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The thermochemical valorisation of waste materials rich in plastics offers a sustainable approach for waste
reduction and the generation of high-value products, aligning with the European Green Deal and circular
economy principles. This study investigates the conversion of three solid waste streams: refuse-derived fuel
(RDF) from municipal (RDF_MW) and industrial (RDF_IW) sources and tyre-derived fuel (TDF) into activated
carbons for application in adsorption cooling systems. A two-step activation process, combining pyrolysis at
600 °C with subsequent steam (850 °C) or chemical (KOH at 800 °C) activation, was employed to enhance
porosity and surface area. RDF_IW-derived carbon activated with KOH achieved a maximum BET surface area of
955 m?/g, while methanol adsorption tests showed an uptake exceeding 40 %. Heavy metal analysis revealed
significant Zn contamination in TDF (up to 37,415 mg/kg), while Cr, Pb, and Sn were prominent in RDF samples;
chemical activation reduced Zn content by up to 70 %. Performance testing in methanol-based adsorption
chillers showed that RDF_IW_H20 and RDF_IW_KOH samples achieved specific cooling powers (SCP) of 53.5 W/
kg and 88.9 W/kg, and coefficients of performance (COP) of 0.631 and 0.673, respectively, comparable to
commercial activated carbons (CWH-22: SCP = 95.5 W/kg, COP = 0.615). These findings demonstrate the dual
benefit of valorising heterogeneous waste into functional sorbents while enabling energy-efficient, low-grade
thermal cooling systems.

1. Introduction goals for 2030 and 2050 by reducing waste incineration and promoting

low-emission technologies such as gasification and pyrolysis.

The growing challenges of climate change, driven by rising CO,
emissions, the depletion of fossil fuels, and environmental degradation
associated with economic development, highlight the urgent need for
sustainable energy solutions. Since modern energy generation and in-
dustrial activities still rely heavily on large-scale fossil fuel combustion,
it is crucial to reduce human-induced CO2 emissions to mitigate the
worsening impacts of global warming [1]. Addressing resource demands
while minimizing emissions and waste is critical [2]. In this context, the
circular economy (CE) offers a systemic framework for recovering en-
ergy, extending material life cycles, and minimizing environmental
impacts. The focus is on optimizing resources, preserving value, and
eliminating waste sustainably [3]. Developing activated carbons (AC)
from waste aligns with CE principles and supports the EU’s Clean Energy
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The significance of waste-derived activated carbon (AC) extends
beyond traditional environmental applications. The use of AC syn-
thesised from biomass residues, waste wood, or industrial by-products
contributes to resource efficiency and the valorisation of waste
streams, thereby adding value within the circular economy (CE)
framework, alongside the use of waste-to-energy technologies. Activated
carbon can be produced from materials obtained through high-
temperature carbonization processes. Materials derived from biomass
via thermochemical processes, such as gasification or pyrolysis, are
referred to as biochar. This material is notable for its broad range of
applications due to its wide availability, structural stability, high carbon
content, and renewability [4]. As a result, using biomass for AC pro-
duction is highly justifiable. However, further activation is needed,
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which can be achieved through physical methods like steam, air, or COy
gasification and pyrolysis processes, or through chemical methods that
use hydroxides, such as KOH or NaOH, or other activation agents like
ZnCly, FeCls, or H3PO4 [5-7]. The choice of activation method is crucial,
as it significantly affects the material’s textural properties and, conse-
quently, its potential applications [8,9].

Activated carbons have significant potential for various industrial
applications, including air [10] and water purification [11], gas sepa-
ration, and catalysis processes [12]. An emerging and important appli-
cation for activated carbons is in adsorption cooling, where they can
serve as sorbents for refrigerants such as ammonia or methanol [13],
facilitating the production of ice water. This underscores the growing
importance of activated carbons in adsorption chillers [13]. Their
favourable thermal conductivity and diffusivity further enhance their
performance in these systems, allowing them to act as conductive
matrices for advanced sorption composites, such as metal-organic
frameworks [14]. Overall, this positions activated carbons at the fore-
front of sustainable cooling technologies.

However, several challenges hinder the large-scale use of waste-
derived activated carbons in adsorption cooling systems. One major
concern is the contamination from heavy metals that may originate from
the raw materials used in production. These contaminants can stem from
the waste feedstock itself [15]. Therefore, it is essential to implement
rigorous quality control and purification protocols to reduce heavy
metal contamination in activated carbons synthesised from waste
materials.

