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ABSTRACT

The conductivity of chromium-tanned pigskin leather waste carbonized in various manner to nitrogen-
containing carbons is reported. Four protocols have been tested: (1) The simple carbonization at 800
°C in inert atmosphere, (2) the carbonization at 500 °C followed by the activation with potassium
hydroxide at 800 °C, (3) direct activation with the alkali at 800 °C and (4) the similar activation with
potassium hydroxide excess. The fibrous collagen morphology was preserved after the carbonization
except for some shrinkage. The yield in the simple carbonization, 26.9 wt%, was reduced to 23.9 wt%
for the activated products. Elemental analysis indicated reduced content of organic elements after
carbonization, and X-ray fluorescence the composition of growing inorganic part. The chromium
content in biochar was close to 12 wt% and the X-ray diffraction revealed also the presence of metallic
chromium in addition to expected chromium(lll) oxide and sulfide. FTIR and Ramanspectroscopies
demonstrated the typical pattern of carbonized materials. The specific surface area and pore volume
increased after the activation. The resistivity of the powdered carbonized leather was determined in
four-point van der Pauw setup. It decreased by more than one order of magnitude as applied pressure
increased from 0.1 to 10 MPa. The sample conductivity depended only a little on the way of
carbonization and was of the order of tenths to units S cm™ at10 MPa. The precarbonization followed
by the activation provided the best result with respect to the yield, nitrogen-content, specific surface
area and conductivity of the carbonized material.
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1. Introduction

There is a general concern to convert various wastes to products that can be further applied in various
directions (EI-Hout et al., 2022; Hemati et al., 2023). For example, leather waste is generated in the
world by vast amounts. The conversion of collagen biopolymer to carbonaceous materials at elevated
temperature by carbonization in inert atmosphere has led to variety of useful products, among them
the solid biochar being the most often exploited (Stejskal et al., 2023). The large-scale uses in the



construction materials are illustrated by the fillers to cement (Sivaprakash et al., 2017) or mortar
(Andrade and Mattje 2012), bitumen binder (Murugan et al., 2020) or as a replacement of recycled
plastics (Enfrin and Giustozzi 2022). In agriculture, the compost additive (Guo et al., 2020), a fertilizer
(Kuligowski et al., 2023) or soil conditioners (Skrzypczak et al., 2022) fall to this category. The
application as a solid fuel was also proposed (Kluska et al., 2019; Lee et al., 2019; Li et al., 2023; Sun
et al., 2023). The materials of practical interest are further represented by adsorbents of pollutants,
e.g., organic dyes and heavy-metal ions, in water pollution treatment (Oliveira et al., 2011; Arcibar-
Orozco et al., 2019; Gupta et al., 2022; Ke et al., 2022; Pinheiro et al., 2022) or by the removal of
organic vapours (Rossi et al., 2023). The materials of this type are likely to be also applicable in
hydrogen and carbon dioxide storage (Ouzzine et al., 2021; Serafin et al., 2023).

The energy-storage devices currently employ carbons as electrode components. It is not surprising that
the carbonized leathers have been successfully tested in supercapacitors (Konikkara et al. 2016a,
2017; Ma et al., 2019; Liu et al., 2022; El-Hout et al., 2022), lithium-ion batteries (Ashokkumar et al.,
2012; Han et al., 2020) or in electrodes for electrocatalysis (Alonso-Lemus et al., 2016; Soni et al.,
2019; Ke et al., 2022). For such applications, electrical conductivity is a prerequisite but its quantitative
determination has rarely been reported in the literature (Ashokkumar et al., 2012; Konikkara et al.,
2016b). The reason is obvious: the products of carbonization are obtained as powders that cannot be
compressed to pellets used for the routine four-point conductivity determination. Electrical properties
thus have to be determined on compressed powder, and the results are dependent on applied
pressure. The four-point van der Pauw setup applicable to well-conducing samples has only recently
been developed for this purpose (Stejskal et al., 2022).

