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Carbon black is a product with multiple applications, including use as an additive for tyres or plastics, as well as
ink or toner. Current methods of carbon black production are based on incomplete combustion of fossil fuels,
followed by quenching, resulting in a high carbon footprint and related emissions. Even though unintended,

IvjvacStilin biodegradable bioplastics at the end of life still pose problems to waste management plants. Most notably, the
H?Cy J time required for bioplastics to biodegrade is longer than the typical residence time in state-of-the-art processes,
Pyrolysis such as anaerobic digestion and composting. This causes incomplete degradation and reduces the efficiency of

waste treatment facilities. This work provides an experimental evaluation of a novel method of production of
carbon black, using bioplastic waste (namely, cellulose acetate) as a feedstock. The proposed system consists of
hydrothermal carbonisation (HTC) and subsequent pyrolysis of separated solid products. The novel product
exhibits morphology and structure similar to commercial carbon black and high thermal stability. BET surface
area as high as 175 m2/g can be achieved by combining hydrothermal carbonisation performed at 250 °C fol-
lowed by pyrolysis at 600 °C. Further increase in pyrolysis temperature provided no additional benefits and
resulted in collapse of the pores within the mesoporous range, with detrimental influence on BET surface and
pore volume.

1. Introduction

Carbon black is a material with a multitude of different applications,
including use as a pigment (Pfaff, 2022), as an additive for the pro-
duction of composites (Musenich et al., 2024), or coatings (Cheshmak
et al., 2025), as well as a reinforcing filler in different types of products
(Cataldi et al., 2016), including tyres (Pfaff, 2022) or mulching films
(Hernandez-Charpak et al., 2024). Worldwide production of carbon
black is nowadays close to 15 million tonnes/year, which is estimated to
result in CO, emissions ranging between 29 and 79 million tonnes/year
(Rosner et al., 2024). Generally, state-of-the-art carbon black production
processes are based on the production of soot through incomplete
combustion, followed by rapid quenching of the flue gases (Pfaff, 2022;
Rosner et al., 2024). Feedstocks for the production of carbon black are
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usually fossil-based, including tar oils, petrochemical oils, or methane
(Rosner et al., 2024). Recently, a lot of interest has been dedicated to
plasma pyrolysis of methane, since such a method can produce hydrogen
and carbon black, without significant CO5 emissions if electricity from
renewable sources is used (Mizeraczyk and Jasinski, 2016; Wen et al.,
2025; Wnukowski, 2023). However, such an approach does not account
for upstream emissions from the extraction of fossil natural gas, which
could heavily impact the overall environmental performance of the
subsequent use of such technology (Howarth, 2021; Howarth and
Jacobson, 2021). One strategy for improving the environmental foot-
print of the production of carbon black is the pyrolysis of waste tyres
(Aylon et al., 2008; Jiang et al., 2024, Jiang et al., 2023). However, this
method essentially recovers carbon black from waste products of fossil-
fuel origin. Recently, the use of biomass pyrolysis oil instead of fossil-
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based feedstocks has been proposed (Toth et al., 2018). Nonetheless, the
environmentally friendly production of carbon black still requires sig-
nificant efforts from the scientific community around the world.

Nowadays, increased attention is directed towards environmentally
friendly management and processing of waste, with special focus on its
use as a feedstock for clean production of different products (Cespiva
et al., 2023; Jadlovec et al., 2024). Bioplastics are increasingly common
in a multitude of different applications, due to the fact that they can be
produced in a sustainable manner (Rosenboom et al., 2022) without the
need for fossil sources. Despite improved biodegradability of bioplastics,
when compared to fossil-based counterparts (Fambri et al., 2020), their
processing still poses problems in modern waste management systems
(Marchelli and Fiori, 2025). Thus, novel methods of processing these
types of waste become increasingly attractive and necessary. Among
bioplastics, cellulose acetate plays an important role, being used in
many applications, including eyewear and safety glasses, cigarette fil-
ters, LCD panels, or membranes, just to name a few (Bonifacio et al.,
2023). Efforts so far have been focused on chemical recycling of cellu-
lose acetate (Bracciale et al., 2024). Recently, it has been demonstrated
that the process of hydrothermal carbonisation (HTC) can be success-
fully used to decompose cellulose acetates into organic compounds such
as different carboxylic acids and hydroxymethylfurfural (HMF), which
are subsequently turned into carbon-rich solids of spherical morphology
(Ischia et al., 2025).

HTC is a process performed in liquid water at temperatures ranging
between 180 and 260 °C and autogenous pressure, with a multitude of
different possible applications (Acosta et al., 2024; Lombardi et al.,
2024; Mlonka-Medrala et al., 2022). The HTC of sugars is capable of
producing spherical micro/nano-particles (Falco et al., 2013; Schonvo-
gel et al., 2019; Wang et al., 2022), using HMF as a precursor, which is a
product of the decomposition of glucose in hydrothermal conditions
(Ischia et al., 2022). This mechanism shares some similarities with
carbon black formation mechanisms, which use polycyclic aromatic
hydrocarbons (PAH) precursors to form nuclei that exhibit surface
growth, followed by agglomeration (Okoye et al., 2021).

Interestingly, waste bioplastics, such as cellulose acetates, could also
form microspheres in a similar manner as, in hydrothermal conditions,
they undergo deacetylation to cellulose, which in turn is decomposed to
glucose in acidic conditions, and subsequently forms HMF, a precursor
for microspheres formation (Ischia et al., 2025).