Recent research has significantly advanced the techniques for syn-
thesising activated carbon (AC) and expanded their application range.
However, systematic studies on waste-based precursors for adsorption
cooling remain limited. In this study, we evaluated activated carbons
derived from waste materials, specifically waste tires and refuse-derived
fuel (RDF), alongside commercial activated carbons, to assess their po-
tential as sorbents in adsorption cooling systems. The materials selected
for this study adhered to the principles of circular economy (CE) and the
European Union waste hierarchy. They were processed through waste-
to-energy technologies, such as pyrolysis and gasification, to produce
new forms of energy (like gas or oil), while simultaneously utilizing the
solid residue to create activated carbon. The sorption properties,
contamination profiles, thermal stability, and surface morphology of the
materials were systematically characterised to determine their viability
for incorporation into sorption cooling systems. A critical aspect of these
sorption studies is the choice of adsorbate. In this case, it was chosen
methanol, as it is commonly used in activated carbon-methanol systems.
An added advantage of the activated carbon-methanol pairing is its low-
temperature desorption requirement, allowing for the use of waste heat
generated from various production processes [16].

This research introduces innovative contributions by integrating
circular economy (CE) strategies with adsorption cooling (AC) tech-
nologies in two significant ways. First, it valorises waste-derived mate-
rials by transforming them into functional adsorbents for sustainable
cooling applications. Second, it provides a comparative assessment of
various waste precursors against commercial alternatives, which aids in
identifying performance trade-offs and challenges. These systems pre-
sent a sustainable solution to the increasing electricity demand for air
conditioning, especially in the context of climate change [17,18].
Although the application of AC in adsorption chillers is an expanding
area of research [19], several challenges persist. These include the ne-
cessity for improved materials with better adsorption properties [20],
enhanced mass and heat transfer in heat exchangers [21], efficient re-
covery mechanisms [22], and the need to extend the life cycle of these
systems [23].

Despite the growing interest in the application of activated carbons
(AC) in adsorption cooling systems, significant knowledge gaps remain
regarding both their synthesis from waste precursors and their perfor-
mance under methanol working conditions. Previous studies have
mainly focused on environmental remediation and conventional
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sorption uses, whereas adsorption chillers pose new research challenges.
These include: (i) the presence and chemical stability of contaminants,
especially heavy metals, (ii) the need to design pore structures that
enable efficient heat and mass transfer, (iii) chemical compatibility and
long-term cyclic stability with methanol, and (iv) the development of
activation procedures that yield ACs with tailored porosity, enabling
desorption at regeneration temperatures below 80 °C and thereby
improving the COP of the process. In particular, the potential of refuse-
derived fuel (RDF) and end-of-life tyres as precursors for ACs with the
required properties for adsorption cooling remains largely unexplored.

This study provides a novel contribution by combining thermo-
chemical processing with advanced sorption technology to valorise
challenging waste streams into high-value adsorbents. The analysis of
steam and KOH activation effects on pore structure and methanol
sorption compatibility delivers new insights into both the potential and
the limitations of waste-derived ACs in adsorption cooling. Importantly,
the research integrates a fundamental and an applied dimension: based
on multiple vacuum sorption-desorption cycles of the synthesised ACs,
theoretical COP and SCP values for selected working pairs were esti-
mated, offering a rapid and efficient prototyping method for sorbents
dedicated to cooling applications. Thus, the work highlights a dual
benefit: waste valorisation and the development of low-emission cooling
technologies, contributing directly to the EU’s clean energy transition
and circular economy goals.

2. Materials and methods
2.1. Materials

The present study is a comparative analysis of porous carbon mate-
rials obtained from waste materials: tyre derived fuel - TDF, refuse-
derived fuel — RDF, RDF obtained from municipal solid waste —
RDF_MW and RDF obtained from industrial waste - RDF_IW, and com-
mercial activated carbons available on the Polish market: AKPA-22 and
CWH-22 delivered by Gryfskand Company. First, AKPA activated carbon
is produced from hard coal and beetroot molasses, whereas CWH acti-
vated carbon raw material is charcoal.

2.2. Porous carbon materials synthesis

To develop a porous structure in the waste-derived materials, a two-
step activation procedure was employed, consisting of an initial pyrol-
ysis step to produce char, followed by activation using either physical or
chemical methods.