The present study is oriented on the determination of conductivity (or its reciprocal presentation,
resistivity), along with other parameters that matter in the design of energy-storage devices, such as
specific surface area and elemental composition, with emphasized role of nitrogen and chromium
content.

2. Experimental
2.1. Carbonization

Chromium-tanned grey pigskin leather obtained from Bata a. s., Dolni Némci, Czech Republic) was
originally supplied from Garbarnia Nadarzyn (Poland). The leather for pyrolysis experiments was
adjusted to the required size with the knife grinder Testchem LMN 100 (Poland) and IKA Tube Mill
control (Germany).

Simple carbonization (sample 1): Preparative carbonizations were carried out at 800 °C in LT tube
furnace (LAC, Czech Republic) in inert nitrogen atmosphere with 5.0 quality. The system operated as a
batch reactor and, after establishing inert atmosphere, continuous gas flow was not necessary. The
selection of 800 °C temperature was based on preliminary series of carbonizations as a compromise
between complete conversion to carbons, good level of conductivity, and reasonable yield. The power
was switched on and the temperature increased at 5 °C min™! rate to the target temperature and kept
there for 3 h. The power was then switched off and the product was left to cool to ambient
temperature still under nitrogen atmosphere.

Two-step carbonization/activation (sample 2): At the beginning, leather was pyrolysed at 500 °C again
with heating rate of 5 °C min and a residence time of 3 h. The biochar was activated with saturated
aqueous solution of potassium hydroxide (Penta, Czech Republic) at 1:1 mass ratio. The mixture was



dried at 105 °C overnight in the Memmert UF55 m dryer (Germany). Activated biochar was pyrolysed
in the tube furnace at 800 °C under the same conditions as above.

Direct activation (sample 3): A mixture of leather with potassium hydroxide solution in the 1:1 mass
ratio was prepared. The mixture of both components was dried in a dryer at 105 °C overnight. The
resulting solids were pyrolysed at 800 °C as above.

Activation with excess KOH (sample 4): The same as the preceding procedure but the mass of
potassium hydroxide solution was doubled to 1:2 mass ratio.

Washing 1H-4H): This step removed water-soluble part of samples, especially the alkaline residuals
after activation, but not necessarily all inorganic components. A part of carbonized leathers 1-4
underwent a treatment with 0.1 M hydrochloric acid. All carbonized leathers were then washed twice
with copious amount of hot water (80 °C) and ten times with cold one (20 °C). The solids were left to
dry at 105 °Cin a dryer overnight, milled, and sieved. For the analysis, the particle size fraction below
0.16 mm was used.

2.2. Characterization

Thermogravimetric analysis was carried out with a TGA 701 apparatus (Leco, USA) in inert nitrogen or
in air at heating rate 5 °C min™ in 20-800 °C temperature range.

Scanning electron microscope (Tescan Vega, Czech Republic) displayed the morphology at various
magnification. Samples were gold-sputtered prior to microscopy.

Elemental analysis was performed with a CHSN 628 analyzer (Leco, USA) equipped with IR and TC
cells. Samples were burned in air at 950 °C for determination of C, H, N elements and in order to
determine sulfur content, a temperature of 1350 °C was used. X-ray fluorescence spectrometry
(Spectro Xepos, XRF, Germany) was used to quantify inorganic elements in ash.

Phase composition and microstructural properties were determined using X-ray powder diffraction
technique. Diffraction patterns were obtained with detector a D/teX Ultra 250. The source of X-ray
irradiation was Co tube (CoK,, 4; = 0.178892 nm, 1, = 0.179278 nm) operated at 40 kV and 40 mA.
Incident and diffracted beam optics were equipped with a 5° Soller slits; incident slits were set up to
irradiate the sample area 10 X 10 mm? constantly (Smartlab, Rigaku Corp., Japan).