HTC could thus be an attractive candidate for the production of
carbon black-like material.

This work assesses a novel, environmentally friendly method for the
production of carbon black-like material using waste bioplastic, namely
cellulose acetate, as a feedstock, without the need to use fossil fuels or
fossil-based feedstocks. Only a scarce amount of work has been dedi-
cated so far to the production of carbon black, using biogenic feedstocks.
These works focused on using pyrolysis oil from biomass pyrolysis (Toth
et al., 2018; Wennebro et al., 2025). Carbon black production process
relied in those cases on atomisation of the biooil (Toth et al., 2018;
Wennebro et al., 2025). The production route investigated within the
scope of this work involves HTC and pyrolysis. HTC creates micro-
spheres (hydrochars), providing spherical particles prior to the pyrolysis
process. Only a scarce amount of works has been dedicated to the
characterisation of such hydrochars after pyrolysis (Wortmann et al.,
2023, Wortmann et al., 2022). These works focused on hydrochars from
HTC of model compounds, i.e., monosaccharides (glucose) and di-
saccharides (sucrose and trehalose). This work uses real bioplastic
waste, and characterisation is focused on assessing the subsequent
application of pyrolysed microspheres as a possible carbon black sub-
stitute. Such upcycling of waste bioplastics has never been investigated
in the literature before. The goal of this work is to assess such a method
(TRL 2-3) in terms of the potential applicability of the product and
possible improvements in terms of environmental impacts, thus
providing a proof of concept.
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2. Materials and methods
2.1. Feedstock and samples

The feedstock used in this investigation is cellulose diacetate (CDA),
provided both in blocks and milled form, supplied from an industrial
partner (eyewear sector).

Across the manuscript, samples of cellulose diacetate are marked as
CDA, hydrochars are marked as HC, whereas samples of hydrochars
after pyrolysis are denoted as PYRO-500, PYRO-600, PYRO-700, and
PYRO-900 depending on the pyrolysis temperature (500, 600, 700, and
900 °C, respectively).

2.2. Hydrothermal carbonisation

The HTC experiments were conducted using an autoclave vessel with
a nominal volume of 2 L (Fig. S1). HTC of CDA blocks was performed at
250 °C, with a residence time of 1 h, since these conditions resulted in
the highest yield of solids for HTC of CDA, as reported in the literature
(Ischia et al., 2025). The feedstock to water ratio was 0.125, with 1.2 L of
distilled water in the autoclave. Measurement of the residence time
started after reaching a temperature 1 °C lower than the setpoint tem-
perature (250 °C).

2.3. Pyrolysis

Pyrolysis was performed using a Carbolite Gero TF1-1200 furnace,
with a quartz tube (Fig. S2). Pyrolysis of hydrochars was performed at
500, 600, 700, and 900 °C, with heating rate of 7 °C/min, followed by 1
h hold period (nitrogen flow of 150 cm?/min). The mass of the sample
boats and samples was determined using a Mettler Toledo ML204 bal-
ance with a maximum weight of 220 g and a resolution of 0.1 mg.

2.4. Analytical methods

Scanning electron microscopy (SEM) observations of hydrochars,
pyrolyzed hydrochars, and commercial carbon black samples were
performed using a Zeiss Supra 40 field emission scanning electron mi-
croscope (Carl Zeiss SMT GmbH) operating in vacuum at 10® Torr,
equipped with a secondary electron detector and working at an accel-
eration voltage of 2.5 kV.

The porous structure was characterised by low-pressure gas
adsorption analysis (details in supplementary materials). Iodine number
determination was performed to obtain a performance metric typical of
commercial carbon black (details in supplementary materials).

The chemical modification induced on the hydrochar by the pyrol-
ysis treatment, i.e. the rearrangement of chemical bonds due to the loss
of oxygen- and hydrogen-containing species, was investigated by X-ray
photoelectron spectroscopy (XPS) (details in supplementary materials).
Methods for elemental analysis (CHNO and ash determination), differ-
ential scanning calorimetry (DSC), and thermal analysis (both ther-
mogravimetric analysis (TGA) and simultaneous thermal analysis
(STA)), as well as FTIR for gases from STA and solids are included in
supplementary materials. Detailed description of the assumptions made
during calculation of mass and energy balances, and estimation of COy
footprint of the novel product are provided in the supplementary
materials.

3. Results

3.1. Determination of optimum process conditions for production of HC-
derived carbon black-like material

Derivative thermogravimetric (DTG) curves (Fig. 1) show clear dif-
ferences between raw CDA blocks and the obtained hydrochar. The two
clear and sharp peaks occurring between 300 and 400 °C in the DTG
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Fig. 1. DTG curve obtained in inert atmosphere (N3) for CDA blocks (left) and hydrochars (right) produced by HTC of CDA blocks at 250 °C with a residence time of

1h.

curve obtained for CDA in Ny (Fig. 1 — left) are replaced by two less
distinct peaks for hydrochar (Fig. 1 — right). The second peak observed
for CDA within the scope of this study is well in line with the DTG peak
observed for cellulose acetate (Feng et al., 2024), who, conversely, did
not observe the first DTG peak at 300 °C. Such behaviour could be
attributed to differences in terms of additives used, as thermal degra-
dation of cellulose acetate can be influenced by additives (Boulven et al.,
2019), and the CDA used in this investigation contains 40 % acetyl
triethyl citrate (Ischia et al., 2025).