2.2.1. Pyrolysis - first stage thermochemical treatment of raw feedstock

The pyrolysis process was conducted in an inert gas atmosphere,
with nitrogen at a flow rate of 80 ml/min serving as the process gas at a
temperature of 600 °C and a process time of 30 min. The process pa-
rameters were selected based on previous experience and ongoing
experimental studies on the pyrolysis process in the temperature range
from 300 to 600 °C [24,25]. The waste material was subjected to a slow
pyrolysis process (stepwise heating of a small-scale horizontal fixed-bed
reactor) that promotes the formation of both gas and solid phases. Both
the pyrolytic gas and the extracted solid fraction — char, were analysed
for their composition. The liquid fraction was not extracted during the
experimental studies, due to the horizontal design of the reactor and the
low proportion of the liquid fraction in the process products.

2.2.2. Physical activation — second stage thermochemical treatment using
steam gasification

Subsequently, the char undergoes steam activation at 850 °C using a
semi-batch vertical quartz reactor. The gasification of chars occurred
under a steam atmosphere at 850 °C. Steam was injected into the pre-
heated reactor at 300 °C, and nitrogen was introduced into the reactor as
a carrier gas. Approximately 1 g of char was placed inside the quartz
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tube reactor. The sample was placed on glass wool and stainless-steel
mesh to prevent movement along the reactor. The gasification process
was conducted for 25 min. The initial heating stage, which lasted for
15 min, was used to reach the set temperature of 850 °C. This was fol-
lowed by a 10 min gasification stage at selected process temperature.
The flow of gasification agents was set to 1 ml/min of water vapor and
80 ml/min of Ny. The agents were directed through the reactor where
gasification occurred, with the process gases subsequently moved into a
liquid receiver placed in an ice bath for condensable gases collection.
Permanent gases were directed through a dryer and collected in a Tedlar
bag for syngas analysis using a GC gas analyser. In this study, gas
collection started after the reactor reached 500 °C.

2.2.3. Chemical activation — second stage thermochemical treatment using
KOH activation

Activation of the chars obtained in the pyrolysis process was carried
out through a chemical activation process using KOH as an activating
agent. The activation process was performed in a horizontal fixed-bed
reactor. The process parameters were as follows: activation tempera-
ture 800 °C, activation time 1 h, nitrogen atmosphere with a flow of
80 ml/min, and mass ratio of char to KOH 1:3. The mixture of char and
hydroxide was ground in a knife grinder prior to thermal treatment to
homogenize the sample. After activation, the activated carbons were
subjected to repeated rinsing in distilled water to remove KOH, and then
the obtained activated carbons were dried at a temperature of 105 °C for
a minimum of 6 h and tested for their adsorption properties.

2.3. Sample characterisation

2.3.1. Analytical methods used in the study — characterisation of synthesis
gas from pyrolysis and steam gasification

The gas phase obtained from both the pyrolysis and gasification
procedures were collected and analyzed using an Agilent Technology
7890 A GC gas chromatography system. Various gases including CHy,
CO», 04, CO, CoHg, CoHy, CoHy, and Hy were detected at different con-
centrations. This GC system featured TCD (thermal conductivity) and
FID (flame ionization) detectors. The analysis process was carried out
using an appropriately designed programme that allowed the separation
of all components of the test gas.

2.3.2. Analytical methods used in the study — feedstock and porous carbon
materials characterisation

Simultaneous thermal analysis (STA) was conducted for raw feed-
stock using Mettler Toledo TGA/DSC 3 + . Samples were tested in
aluminium oxide crucibles, and a constant heating rate of 10 °C/min was
used in 50 ml/min nitrogen.

To analyse thermal degradation and modification of material
through thermal treatment methods additional ultimate analysis was
done for raw feedstock, obtained chars and steam activated porous
carbon materials. Carbon, hydrogen and nitrogen contents were deter-
mined using Truspec CHN628 Leco analyser.

Porous carbon materials obtained in this study, along with com-
mercial activated carbons, were examined using a scanning electron
microscope equipped with an energy-dispersive X-ray detector (Nova
NanoSEM 450) to characterise their morphology and porosity. For the
morphological analysis of the activated carbons, an accelerating voltage
of 2 kV was applied.

Fourier transform infrared spectroscopy (FTIR) was employed to
identify the chemical functional groups present in the samples under
investigation. This technique provides information revealing specific
chemical bonds and molecular structure based on the vibrations of
chemical functional groups. In these analyses, the Bruker Alpha II in-
strument was employed to study the collected spectra within the range
of 400-4000 cm 1.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) was used for detection of heavy metals in raw feedstock and
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activated samples by accredited laboratory Energopomiar Gliwice. The
concentration of the following elements was determined: As, Cd, Co, Cr,
Cu, Mn, Ni, Pb, Sb, V and Zn. Solid samples prior analysis were miner-
alized in acid mixtures. Mercury content was determined using Atomic
absorption spectrometry with amalgamation technique.