FTIR spectra were collected using a Nicolet 6700 spectrometer (Thermo-Nicolet, USA) equipped with
a reflective ATR extension GladiATR (PIKE Technologies, USA) with a diamond crystal. Spectra were
recorded in the 4000-400 cm™ range at resolution 4 cm™, 64 scans and Happ-Genzel apodization.

Raman spectra were recorded with a Thermo Scientific DXR Raman microscope operating with a 532
nm laser line. The spot size of the laser was focused by 50 X objective. The scattered light was analysed
by a spectrograph with holographic gratings 900 lines mm™ and a pinhole width of 50 um. The
acquisition time was 10 s with 10 repetitions.

Commercial apparatus 3Flex (Micromeritics Ltd., USA) was used for the assessment of surface
properties, specific surface area, mesopore surface, and micropore volumes. The measurement was
based on nitrogen adsorption at 77 K. Before each experiment, the samples were dried and degassed
in 0.06 mbar vacuo at 350 °C for 48 h.



2.3. Electrical properties

The resistivity of the powdered carbonized leathers was determined by using the four-point van der
Pauw method employing a lab-made apparatus composed of a cylindrical glass cell with an inner
diameter of 10 mm (Stejskal et al., 2022). The carbonized powders were placed between a glass
support and a glass piston carrying four platinum/rhodium electrodes at the perimeter of its base. The
set-up used a current source Keithley 220, a Keithley 2010 multimeter and a Keithley 705 scanner with
a Keithley 7052 matrix card. The pressure up to 10 MPa was registered with a L6E3 strain gauge cell
(Zemic Europe BV, The Netherlands). The force was applied using an E87H4-B05 stepper motor
(Haydon Switch & Instrument Inc., USA).

3. Results and discussion
3.1. Carbonization

The preliminary thermogravimetric analysis provides an insight on the course and yield of the
carbonization at analytical scale. When the experiment was carried out in inert nitrogen atmosphere
(Fig. 1a), the first mass loss took place close to 102 °C and it corresponds to the release of water. The
content of humidity in original leather was 12.4 wt%. The carbonization step is centred at relatively
low temperature, 343 °C, leaving a residue of 26 wt% at 800 °C. The similar pattern is observed when
the analysis is carried out in air (Fig. 1b). In addition, the decomposition of the carbonized products
takes place in the vicinity of 422 °C and it is completed at 590 °C, leaving about 3 wt% of ash
represented by inorganic fraction.

Above analysis provides some guidance for the understanding of the preparative carbonization. Four
carbonization at 800 °C have been carried out (Table 1), leaving the yields between 23 and 28 wt%.
The yields of biochar above 20 wt% can be regarded as still acceptable for the practical preparation of
carbonaceous materials.
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Fig. 1. Thermogravimetric analysis of leather (a) in inert nitrogen and (b) in air.
Table 1 Overview of the carbonization procedures and the yield.
No. Procedure Yield, wtlt
1 Simple carbonization at 800 °C 26.5
2 Pre-carbonization at 500 °C followed by activation with KOH (1:1) at 800 °C 27.7
3 Direct activation with KOH (1:1) at 800 °C 23.9
4 Activation with excess KOH (1:2) at 800 °C 23.8




3.2. Morphology

The leather is composed of collagen fibres (Fig. 2, top) that fuse after the carbonization (Fig. 2, bottom).
The connective fibrous structure becomes preserved after carbonization except for some shrinkage.
The structural connectivity is the prerequisite for the good electrical conduction of resulting carbons.

3.3. Elemental composition

Elemental analysis reveals the increase in carbon content after carbonization as expected (Table 2).
The hydrogen atoms are practically eliminated. The simple carbonization (sample 1) leaves a significant
fraction of nitrogen atoms that are beneficial for various applications, due to their ability to be
hydrogen-bonded to the species in surrounding medium. This is important especially for adsorption
phenomena. The content of nitrogen is significantly reduced after activation with potassium
hydroxide. At the same time, the content of sulfur increases. The content of ash also increases and the
products of extensive activation (e.g., sample 4) are mainly of an inorganic nature. They cannot be
regarded as nitrogen-containing carbons any more. Yet, as demonstrated below, they still retain a good
level of conductivity.