The first wide peak for hydrochar occurs at a lower temperature
(approx. 250 °C) in comparison to the first peak for CDA (approx.
300 °C). One explanation could be that it is simply a remnant of the
shoulder present at that temperature for CDA (Fig. 1 — left). However, a
previous study has shown that cellulose diacetate can be hydrolysed
almost completely in HTC at temperatures as low as 190 °C (Ischia et al.,
2025). Moreover, solvent extraction of HCs after HTC of cellulose
resulted in the removal of organic compounds adsorbed on the HC
surface, such as carboxylic acids, furans, and furfurals (Ischia et al.,
2023). Similarly, the possibility of freeing up additional surface by
performing the extraction of the HC from the HTC of the organic fraction
of municipal solid waste using acetone and methanol has been demon-
strated by other works (Lucian et al., 2018). Thus, the first wide peak for
hydrochar at low temperature (approx. 250 °C) could be attributed to
the devolatilization of such adsorbed chemical species (Fig. 1).

When comparing HC to CDA, the second DTG peak lost its intensity
and appeared at a slightly higher temperature (approx. 450 °C for
hydrochars and 400 °C for CDA). HTC treatments typically turn the
treated biomass into a more thermally resistant material, shifting the
decomposition peak(s) towards higher temperatures (Mikusinska et al.,
2025; Wilk et al., 2020). Such behaviour is usually attributable to a
significant proportion of recalcitrant matter (e.g., lignin and cellulose),
which determines a prevailing solid-to-solid conversion path. The main
difference between these previous studies and the present investigation
is that HTC of CDA causes a completely new material to form: CDA gets
hydrolysed into the liquid phase, and then repolymerisation/conden-
sation reactions occur and carbon microspheres form the so-called sec-
ondary char (Ischia et al., 2025; Shi et al., 2019; Wang et al., 2020),
whose DTG decomposition peak is centred at approximately 450 °C (Yan
and Li, 2015; Yu et al., 2012).

Considering the results of Fig. 1, increasing thermal stability neces-
sary for obtaining a thermally stable carbon black-like material requires
a pyrolysis temperature higher than the second detected DTG peak, i.e. a
temperature of at least 500 °C, which indicated the temperature range
selected for pyrolysis in the furnace.

The hydrochar yield from HTC of CDA at 250 °C with a residence
time of 1 h in the 2 L reactor (18.3 %, Table 1), is in very good agreement
with the hydrochar yield obtained in a previous work in a 50 cm® reactor
at the same operating conditions (Ischia et al., 2025).

Performed pyrolysis experiments have shown that the mass yield of
solids from the process stabilises around 700 °C at a value of 54 %
(Table 1). The yield of a single-stage process (pyrolysis of CDA) has not
been determined, as preliminary experiments have shown that pyrolysis
of CDA is not capable of producing spherical carbon black-like particles,
producing flat sheets of carbonised material instead with no observable
aciniform structures (Fig. S4).

Details of residual weight at selected TGA temperatures are reported
in Table 1. Small differences might be caused by non-uniformity in
particle sizes, possibly influencing the heat exchange between the
sample and the surrounding atmosphere. Such heat exchange is
important (Czajka, 2021). TGA of hydrochars resulted in mass loss of
approximately 40 % at 700 °C (Table 1), which is in good agreement
with the mass loss observed by other studies during TGA of hydrochars
produced from glucose (Wortmann et al., 2023).

Observed thermal stability (Table 1) for PYRO-700 (95.9 %) and
PYRO-900 (97.6 %) is well in line with reported 95 % fixed carbon
content reported in the literature for carbon black recovered by pyrol-
ysis (Fadipe et al., 2025). Looking at the heat of pyrolysis obtained by
the DSC (Table 1), the process is endothermic up to 600 °C. However, the
process clearly becomes exothermic at higher temperatures. On the one

Table 1

Solid mass yields of HTC and pyrolysis, TGA mass loss for selected temperature
(Ym — mass yield; masg, m3s0, Msgo, Meoo, and myqq indicate residual mass after
250, 350, 500, 600, and 700 °C, respectively; % weight reported for yields and
residual mass; Q — heat for pyrolysis, negative value indicates endothermal
process).

Ym Mpso M350 Msgo Meoo Myoo  Q
Sample: % % % % % % MJ/
kg
CDA - — 93.5 59.8 11.7 10.3 9.3 -
blocks
CDA - - 94.5 59.6 11.1 9.3 7.6 —
milled
HC 18.3 +0.4 94.8 88.0 72.8 64.1 58.1 —
PYRO-500 64.5 +0.5 99.3 99.7 98.0 91.2 80.3 -
0.25
PYRO-600 58.8 +0.8 99.3 99.2 98.7 97.1 92.5 -
0.14
PYRO-700 53.9 +0.1 99.2 99.8 98.8 97.8 95.9 0.32
PYRO-900 54.0 +0.1 99.9 99.1 99.3 98.4 97.6 2.49
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hand, exothermic process seems beneficial from the energy perspective.
On the other hand, the risk of exothermal runaway would complicate
reactor design.