Structural properties were determined using a low-temperature gas
adsorption method. Micromeritics ASAP 2020 volumetric analyser was
used, it operates at low-pressure nitrogen adsorption at a temperature of
77.35 K with a relative pressure range of 0<P/Py< 0.996. The Brunauer-
Emmet-Teller (BET) method was used to determine the specific surface
area of the activated carbons and the average diameter of the pores
based on the adsorption isotherms with p/pg ranging between 0.06 and
0.20; both adsorption and desorption curves were used. The pore
diameter measurement also considered the presence of the adsorbed
layer.

The methanol sorption properties of the activated carbons in this
study were assessed using a dynamic vacuum gravimetric system (DVS
Vacuum), employing methanol as a widely recognized non-hazardous
adsorbate for working pairs with activated carbon [13,26-28]. The
measurement protocol consisted of 22 sequential stages. The given
amount of the investigated material was first collected and weighed on a
precision balance to ensure a comparable mass across all experiments.
Each sample was then placed in an identical crucible to maintain mea-
surement reproducibility. Measurements were performed using the DVS
Vacuum apparatus, which offers high precision: the sample mass is
recorded with an accuracy of 0.1 pg, and the temperature is controlled
with an accuracy of 0.1 °C, ensuring highly reliable data. Initially, the
samples were dried and degassed by heating both the apparatus and the
sample to 100 °C for 60 min. This was followed by a one-hour stabili-
zation phase at the desired process temperature. For each sample,
measurements included three stable adsorption-desorption cycles to
detect any potential anomalies and to evaluate the reproducibility of the
sorption behaviour. In summary, the evaluation of results is based on
precise sample weighing, conducting measurements with high accuracy,
and consistently following the same procedure, which includes multiple
measurement cycles, thereby ensuring reproducibility and reliability of
the data.

The materials were evaluated at two process temperatures, 30 °C
(adsorption) and 60 °C (desorption), as previous studies have demon-
strated that intermediate temperatures exert minimal influence on the
sorption behaviour of activated carbons [29]. These conditions enabled
a comprehensive assessment of the adsorption dynamics and perfor-
mance characteristics of the materials, with a view toward their po-
tential application in adsorption chillers driven by low-temperature
waste heat.

The surface area of the samples was determined using the BET
model. The standard BET equation was applied:

1 x c-1 1

Viex oV, ev,

where:

x — the partial pressure of methanol vapor above the surface,

V — the amount of adsorbed vapor.

The plot of (1/V) [x/(1 —x)] as a function of x yields a straight line.
From the slope and intercept of this line, V;,, i.e. the amount of gas
adsorbed in the case of monolayer formation, and the constant c, related
to the strength of the adsorbate-adsorbent interaction, are determined.

3. Results and discussion

3.1. Characterisation of synthesis gas from pyrolysis and steam
gasification

During the experimental process, pyrolytic gas and syngas were
collected in two distinct stages: the initial carbonization phase, also
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known as pyrolysis, and the subsequent activation stage involving steam
gasification. These stages are critical for understanding the composition
and energy potential of the gases produced. The detailed results of the
gas composition analysis obtained from both phases are presented in
Fig. 1a) and b). It is important to note that nitrogen, used as the carrier
gas throughout the procedure, does not participate in the chemical re-
actions and serves solely as an inert ballast. Therefore, it was inten-
tionally excluded from the final calculations to ensure accurate
representation of the reactive and energy-relevant gas components.

Fig. 1a) shows an analysis of the composition of the pyrolysis gas.
The results of the chromatographic analysis show that the main
component, in all cases, is methane (CHy). The highest methane content
of 51.48 % and hydrogen content of 22.70 % were recorded for the fuel
sample produced from used tyres. This raw material also had the highest
carbon content, resulting in the highest-quality pyrolysis gas. Also in this
case, the lowest CO and CO» contents were recorded, further enhancing
the quality and value of the pyrolysis gas. A significant amount of higher
hydrocarbons (14.73 %) was recorded in the pyrolysis gas for the used
tyres, but the amount collected was too small to be analysed further. The
results presented for the fuel produced from used tyres are consistent
with those for the same type of fuel, but on an enlarged laboratory scale
[30].

