtained to further investigate
the Joule heating properties of the carbon fabrics. The T-I curves for fabrics obtained by
all three methods shown in Figure 4 can be divided into three sections: (i) temperature
growth (heating; 0-60 s), (ii) the region of equilibrium (maximum temperature; 60-120 s),
and (iii) temperature decay (cooling; 120-210 s) [24,25].

The heating/cooling kinetics can be simply expressed by a rate equation of the first
order, where rate of temperature change dT/dt is proportional to actual temperature T. For
the heating phase, the rate equation is of the form [24,25]:

ar
— = k(T — T
where T, is maximum temperatue in equlibrium and kj, is the rate constant of heating,

which is evidently replaced by the time constant 7, = 1/k;,. Integration of this differntial
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equation in the range from ambient temperature T, at time f = 0, to temperature T}, at time
t, leads to the following equation [24,25]:
T: — To
T Ty 1—exp(—t/1g) (4)
The initial heating segment is expressed by Equation (4) and the parameters Ty, T¢
are obtained by nonlinear regression.
For the cooling phase, starting from time fy, it can be shown that [24,25]:

T, — Ty

=Ty exp(—(t —to) /) 5)

where cooling time constant is 77 =1/k..

The resulting values for all the activated carbon fabrics are listed in Table 2. The values
of T for N10 and N11 are greater than those of A10, A11, C10, and C11 because of their
higher resistivity.

Table 2. Characteristic parameters (7g, hr+c, and 7,) for Joule heating performance of all activated
carbon fabric samples under applied voltages.

Carbonization Carbonization o

Method Temperature 7g (S) hysc (WIFQ) T4 (S)
800 19.60 0.09 89.83

1 900 24.11 0.08 107.52
1000 19.84 0.07 57.82

1100 19.63 0.07 60.66

800 30.36 0.04 100.77

5 900 41.01 0.04 126.59
1000 25.99 0.10 92.24

1100 28.92 0.10 89.12

800 44.82 0.03 126.82

3 900 38.86 0.03 105.76
1000 42.17 0.09 88.94

1100 41.68 0.10 70.21

The t,; values obtained from nonlinear regression of experimental time-dependent
temperature decay data, using Model (5), are summarized in Table 2. The 7o and 7, values
of C10 and C11 were noticeably lower than those of A10, A11, N10, and N11. This means
that C10 and C11 exhibited comparatively more rapid temperature responses to applied
voltages and were easier to control.

In the maximum temperature zone (region of equilibrium), where the temperature as
a function of time becomes constant, the heat gain by electric power is counteracted by the
heat emitted to the surroundings through radiation and/or convection, due to conservation
of energy. As such, the heat transferred through radiation and convection, /.., can be

expressed as [24,25]:
IV

“T-Th ©

where I, is the steady-state current and V| is the applied voltage. It can be seen in Table 2
that the k.. increases with A10, A11, N10, and N11 as compared to C10 and C11, indicating
that comparatively more electrical energy is required to maintain the maximum tempera-
tures for these materials. In the third segment, the material at maximum temperature is left
to cool down to the ambient temperature according to Equation (5).

hr+c
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4. Conclusions

In this work, simple and straightforward methods to utilize textile wastes in a sus-
tainable manner with high carbon yield, electrical conductivity and joule heating behavior
has been achieved. Carbonization of industrial para-aramid fabric wastes was carried out
using three unadorned and straightforward methods to produce activated carbon fabric,
which was then investigated for the realization of electrical resistivity and Joule heating.
Inexpensive and commonly available compounds such as charcoal and ammonium bicar-
bonate salt (methods 1 and 2) were utilized to potentially create an oxygen-free atmosphere
inside a furnace to assist in activation during the carbonization process, in comparison to
N2 gas, which was used in method 3. All three methods were shown to be effective at pro-
ducing activated carbon fabrics from para-aramid. The electrical resistivity of the activated
carbon fabrics processed by all three methods was shown to decrease significantly with
increasing carbonization temperature. Methods 1 and 2 showed lower electrical resistivity
in comparison to method 3. Both electrical resistivity and Joule heating characteristics were
greatly influenced by the final carbonization temperatures for all three methods. For fabrics
obtained by all three methods, it can be seen that in the T-V curves the surface temperature
remained low with no significant changes when a low voltage (V < 3 V) was supplied.
However, the surface temperature of the fabrics increased with higher voltage (V >3 V). At
maximum voltage (10 V), C10 and A10 showed the highest surface temperatures of 244 °C
and 264 °C due to lower electrical resistivity, or greater conductivity. To further investigate
the thermal properties of the carbonized materials, we expressed three heating/cooling
kinetic parameters. The increase in temperature by Joule heating for fabrics obtained by all
three methods greatly depended on the final carbonization temperature. The leveling-off
temperature was higher for fabrics carbonized at 1000 °C and 1100 °C, for all three methods
at the same applied voltage (5 V). The maximum temperature of C10 was slightly higher
than that of A10 and N10. Moreover, the initial increase in surface temperature with respect
to time was significantly higher for C10 than for A10 and N10. Cumulatively, we can
say that methods 1 and 2, which utilized charcoal and ammonium bicarbonate salt, were
comparatively more desirable in terms of both electrical and Joule heating characteristics,
while also being cost-effective and sustainable. We concluded that this material retains
structural integrity after carbonization at specified temperatures (800 to 1100°C), excellent
electrical conductivity and Joule heating ability, and can thus be proposed as a material
for protective panels, enabling EMI shielding and heat generation via external powering
towards thermally and/or electrically regulated sensors.
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