XPS confirmed that the pyrolysis treatment causes a drastic reduc-
tion in the O content and carbonisation of the samples, while data ob-
tained via traditional elemental analysis would seem to contradict this
(Table S1 and relevant critical discussion in supplementary material).
The surface abundance of chemical bonds obtained from fitting XPS data
is reported in Table 2. Hydrochars after pyrolysis became increasingly
aromatic, as indicated by increased share of C=C (sp?) type bonds and
correspondingly decrease of C-C (sp®) bonds (Table 2). C 1 s part of
spectra (Fig. S6) were fitted with up to eight lines from which first line
lies at a binding energy of 284.4 eV, indicating C=C (sp?) type bonds
(Beamson and Briggs, 1993). The second line at 285.0 eV indicates C-C
(sp®) bonds (Beamson and Briggs, 1993; Rouxhet and Genet, 2011), the
third line at 286.0 eV points out the existence of C-OH and/or C-O-C type
bonds (Beamson and Briggs, 1993; Rouxhet and Genet, 2011), the fourth
line at 287.1 eV indicates presence of C=0 and/or O-C-O type com-
pounds, whereas the fifth line at 288.3 eV shows O-C=0 bonds
(Beamson and Briggs, 1993; Rouxhet and Genet, 2011), the sixth line
found at 289.7 eV indicates presence of either shake-up satellite and/or
0-(C=0)-0 type groups and, finally, the lines at 291.1 and 293.1 eV
come from shake-up satellites (Briggs, 2005). Shake-up excitation
originates from the sp? carbon and its aromatic forms and is an addi-
tional parameter confirming the presence of this type of bond (Beamson
and Briggs, 1993).

For all samples, the O 1 s spectra were fitted with two lines, with the
first one centred at 531.6 eV, which indicates O=C type bonds and the
second line at 533.3 eV, which indicates the presence of O-C and/or -OH
bonds (Wagner et al., 2003). Apart from C and O, also marginal amounts
of K and Na were detected during the analysis, likely artefacts from the
sample boats used for the pyrolysis. C 1 s and K2p lines overlap and are
presented on the same plot (Fig. S6). No other elements were detected
within the XPS detection limit (~ 0.1 at. %).

Thermal analysis coupled with FTIR has shown that hydrochars
(Fig. S8) during pyrolysis produce permanent gases (CO, CO3, CHy), as
well as condensable compounds such as acetic acid, which are typically
detected for pyrolysis of various organic feedstocks (Sieradzka et al.,
2020; Wang et al., 2021; Wen et al., 2021). The release of acetic acid first
peaked at approximately 200 °C, which is typically recognised as the
lower end of the torrefaction regime (Luo et al., 2022; Piersa et al., 2022;
Szufa et al., 2025). This indicates that acetic acid released during the
first peak might have been adsorbed on the surface of hydrochars (Ischia
et al., 2023) and subsequently desorbed during heating. It seems plau-
sible to attribute the second acetic acid peak to pyrolysis and to some
extent decomposition of heavier compounds, as some works on TG-FTIR
of organic materials attributed organic acids as secondary products
(Junga et al., 2024). Interestingly, thermal treatment of hydrochars
produced using CDA starts forming water at approximately 250 °C,
which ensures that it is not an effect of drying, and the concentration of
this thermal decomposition product steadily increases all the way to
900 °C. During the thermal treatment of CDA-based hydrochars pyro-
lysed at 500 °C (Fig. S8), only CO and CH4 were detected with an almost
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parallel profile in the Gram-Schmidt curves, and at relatively similar
concentrations in comparison to pristine hydrochars. Two peaks can be
observed for both gaseous products. It seems plausible to attribute such
behaviour to decomposition of different pyrolysis products present in
the sample, with the second peak attributable to decomposition of more
thermally stable compounds. Further research is recommended con-
cerning production of other condensable compounds, especially those
problematic from application perspective, such as tars.

3.2. Comparison of the HC-derived carbon black-like material with
commercially available product

Key parameters for commercial carbon black are its morphology and
surface area (Melsom, 2003). Desired morphology is so-called high
structure, which could be observed directly by SEM or inferred indi-
rectly based on the oil absorption number, typically determined during
quality control (Melsom, 2003) and also important for its classification
(D1765-23b).

SEM images (Fig. 2) show a comparison between the morphology of
a commercial carbon black (Fig. 2 — A), CDA-based hydrochars (Fig. 2 —
B), and produced carbon black-like material (Fig. 2 — C, D, E, F).
Hydrochars obtained after HTC of cellulose diacetate (250 °C, 1 h) show
a typical spherical morphology, similar to hydrochars after HTC of
glucose (Ischia et al., 2022). The morphology of the particles obtained
by pyrolysis of hydrochar resembles commercial carbon black much
more than hydrochars without pyrolysis (Fig. 2), showing predomi-
nantly the high structures of carbon black, which typically have aggre-
gates with smaller particles and a more branched shape (Jianwen et al.,
2004; Neffati and Brokken-Zijp, 2021), described in the ASTM D3053 —
23a standard (Standard Terminology Relating to Carbon Black) as an
aciniform morphology. According to the ASTM D3053-23a standard, the
spheroidal primary particles of carbon black are typically fused into
aggregates of colloidal dimension, which, from a morphological
perspective, is characteristic of such a product. According to IUPAC
recommendations, colloidal dimensions range between 1 nm and 1 um
(Slomkowski et al., 2011).