The participation of inorganic elements in ash (Table 3) reveals the dominating presence of chromium,
which is separately discussed below. This is followed by the contribution of silicon, aluminium and
calcium, as may be expected in natural materials. The activation with potassium hydroxide introduces
a significant amount of potassium. The presence of Cl, Ti, P, Mn, Zn, and Ni atoms was detected in
amounts below 1 wt%. The sum of all elements corresponds to the amount of ash in the sample. The
washing of the samples with hydrochloric acid (samples H) had only a negligible effect on the elemental
composition (Tables 2 and 3).



Fig. 2. Scanning electron micrographs of original leather (top) and leather after simple carbonization at 800 °C (bottom)
taken at lower (left) and higher magnification (right).

Table 2 The content of organic elements from elemental analysis and the fraction of inorganic part, ash (wt%).

Sample C H N s o= Ash

Original 46.67 7.97 1461 1.72 22.45 6.78

1 70.68 1.06 7.64 0.61 = 0.05 20.00
1H 63.48 2.10 7.37 0.65 0.938 20.42
2 66.42 1.79 2.62 0.30 0.95 27.92
2H 66.04 1.26 259 0.15 1.39 28.53
3 53.69 0.92 1.59 1.64 0.6 41.43
3H 53.22 0.56 180 1.67 0.26 4219
4 30.93 0.74 0.569 4.01 =0.05 63.41
4H 28.73 0.70 0.56 5.66 = 0.05 654.04

a Content of oxygen is calculated to 100%.



Table 3 The content of inorganic elements in carbonized material (wt%) obtained from the analysis of ash by X-ray
fluorescence analysis.

Sample Cr 5i Al Fe Ca K

1 12.65 2.87 2.00 0.33 0.40 0.16
1H 12.42 274 1.58 0.57 0.42 0.16
2 13.89 2.90 1.95 0.59 1.19 6.56
2H 12.54 3.30 2.30 0.79 1.39 6.99
3 15.54 3.93 2.6l 6.35 1.71 6.59
3H 15.65 3.74 2.51 7.10 1.95 6.71
4 19.56 3.71 2.19 (21.57%) 1.72 5.77
4H 18.67 4.01 2.44 (19.57%) 1.72 5.98

9 [ron content is affected by the corrosion of furnace in aggressive activation medium.

3.4. Chromium

The presence of chromium is specific for the carbonization products of chrome-tanned leather.
Tanning is the process of transforming the skin or hide of various animals into leather. Chromium(lll)
salts are used for tanning, and the modern plants in use today are still not regarded as eco-friendly.
They are used for crosslinking of collagen fibres and become strongly incorporated in leather structure.
Despite the non-toxicity of chromium(lll), the potential risk of toxic chromium(VI) to the environment
and human population in the vicinity of tanneries is suspected, and this applies especially to industrial
wastewaters. The presence of chromium(VI) can be completely eliminated in carbonized products
(Fang et al., 2019; Murugan et al., 2020; Zhou et al., 2021). The typical content of chromium in leather
amounts to 4-5 wt% (Zhou et al., 2021) and it increases after simple carbonization to 12-13 wt%.

So far unreported chromium metal has been identified with XRD, where significant peaks of metallic
chromium (Cr°) were found at sites 51 and 75°(Fig. 3). Chromium has a high metallic conductivity 8 X
10% S cm™ at 20 °C. In the composites, the overall conductivity is governed by the volume fraction of
conducting component. Due to the high density of chromium, 7.3 g cm™3, the volume fraction of the
metal in the composite with carbon can be estimated as 2-3 vol%. Such content of a particulate filler
falls below the percolation limit, 17-18 vol%, which sets the onset of composite conduction. For that
reason, the presence chromium cannot affect the overall conduction mediated by the carbon matrix.