The two RDF samples, one produced from industrial waste (RDF_IW)
and one from municipal waste (RDF_MW), gave similar results, as their
elemental composition was similar. However, RDF_IW had a higher
carbon content, which resulted in higher methane concentrations in the
pyrolytic gas produced. In addition, the high content of organic matter,
mainly organic waste, in the fuel sample produced from municipal waste
resulted in high CO, and CO emissions of the pyrolytic gas [31]. In
particular, the biodegradable fraction present in the alternative fuel is
responsible for the high carbon dioxide emissions in the pyrolytic gas
[32]. The composition of the pyrolysis gas is influenced not only by the
composition of the feedstock, but also by the process temperature, the
reactor design, the reactor heating rate and the residence time of the
material at the set process temperature [33].

The results of the synthesis gas analysis shown in Fig. 1b) indicate
that hydrogen is the main constituent. The results obtained confirm that,
using the steam gasification method, it is possible not only to obtain a
solid product with a developed porous structure, but also a synthesis gas
rich in Hy. Nearly 70 % hydrogen in the gas product was recorded for
RDF carbonate produced from industrial waste. In contrast, methane
and higher hydrocarbons were collected in trace amounts. A very
interesting behaviour was recorded for the fuel obtained from used
tyres. In the literature, TDF fuel is presented as a material suitable for
activation, but during steam activation a very high thermal degradation
of the material was observed, as up to 53.38 % of the synthesis gas was

Il oF
_ I ROF_wW
a) 9 I RDF_MW
60 4

CH, CH, H, co,
Pyrolytic gas components

0, co
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COs. Furthermore, this resulted in poor activation results, low active
surface area and sorption properties towards methanol of the obtained
porous material. The high CO, content and low CO concentration in this
case may be related to the carbon monoxide/water vapour conversion
reaction (CO + HoO — CO5 + 3 Hy) [34], in which CO and water vapour
are the reactants, while CO5 and Hj are the products. Therefore, the
appearance of carbon dioxide in the process gas or synthesis gas favours
hydrogen formation [35].

The verification of the gas composition allows to calculate related
lower heating value (LHV) of obtained syngas. The calculation was
provided based on the following equation: LHV = ([H3]¢107.98 +[CO]e
126.36 -+[CH,4]#358.18 +[C2H2]#56)/1000, MJ/Nm® [36] and ob-
tained results are presented in Table 1. The assumptions that syngas was
composed of Hy, CO, CH4 and CyH; have been made in order to stan-
dardize the results and make them comparable with each other. The LHV
value varies from 21.6 MJ/Nm® to 19 MJ/Nm?® after pyrolysis process,
where this value varies from 10.4 MJ/Nm? to 5.3 MJ/Nm? after gasifi-
cation. This phenomenon is related to the fact that part of the volatiles
was released during pyrolysis. The analysis of the syngas composition
confirms this, as the content of the most calorific component of syngas, i.
e. CHy, decreased from the range of 51.5 % — 25.5 % for the pyrolysis
process to the range of 1.1 % — 0.4 % for the gasification process.

3.2. Thermal decomposition of raw feedstock

Thermal decomposition under a nitrogen atmosphere was analysed
to determine the most suitable temperature for the pyrolysis process at a
lab-scale test rig. TG, DSC, and DTG curves are presented in Fig. 2.

TG analysis of RDF and TDF raw fuels in an inert gas (nitrogen) at-
mosphere allowed a preliminary determination of the properties of the
materials studied and the temperature of the pyrolysis process carried
out on a laboratory scale. Moisture release was observed at low tem-
peratures, as in all cases, the first pick was observed before reaching 150
°C. Complete decomposition of the material was observed above 550 °C,
allowing the selection of a pre-treatment process temperature of 600 °C.
Further increases in temperature are usually associated with evapora-
tion and thermal decomposition of inorganic matter [37].

In the DTG plot shown in Fig. 2, two main peaks are observed related
to the thermal decomposition of the organic matter contained in the
RDF_IW and RDF_MW. Based on the characteristic thermal decomposi-
tion temperatures of the different waste fractions, it can be concluded
that both the municipal and industrial waste-derived RDF samples were
characterised by fractions with similar composition and properties.

For the pyrolysis of the waste fuel from tyres, one main peak was
observed representing the thermal decomposition of natural rubber, in
the range of 300-500 °C. The slight weight loss observed at lower

[: TDF
70 B ROF_IW
b) E1ROF MW
60 H
50
=
o
5404
®
£
8 304
el
o
(&)
20
104
0 -
CH, CH, H, CcO, O co

Syngas components

Fig. 1. Analysis of synthesis gas from: a) first stage carbonization process, and b) steam gasification.