SEM images of carbon spheres (hydrochar or, more precisely, sec-
ondary char) obtained within the scope of this study suggest a similar
particle size (mostly between 1 and 10 um - see Fig. 2B) to hydrochars
produced using glucose (Elaigwu and Greenway, 2016; Ischia et al.,
2022). Their morphology generally resembles hydrochars produced
from different sugars (Ubene et al., 2024). After pyrolysis, carbon
spheres tend to decrease in dimensions, with a significant number of
particles within the colloidal dimension range, even if such a generalist
behaviour is contradicted by some larger spheres, which still remain
after the pyrolytic treatment. Particle size visible within the structure of
commercial carbon black was generally smaller in comparison to the
particles obtained by pyrolysis of hydrochars. Nonetheless, high struc-
tures with aciniform morphology could be observed for both commercial
carbon black and the pyrolysed HC (Fig. 2). Such high structures are
typical for carbon black (Melsom, 2003; Neffati and Brokken-Zijp, 2021)
and are one of the important aspects concerning its designation
(Melsom, 2003). This suggests that further work is required on

Table 2
Bonds abundance (%) determined by fitting XPS spectra.
C (o]
Binding energy, eV 284.4 285.0 286.0 287.1 288.3 289.7 291.1 293.0 531.6 533.3
Groups / Cc=C c-C C-0-G; 0-C-0; C=0 0-C=0 0(C=0)0 shk-up shk-up 0=C 0-C
Oxidation state sp? sp® C-OH shk-up

HC 18.8 50.7 8.5 0.0 3.8 0.8 0.0 0.0 8.3 9.2
PYRO-500 57.3 17.6 6.9 2.8 3.4 2.3 0.2 1.3 1.9 6.3
PYRO-600 66.8 12.5 6.1 3.7 3.6 1.7 1.7 0.0 1.0 3.1
PYRO-700 59.7 14.8 0.0 5.8 4.3 3.7 3.5 2.9 2.5 2.5
PYRO-900 58.5 18.6 4.3 4.2 3.1 3.6 2.8 1.7 1.8 1.1
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Fig. 2. A: SEM images at different magnifications: 10,000 (left), and 50,000 (right).

optimisation of the particle size of HC-derived carbon black-like prod-
uct, as the mechanism is still not well understood, whereas, much better
understanding has been achieved for controlling the particle size of the
state-of-the-art fossil-based carbon black (Kelesidis et al., 2023).

The decrease in the size of spherical particles after pyrolysis of HC, as
observed by SEM (Fig. 2), could be caused by devolatilization of the
particles’ shell. Literature reports that carbon spheres formed during the
HTC of saccharides, such as cellulose, consist of a hydrophobic core and
hydrophilic shell (Sevilla and Fuertes, 2009a,b). Similarly, a core-shell
structure has been reported for carbon black (Kelesidis et al., 2024). The
density of the hydrochars increases after pyrolysis (Table S1), which

suggests that the density of the core might be higher than the density of
the shell. The decrease in the density after pyrolysis at 900 °C could be
attributed to thermal expansion typical of expanded graphite (Qureshi
et al., 2018; Taherian, 2018).

Surface area can be determined directly by nitrogen adsorption, or
could be inferred indirectly by measuring iodine number, as established
correlations exist for carbon black between the two parameters
(Melsom, 2003). Analysis of low-pressure nitrogen adsorption revealed
that the porous structure of the pyrolysed samples differed significantly
depending on the applied temperature (Fig. 3). The adsorption isotherm
of the sample pyrolysed at 600°C exhibited type I behaviour, closely
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Fig. 2. (continued).

resembling the Langmuir isotherm, which is characteristic of materials
with well-developed microporosity. The most intensive filling of sorp-
tion sites occurred here at low relative pressures (0-10 kPa), corre-
sponding to micropore filling. In contrast, the sample pyrolysed at
500 °C displayed a type Il isotherm, similar in shape to the BET isotherm,
while the other samples exhibited type III isotherms, typical for non-

porous materials. Such type III isotherms characteristic of HC, PYRO-
700 and PYRO-900 overlap in Fig. 3. No evidence of increased adsorp-
tion due to capillary condensation—associated with the filling of larger
mesopores—was observed in any of the samples. Each time, the
desorption curve also did not reproduce the course of the adsorption
isotherm, indicating a delayed mechanism of pore emptying. Structural
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Fig. 3. Left: Nitrogen adsorption isotherms of hydrochar and hydrochars pyrolysed at different temperatures; Right: Pore size distribution of hydrochar and

pyrolysed hydrochars according to BJH model.

parameters were determined based on adsorption points, and the results
are presented in Table 3.