The peaks of metallic chromium were no longer observed to such an extent in activated samples 2-4
(Fig. 3). While the activation will disrupt the surface of carbonaceous material, the reaction of
heteroatoms with each other can be achieved and therefore chromium sulfides (CrsS4) or oxides (Cr,0s)
are formed (Oliveira et al., 2011; Fang et al., 2018; Arcibar-Orozco et al., 2019; Sun et al., 2021). The
former compound was probably formed by the reaction of chromium with hydrogen sulfide, since raw
leather contained about 1.7 wt% sulfur. As a result of the etching of the organic structure, the formed
hydrogen sulfide could react with metallic chromium.

In samples 1-3 we can also observe a typical broad graphite peak (8-15°). In the sample 4 it disappeared
because the addition of KOH in excess caused complete etching of the organic matter and destruction
of its molecular structure. After activation, only about 30 wt% of carbon was present in the sample and
the graphite structure was no longer formed during pyrolysis. The peak at 34° in samples 2-4 is assigned
to kalsilite (KAISiO4) which was produced due to chemical activation of samples using potassium
hydroxide. The presence of potassium in the activated samples was also confirmed by XRF analysis
(Table 3).
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Fig. 3. Wide-angle X-ray diffractograms of carbonized leathers.

3.5. FTIR and Raman spectroscopy

The infrared spectra of the all samples are practically featureless. They correspond to the carbon-like
organic part where the Raman active D- and G-bands (see below) are inactive in FTIR spectra. In
disordered samples, however, they become IR-active because of symmetry breaking of the carbon
network. Two broad maxima situated at 1572 and 1036 cm™ are present in the spectrum of sample 1
prepared by simple carbonization (Fig. 4a). The spectrum of sample 2 prepared by two-step process
and 3 prepared by direct activation contain in addition to local maximum at 1572 cm™ also two
featureless local maxima at 1107 and 968 cm™, which may be assigned to the residual bands of collagen
or impurities introduced by the activation. In the spectrum of sample 4 prepared by the activation with
excess KOH these bands are more pronounced and the maxima at 827 and 594 cm™ are observed.

The Raman spectra are typical of carbonaceous materials with two broad bands situated at 1594 cm
("G-band" for graphite) and at 1350 cm™ ("D-band" for the disordered form) (Fig. 4b). The first
originates from the ordered hexagonal rings consisting of conducting sp2-bonded carbon, and the
second becomes active only in the presence of structure disorder (Robertson 2002; Dresselhaus et al.,
2008). The ratio of the intensities of the D- and G-bands is higher for samples 3 and 4 in comparison
with samples 1 and 2, which signifies an increase in disorder in former samples.
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Fig. 4. (a) FTIR and (b) Raman spectra of carbonized leathers (1-4).

3.6. Specific surface area

The specific surface area is important parameter when the carbonaceous materials are planned to be
used as adsorbents, electrocatalysts or in supercapacitor electrodes. The simple carbonization yields
the samples with low area, here 161 m2g™* (Table 4, Fig. 5), often only of the order of units or tens m?g-
1 at best (Oliveira et al. 2008, 2011; Colmenares et al., 2014). The activation, e.g., the carbonization in
the presence of potassium hydroxide, increases this parameter to hundreds or even a few thousands
m?g?! (Ma et al., 2019; Han et al., 2020; Liu et al., 2020; Cabrera-Codony et al., 2021). The porosity
increases accordingly (Table 4). The extensive activation, however, is not favourable. Except for the
simple carbonization, the washing had negligible effect on the properties. For above applications
mentioned above, the presence of nitrogen atoms is important due to their ability to participate in



hydrogen bonding in aqueous media. Here, the activation strongly reduces or even eliminates the
nitrogen content in the chars (Table 2). From this point of view, a two-step process based on the
precarbonization followed by activation seems to be the best compromise.