A. Mlonka-Medrala et al.

Journal of Environmental Chemical Engineering 13 (2025) 119279

Table 1
The LHV of the syngas produced during the pyrolysis (P) and gasification (G) processes.
Sample TDF_P TDF_G RDF_IW_P RDF_IW_G RDF_MW_P RDF_MW_G
LHV, MJ/Nm® 21.6 5.3 19.0 10.0 16.7 10.4
——TGRDF_IW —— TG RDF_MW —— TG TDF
--—--DTG RDF_IW-----DTG RDF_MW--~-- DTG TDF r2 r 0,001
o
0,000
F-2
L4 L -0,001
£
Le 2 £
G fo0023
@ 9
Lg © &
10,003
F-10
r-12 - -0,004
L-14
20 L 0,005

T T T
100 200 300

Temperature,°C

T T T
400 500 600

Fig. 2. Thermal behaviour of waste materials up to 600 °C under inert atmosphere.

temperatures, from about 200 °C onwards, is related to the thermal
decomposition of organic additives, a component of a tyre [37].

3.3. Proximate analysis of the raw feedstock and produced chars after the
pyrolysis process

Elemental analysis of raw feedstock showed that the highest carbon
content was noted for the waste tyres sample, whereas the highest
content of hydrogen was determined for RDF derived from industrial
waste (Table 2).

The fuel obtained from used tyres had more than 80 % of carbon in
raw feedstock, while RDF fuels had approximately 20-30 % lower car-
bon content in the raw sample. In general, rubber waste from tyre
machining is characterised by a homogeneous composition and a high
carbon content [38]. In thermal and chemical treatment processes to
produce porous carbon materials, tyre samples are subject to pre-
liminary mechanical processing and steel elements, and textile fibres are
removed from them [39].

The alternative fuel produced from municipal waste had a lower
carbon content than the fuel obtained from industrial waste, and both
samples had a similar hydrogen content. The significantly higher ni-
trogen content in the RDF_MW sample resulted from the properties of
municipal waste from which this material was produced. Municipal
waste, mainly from individual recipients, consists mainly of biode-
gradable waste with a higher nutrient content, such as nitrogen [40,41].
Alternative RDF fuels, however, are characterised by high heterogeneity
and their composition is very diverse. RDF fuel includes fractions such as

Table 2
Proximate analysis of raw feedstocks and chars collected after pyrolysis (P) and
steam gasification (H20_850) processes.

Sample\Element C, wt% H, wt% N, wt%
TDF 81.82 7.48 0.52
P_TDF 62.31 0.78 0.38
TDF_H20_850 69.21 0.16 0.31
RDF_IW 57.24 7.59 2.00
P_RDF_IW 59.34 2.58 3.02
RDF_IW_H20_850 44.47 0.78 0.79
RDF_MW 49.40 6.65 1.29
P_RDF_ MW 47.42 1.73 1.73
RDF_MW_H20_850 44.63 0.96 0.81

plastic with a carbon content of 60-90 %, depending on its type, paper
with a carbon content of about 40 % and textiles containing about 50 %
carbon [33,42]. The fractional composition depends on the place of
production, the composition of raw waste, the installation used for its
pre-treatment and the requirements set by recipients of alternative fuel.
Depending on demand, mixtures are prepared with higher or lower
caloric value and different permissible concentrations of contaminants
[43,44].

After the initial thermal treatment by pyrolysis, a significant reduc-
tion in carbon content was observed in the char derived from tyre-
derived fuel (TDF). This was directly reflected in the composition of
the pyrolysis gas, which was enriched in methane and higher hydro-
carbons, indicating efficient volatilisation of carbonaceous fractions. In
contrast, the chars obtained from refuse-derived fuels (RDF) exhibited
only minor changes in carbon and nitrogen contents after pyrolysis. This
trend correlates with their gas composition, which contained higher
proportions of CO, suggesting a more balanced consumption of carbon
and oxygen and leading to comparatively moderate changes in the
elemental composition of the resulting chars in relation to the raw
feedstocks. During the subsequent steam gasification step, extensive CO2
release was observed for the TDF sample, which was accompanied by a
relative increase in carbon concentration in the residual solid phase. For
the RDF-derived samples, however, a greater degree of carbon con-
sumption was evident. This behaviour can be attributed to the carbon-
—steam reforming reaction (C + H20 « CO + Hz), further enhanced by
partial combustion processes and the heterogeneous character of RDF,
which promotes more extensive conversion of the solid matrix.

3.4. Structural and morphological analysis of produced activated carbons

The structural and morphological characteristics of activated car-
bons were examined using scanning electron microscopy (SEM). The
morphologies of two commercial activated carbon and five synthesised
samples are presented in Fig. 3.