According to the results (Table 3), the hydrochar sample exhibited a
low degree of porosity. The structural parameters were minimal, with a
specific surface area of 5.1 m?/g (SAggr) and a pore volume of 6.3 x 1073
em®/g (Vpym) (Table S2). Such hydrochar retains a relatively large
amount of organic matter and volatile components (41.9 %, Table 1).
The pore structure is poorly developed, and the SAggt is low because the
pores are blocked by residual volatiles. This is consistent with other
research results (Sevilla and Fuertes, 2009a; Tran et al., 2018). After
pyrolysis at 500 °C (PYRO-500), the previously closed pore space
gradually opened in the non-porous HC structure. This is the result of the
release of volatile fractions, promoting the gradual opening of previ-
ously closed pore channels. Based on pore space analysis using tradi-
tional models (BET, BJH), new fine pores with diameters < 10 nm and
15-25 nm were formed in PYRO-500, and the pore volume increased to
approximately 17 x 10 ecm®/g (Fig. 3). This led to an increase in the
SAggt to 18.4 m2/g. A similar trend was also observed by other authors
(Abdoul Magid et al., 2021; Fu et al., 2022). The most intense expansion
of the pore structure in the mesopore region occurred in the PYRO-600
sample. The applied temperature resulted in the formation of a system of
fine pores with diameters of 18-25 nm (Fig. 3) and an increase in the
volume of the micropores (Vpgr) to 82.6 x 108 cm3/g (Table 3). In the
mesopore range (BJH), increased volume was observed in pores with a
diameter of 20 nm (Fig. 3), and the total mesopore volume was 9.6 x 10
3 em®/g. The specific surface area of SAggr reached 175.4 m?/g. This is
well in line with the surface area for carbon black-like material recov-
ered after tyre pyrolysis at 600 °C, which was reported to be 190 m?/g
(Fadipe et al., 2025). Further increase in pyrolysis temperature (PYRO-
700, PYRO-900) resulted in collapse and sealing of the pore structure.
These samples were nonporous and had structural parameters similar to
the initial sample HC. Consequently, transport paths for the adsorbate
became inaccessible, and the specific surface area decreased drastically.
According to the presented structural studies, the optimal temperature
range for opening the transport channels for the adsorbate was 600 °C.

Iodine adsorption number is also important from the point of view of
classification of carbon black (D1765 — 23b). The raw hydrochar mi-
crospheres exhibited a relatively low iodine number (IN < 330 mg/g), in
comparison to pyrolysed samples (Table 3). After pyrolysis at 500 °C, IN
remained essentially unchanged (318 + 13 mg/g), but a progressive
increase was observed at 600 °C (464 + 59 mg/g) and a maximum at
700 °C (488 + 17 mg/g). At 900 °C, IN decreased slightly (457 + 25 mg/
g), indicating that excessive severity of pyrolysis can deteriorate the

porous structure of pyrolysed hydrochars. Interestingly, the range of IN
reported for carbon black obtained from pyrolysis of waste tyres could
be as low as 94-118 mg/g (Thonglhueng et al., 2022). Recovered carbon
black with such IN can reportedly still be used as a filler in rubber
compounds (Thonglhueng et al., 2022), close to carbon black with N330
designation (Melsom, 2003; Thonglhueng et al., 2022).