3.7. Resistivity

Electrical properties of carbonized leather have been reported so far rarely (Ashokkumar et al., 2012;
Konikkara et al., 2016b; Stejskal et al., 2023) due to technical difficulties. The final products of
carbonization are obtained as powders that cannot be compressed to free-standing pellets used for
the routine conductivity determination. For that reason, the powder has to be characterized in
compressed state and the conductivity (or the reciprocal quantity, a resistivity) depends on the applied
pressure (Fig. 6). So far, the two-probe measurement has been reported in the literature (Ashokkumar
et al.,, 2012; Konikkara et al., 2016b), which suggested a good level of conductivity. For such
conducting samples, however, the four-point measurement in van der Pauw setup is more appropriate
and was applied in the present study.

The resistivity of the carbonized materials decreased with applied pressure (Fig. 6). The absolute value
of the slope of this dependence reflects the compressibility of the samples, i.e. how easily is the volume
reduced in the response to applied pressure. The present samples yield to the pressure as may be
expected for organic rather than inorganic materials. At the reference pressure, here 10 MPa, the
conductivity of samples is of the order of tenths and units S cm™ (Table 4), i.e. at the level found in
conducting polymers, such as polypyrrole (Stejskal et al., 2023). This is an important result as in some
applications of conducting polymers, the carbonized leather may be an economic replacement. The
results also indicate that the way of carbonization had no significant effect on the conductivity of
products; the differences within one order of magnitude can be regarded as small (Table 4).

Table 4 Specific surface area (BET) and the area of mesopores, S, micropore and total pore volume, VV, median pore width,
d, and conductivity, a, determined under 1 and 10 MPa pressure before and after washing (H).

Sample 5, m3g! V, em®g? d, nm o, 5em !
BET Mesopores (2-50 nm) Micropores (<2 nm) total pore width 1 MPa 10 MPa

1 161 4.6 0.079 0.087 0.52 0.050 0.22
1H 298 64.4 0.116 0.178 0.51 0.047 0.23
2 1170 96.7 0.504 0.603 0.45 0.31 1.39
2H 1180 107 0.507 0.616 0.49 0.37 1.41
3 928 190 0.342 0.519 0.51 0.51 1.69
3H fititi] 179 0.329 0.495 0.51 0.25 1.01
4 511 177 0.156 0.351 0.54 0.19 0.71
4H 519 195 0.153 0.374 0.54 0.20 0.75
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4. Conclusions

The effect of carbonization protocol on the conductivity of products was the primary goal to test. Four
types of leather carbonization and activation have been carried out. All products have been obtained
in comparable yield 23-28 wt% and they had similar conductivity of the order of tenths to units, 107-



10° S cm™, determined on powders compressed at 10 MPa. Such conductivity is comparable with that
of conducting polymers, such as polypyrrole (Stejskal et al., 2023). The extensive washing with dilute
acid and water meant to remove soluble inorganics and activation residues, had no significant effect
on electrical properties. The samples differed, however, in the specific surface area. The simple
carbonization at 800 °C yielded the product with relatively low area, 161 m?g?, which increased to
1180 m%g! in two-step precarbonization/activation procedure. The content of ash increased from 20
wt% for simple carbonization to 64 wt% for the activation with excess of potassium hydroxide,
indicating the gradual loss of organic carbon from 71 wt% to 28 wt% and nitrogen from 8 wt% to 1
wt%. While the product of simple carbonization can be regarded as a nitrogen-containing carbon, the
extensive activation may lead to mainly inorganic material without any relation to the original leather
structure. Chromium was found in all samples, from 13 wt% in metallic state after simple carbonization
to 20 wt% after activation in chromium(lll) oxide or sulfide. The presence of metallic chromium is
regarded as positive for potential electrocatalytic applications. The two-step process, when the
precarbonization 500 °C was followed by the activation at 800 °C, is the best carbonized material with
optimized yield, nitrogen and chromium contents, specific surface area, and conductivity.
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