The commercial samples AKPA-22 and CWH-22 were characterised
by a similar regular porous structure. The morphology of these samples
was homogeneous, and a honeycomb-like structure can be observed.
The presence of macropores with a diameter of a few micrometres allows
the development of a deeper microporous structure of the activated
carbon, and a mesoporous structure of the adsorbents is visible in the
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Fig. 3. Morphology analysis of commercial activated carbons and of synthesised porous carbon materials.
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images taken at high magnification.

Investigations of the morphology of synthesised porous carbon ma-
terials allow a preliminary determination of the porous structure
developed during processing. In the case of materials synthesised from
waste fuels, this is a key parameter allowing verification of the influence
of the synthesis process parameters on the development of the porous
structure.

The images revealed the formation of macropores in the steam-
activated used tyres, with a limited number of mesopores (see Fig. 3
TDF_H20_850). The expected porous structure for this type of fuel, ob-
tained by steam activation of the pyrolysis-derived char, is a mesoporous
structure [39]. However, this could not be observed in the taken pho-
tographs. One significant benefit of this waste material over alternative
fuels such as RDF and SRF is its high degree of homogeneity, particularly
after the removal of metal elements from the raw material. However, the
rubber from which the majority of TDF fuel is derived is a compact
material, and during the pyrolysis process, a considerable amount of tars
is generated, which clog the pores and inhibit the development of the
internal structure within the material. Conversely, the high heteroge-
neity of the raw material in the case of both RDF samples resulted in an
uneven formation of the porous structure, which was mainly dependent
on their fractional composition. Nevertheless, it was possible to obtain a
developed internal structure, which was rich in mesopores. The spher-
ical elements visible in the images of RDF_MW_H20_850 are the mineral
phase, which is composed mainly of silica. Wood waste with a visibly
developed porous structure in the case of RDF_IW_H20_850 can also be
observed in the images. It can be anticipated that an RDF alternative fuel
comprising a high proportion of waste wood and woody biomass would
be the most promising material for the synthesis of porous materials.

In the case of the two samples of TDF fuel and RDF fuel obtained from
industrial waste, chemically activated (see Fig. 3 TDF_KOH_800 and
RDF_IW_KOH_800), notable alterations in the porous structure were
observed in comparison to the physically activated samples. In the case
of the RDF_IW_KOH_800 sample, the application of chemical activation
resulted in an enhancement in the porosity of the sample, exhibiting a
locally developed mesoporous structure as evidenced in the images.
However, further investigation through sorption methods is necessary to
ascertain the presence of a microporous structure.

The TDF_KOH_800 sample, which underwent chemical activation,
also exhibited alterations in its structure. The images revealed the
presence of an irregular porous structure on the external surface, yet it
remains unclear whether the internal structure of the material under-
went development during the activation process.

3.5. Porosity of produced activated carbons

To evaluate the potential applicability of adsorbents in adsorption
cooling devices, the most critical parameters are the specific surface area
(BET), the micropore volume, and the pore diameter, which collectively
enable classification of the material as micro-, meso-, or macroporous.

The findings related to the specific surface area analysis, determined
through two methods: low-temperature nitrogen adsorption and

Table 3
Microstructural parameters of commercial and produced activated carbons
determined using gas adsorption method.

Sample Specific surface T-plot micropore Mean pore
area (BET), mz/g volume, cm3/g diameter (BET),
nm
AKPA—-22 750.66 0.23 2.56
CWH-22 844.09 0.32 2.74
TDF_H20_850 78.34 0.01 38.94
TDF_KOH_800 183.51 0.02 2.14
RDF_MW_H20.850  245.56 0.09 4.22
RDF_IW_H20_850 328.97 0.08 4.18
RDF_IW_KOH_800 955.20 0.04 3.04
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methanol adsorption at the relevant process temperatures (for both
adsorption and desorption) are summarized in Tables 3 and 4.

The textural properties of the samples had shown clear differences in
porosity development depending on precursor and activation method.
AKPA-22 and CWH-22 exhibit very high BET surface areas (750 and
844 m?/g) with significant micropore volumes (0.23 and 0.32 cm®/g),
indicating well-developed microporosity and narrow mean pore di-
ameters (2.6 and 2.7 nm).