Comparison of the carbon black-like material, obtained within the
scope of this study, with different commercial types of carbon black
provides some indications regarding applicability, including possibil-
ities of at least partial substitution (Table 3). Firstly, it is important to
highlight that a wide variety of products exists on the market, aiming at
different applications. Among the commercial carbon black, listed in
ASTM D1765-23b standard (Standard Classification System for Carbon
Blacks Used in Rubber Products), surface areas vary between 8 and 143
m?/g (Table 3). In fact, ASTM D1765-23b also mentions the possibility
of designation in group 0 for carbon black with surface area > 150 m?/g.
The BET surface area of a commercial carbon black, used for the purpose
of comparing the morphology with the samples obtained within the
scope of this study (Vulcan XC-72), has been reported in the literature to
range between 245 and 254 m2/g (Table 3). Some samples of carbon
black, such as Printex XE-2 or Black Pearl 2000, reach surface areas <
1000 m?/g, making them comparable with activated carbon (Table 3).
Surface area obtained for the sample of hydrochars after pyrolysis at
600 °C reached a surface area of 175.4 + 3.9 m?/g, which places the
novel product within the range reported for lower-tier commercial
products (Table 3). A similar statement could be made concerning
achieved iodine adsorption numbers. However, in this case, it should be
noted that many literature sources (other than industrial standards or
commercial leaflets) simply do not report the iodine number (Table 3),
likely because both BET and iodine adsorption number aim at quanti-
fication of the surface area (Melsom, 2003). Similarly, micropore vol-
ume is scarcely reported for commercial samples of carbon black
(Table 3), and reported values can vary by as much as three orders of
magnitude, since Furnace black reportedly achieved a micropore vol-
ume of 0.003 cm®/g, whereas Black Pearls 2000 was able to reach 0.590
cm3/g (Table 3). This puts into context the micropore volumes of carbon
black-like samples obtained within the scope of this study, which ranged
between 0.083 and 0.002 cm®/g for the samples after pyrolysis at 600
and 900 °C, respectively (Table 3). Further validation of the novel
product in particular applications, e.g., as a filler/reinforcement, could
shed more light on the equivalence of the obtained carbon black-like
product with commercially available carbon black. Such a validation
would require upscaled production but could also bring the novel
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Table 3 Table 3 (continued)
Compar1sor.1 between novel carPon black-like ma.terla.l produced. w1tl?11n the Sample Todine BET Micropore Reference
scope of this study and commercial carbon black with different designations, as Adsorption surface volume
well as other novel technologies for carbon black production (plasma conversion Number area
of natural gas and partial oxidation of spent tyre pyrolysis oil). mg/g m?%/g cm®/g
Sample Iodine BET Micropore Reference Black Pearls n.d. 1635 0.590 (Pantea et al.,
Adsorption surface volume 2000 2003)
Number area Graphitised n.d. 33 n.d. (Pantea et al.,
mg/g m?/g cm®/g black 2003)
HC 327 + 46 5101 0.003 this study Pam.‘:il tion of nd. 19-21 n.d. (‘?Tllye};%g()oye
PYRO-500 318 + 13 18.4 + 0.017 this study oxidation o crab,
0.2 spent tyre
: . pyrolysis oil
PYRO-600 464%59 ;795 AL 0083 this study CancarbN880  n.d. 123 nd. (Pantea et al.,
. ) 2001)
PYRO-700 488 + 17 41+0.1 0.002 this study .
PYRO-900 457 £ 25 35£01  0.002 this study Asahi N880 nd. 254 nd (;;O”lt; actal,
N110 145 127 n.d. ASTM D1765- .
23b Sichuan n.d. 13.8 n.d. (Pantea et al.,
N110 (from 130 nd. nd. (Kiani et al., i°“th“’1"e5t 2001)
Cabot) 2023) N(;I;%C ang
N134 142 143 n.d. ;\:(:EM D1765- Cancarb N990 n.d. 10.3 n.d. (Pantea et al.,
2001)
.d. .d. ka Okoye
N134 (Corax. nd 159 nd (Onyeka Okoye Cancarb N990 n.d. 9.7 n.d. (Pantea et al.,
from Evonik) et al., 2022; up 2001
Strzemiecka . )
et al, 2014) Columbian n.d. 7.6 n.d. (Pantea et al.,
- Chemicals Co. 2001)
N220 121 114 n.d. ASTM D1765- NS9O
23b C b N991 d 9.5 d (Pant t al
N220 (Corax n.d. 178 n.d. (Onyeka Okoye ancar n.d. : n.d. 20‘2)”1 cactal
from Evonik) et al., 2022; )
Strzemiecka Severgazprom n.d. 9.8 n.d. (Pantea et al.,
et al., 2014) N991 2001y
N326 82 78 n.d. ASTM D1765-
23b . . . .
N326 (Corax nd 7 nd. (Onyeka Okoye bioplastics upcycling method to a higher TRL (TRL4 — technology
from Evonik) et al., 2022; validated in laboratory conditions).
Strzemiecka
oo 2019 3.3. Sustainability of th d production path
N330 82 76 nd. ASTM D1765- .3. Sustainability of the proposed production pa;
23b
Vulcan XC-72 n.d. 245-254  0.060 (Pantea et al., Sustainability is one of the issues of state-of-the-art carbon black
(N472) 2003, 2001) production, due to the use of fossil fuels for its production. In conven-
N550 43 40 n.d. ;S;JFM D1765- tional plant with flaring of the tail gas, specific CO5 emissions per kg of
N660 36 35 nd. ASTM D1765- carbon black can be as high as 3.50 kgcoa/kg (Rosner et al., 2024). This
23b is clearly the worst-case scenario, as literature also reports lower values,
N660 nd. 332+ n.d. (Williams i.e., 3.01 kgcozeq/kg (Wu et al., 2024). Nonetheless, it is hard to over-
06 et al., 2023) look the large room for potential improvement. The production method
N750 27 27 n.d. ASTM D1765- L . . . .
23b analysed in this work is based on the use of biogenic waste, which could
N774 29 30 nd. ASTM D1765- be considered neutral from a climate change perspective (Cherubini
23b et al., 2011; Materazzi et al., 2024). Moreover, assessing the environ-
N774 (Corax n.d. 32 n.d. (Onyeka Okoye mental impacts of waste often involves the assumption that the waste is
from Evonik) z: al, 2,02]2; burden-free (cut-off approach), which seems sensible, since it is the
Strzemiecka . . L. )
et al, 2014) product, not the waste, that is responsible for the emissions (Rossi et al.,
Thermal black nd. 13 nd. (Pantea et al., 2025; Wang et al., 2023). In the case of the technology assessed within
2003) the scope of this study, energy balance is of the utmost significance, as
nd. 6-15 n.d. g?)];‘;;e etal, the environmental performance of the HTC process is primarily con-
Furnace black nd. 99 0.003 (Pantea et al., nected with its energy consumption (LOHlba]:’dl .et al., 2023). The. energy
2003) balance for the novel technology assessed within the scope of this study
15-450 12-240 n.d. (Okoye et al., is shown in Fig. 4. As shown by the energy balance, production of the
2021) carbon black-like material is not autothermal and requires an external
Pl::::; carbon 213 n.d. n.d. (2%](’)2)” al, energy supply. However, it should be noted that such consumption is
Conductex SC nd. 190 0.030 (Pantea et al., already minimised by the recovery of sensible heat, which is a typical
2003) practice in HTC technologies (Ferrentino et al., 2023). Moreover,
Conductex 975 n.d. 250 0.050 (Pantea et al., chemical energy from the liquid products of HTC could be recovered by
printex L . 150 0.040 2{?03) 1 anaerobic digestion, along with subsequent combustion of the produced
\( .d. B antea et al., . , .~ .
rintex n ;0;;;‘ e biogas (Aragon-Briceno et al., 2017; De la Rubia et al., 2018; Gomes
Printex L6 nd. 190 0.040 (Pantea et al., etal., 2021). Liquid products from HTC of CDA have also been shown to
2003) produce biogas in thermophilic conditions (Marchelli et al., 2023). In
Printex XE-2 n.d. 1300 0.030 (Pantea et al., fact, methane in the biogas produced from liquid products of HTC of
2003)

1000 kg of CDA contains 1057 MJ of chemical energy (LHV-based),
which is 25 % of the chemical energy input to the CHP (Fig. 4). Overall,
two scenarios were assumed in the assessment regarding the supply of
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Fig. 4. Mass and energy balance of the novel technology for bioplastic waste (CDA) utilisation, consisting of HTC and pyrolysis, along with other auxiliary modules
(* — mechanical dewatering of the digestate and recirculation of the liquid back to HTC, not shown for simplicity).

additional energy, i.e., scenario 1 involved additional biogas supplied
from a bigger anaerobic digestion unit and scenario 2 involved supply-
ing additional natural gas to the CHP unit (Fig. 4). Scenario 1 is relevant
for the cases in which the source of cellulose acetate waste is located
closely to biogas plants, which is especially likely taking into account the
fact that processing of municipal waste streams often involves anaerobic
digestion (Colazo et al., 2015; Seruga et al., 2025). Moreover, possibil-
ities of integration of HTC and anaerobic digestion were demonstrated
for waste streams such as sewage sludge (Hamalainen et al., 2024), or
digestate from the organic fraction of municipal solid waste (Aragon-
Briceno et al., 2022), thus providing indications of applicability of such
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approach in many cases.

Performed analysis shows that CO5 equivalents of products from
Scenario 1 and Scenario 2 improve with respect to literature data for
carbon black. Climate change impact has been assessed as 0.49 and 1.79
kgcozeq per kg of product for Scenario 1 and Scenario 2, respectively.
Even though the performance of such a product in applications typical of
carbon black (e.g., reinforcing filler for rubbers or plastics) has not been
proven so far, it seems plausible to assume that at least partial substi-
tution is possible by looking at the comparison provided in Table 3. Even
a 10 % substitution by mass would allow for a decrease of the climate
change impact, in comparison to state-of-the-art carbon black (Fig. 5).

State-of-the-art Carbon Black

&

50 60 70 80 90 100

Substitution ratio, %

Fig. 5. Climate change impact considering the use of the new carbon black-like material mixed with commercial carbon black in different proportions. Biogas and

natural gas refer to Scenario 1 and Scenario 2, respectively.
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Moreover, higher substitution ratios of the product for the case of Sce-
nario 1 could make environmental performance competitive in com-
parison to other novel sustainable solutions. Integrated technology
recovering carbon black from waste tyres and producing additional
carbon black using the waste tyre pyrolysis oil (InTech) was reported to
decrease the global warming impact by 1.59 kgcozeq in comparison to
conventional carbon black production (Wu et al., 2024). It could be
noticed in Fig. 5 that similar environmental performance could be
achieved by 70 % substitution using carbon black-like material pro-
duced using biogas only (Scenario 1).

It should not be overlooked that the performed analysis attributed all
COq¢q to the carbon black-like product, disregarding the fact that in both
cases an additional 845 MJ of electricity would be generated (Fig. 5). A
life cycle assessment (LCA) with proper allocation between the carbon
black-like substitute and electricity would further decrease the envi-
ronmental burden of the former by allocating a part of the burden to the
latter.

Further experimental research is recommended, concerning possible
substitution that could actually be achieved by the novel carbon black-
like product in different applications. Moreover, future research is also
recommended concerning the economic and social sustainability that
could be achieved by combined HTC-pyrolysis installations producing
such a carbon black-like substitute on a larger scale. Economic sus-
tainability can be determined by techno-economic analysis. Further-
more, environmental sustainability investigation should be extended to
other impact categories, fully implementing the LCA methodology.

4. Conclusions

Waste bioplastics can be converted into a carbon black-like material
by a cascade of processes consisting of HTC and pyrolysis. Morphology
of hydrochars upgraded by pyrolysis was similar to that of commercial
carbon black and showed the presence of high structures. XPS testified a
substantial carbonisation and aromatisation of the pyrolysed hydro-
chars. Hydrochars after pyrolysis at 700 °C contained only slight
amounts of volatile matter (4.1 %), as shown by TGA. However, high
temperatures of pyrolysis (700 and 900 °C) might not be considered
favourable to hydrochars, due to the collapse of porous structures,
resulting in decreased surface area and pore volume. For applications of
carbon black requiring high surface area, it could be considered bene-
ficial to perform pyrolysis at 600 °C. It seems sensible to recommend
further studies focused on specific applications of the carbon black-like
material produced using the proposed method, including the determi-
nation of achievable substitution ratios. This could provide definite
answers regarding the applicability of carbon black-like material pro-
duced from bioplastic waste, using a cascade of processes consisting of
hydrothermal carbonisation and pyrolysis. Performed preliminary
analysis suggests excellent environmental performance of the novel
carbon black-like material, with climate change impacts ranging be-
tween 0.49 and 1.79 kgCOyeq per kg of product, depending on the
choices concerning the source of supplementary heat. An in-depth pro-
spective life cycle assessment study of such a novel upcycling method of
waste bioplastics is advised to confirm preliminary results and take into
consideration other environmental impact categories.
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