In the case of the sample synthesised by the physical method from
fuel extracted from used tyres, a macroporous structure was observed on
SEM images, which was also confirmed by specific surface area analyses
by low-temperature gas adsorption. The obtained porous carbon mate-
rial TDF_H20_850 was characterised by a low BET specific surface area,
not exceeding 100 m?/g, and a very high pore diameter, on average 10
times higher than in other cases of synthesised carbons and about 15
times higher than commercial carbons. The literature reports that tyre
waste is a good and homogeneous material, rich in carbon, with high
potential when it comes to synthesising activated carbons [45]. The
unsatisfactory outcomes observed in this study may be due to the
insufficient residence time of the sample within the reactor or the
inadequate process temperature. In comparison to the results observed
for materials with a much higher degree of heterogeneity, such as
alternative fuels, both RDF samples showed promising results in devel-
oping the specific surface area, which ranged from approximately 250 to
330 m?%/g. These results are not as promising as those of commercial
materials [46-49]. However, it is important to note that the raw mate-
rial used is a waste and methods for its efficient industrial use are
continually being sought. In contrast, chemical activation yielded up to
three times the active surface area of BET (in the case of the RDF_IW
sample), which exceeds the values for activated carbons obtained by
physical activation of pure raw materials. The sample extracted from the
alternative fuel type TDF, even with the chemical method, did not
develop its internal surface area, although a significant improvement
was obtained compared to physical activation. One of the key obstacles,
however, is the energy intensity of the chemical activation process,
generating additional waste, without yielding a valuable synthesis gas.

The analysis of the micropore volume (Table 3) indicates substantial
differences in the porosity of the studied materials. The highest values
were obtained for CWH-22 (0.32 cm®/g) and AKPA-22 (0.23 cm®/g),
confirming their predominantly microporous character, which is
favourable for applications involving gas-phase adsorption and separa-
tion. In contrast, RDF-based samples exhibited lower micropore vol-
umes, with RDF_MW _H-0_850 (0.09 cm®/g) and RDF_IW_H.0_850
(0.08 cm®/g) showing moderate values, suggesting a mixed micro-
mesoporous structure consistent with their larger mean pore diameters
(around 4 nm). The RDF_IW_KOH_800 sample, despite its very high
specific surface area (955.20 m?/g), displayed only limited micropore
volume (0.04 cm?/g), indicating that its porosity is dominated by mes-
opores. The lowest micropore volumes were recorded for TDF-derived
materials, with TDF_KOH_800 (0.02cm?/g) and particularly

Table 4
Specific surface area of BET determined by methanol adsorption under reduced
pressure at two process temperatures, 30 and 60 °C.

Sample Vi, cm®/ Specific surface area (BET), R?
g m?/g

AKPA-22, 30°C 134.60 871.73 98.93
AKPA-22, 60°C 80.96 524.32 99.79
CWH-22, 30°C 146.80 950.74 99.41
CWH-22, 60°C 139.80 905.39 99.42
RDF_IW_H20_850, 30 °C 61.25 396.65 99.96
RDF_IW_H20_850, 60 °C 59.34 384.31 99.96
RDF_IW_KOH_800, 30 °C 217.60 1408.89 93.65
RDF_IW_KOH_800, 60 °C 223.30 1446.07 93.90
RDF_MW_H20_850, 30 °C 41.59 269.35 99.99
RDF_MW_H20_850, 60 °C 35.54 230.19 99.77
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TDF_H20_850 (0.01 cm®/g), which together with their large mean pore
diameters point to a predominantly meso- and macroporous structure.
These observations suggest that while CWH-22 and AKPA-22 are highly
suitable for processes requiring narrow micropores, RDF- and TDF-based
materials may be more applicable in sorption or catalytic processes
involving larger molecules due to their mesoporous or macroporous
characteristics, however with limited potential application in adsorption
cooling devices.

To verify the sorption properties of the produced materials under
conditions more representative of practical applications, additional
specific surface area measurements were conducted using methanol, the
working fluid commonly employed in activated carbon adsorption
chillers.

The analysis applies the physical adsorption mechanism described by
the BET equation, which assumes homogeneous filling of surface sites
without significant adsorbate-adsorbate interactions. While the BET
equation is typically suitable for monolayer adsorption and is most
applicable to organic solvents with low boiling points, its applicability to
methanol, characterised by a high polarity coefficient of 0.762 and
strong adsorbate-adsorbate interactions may be limited in this context.

For the commercial and physically activated samples, the results
align well with those from low-temperature gas adsorption measure-
ments, indicating minimal influence of process temperature on the in-
ternal surface characteristics of the analysed materials.

In contrast, chemically activated samples exhibited significantly
different outcomes. Their BET-specific surface area, as determined using
methanol vapor adsorption, was approximately 50 % higher than that
obtained from nitrogen adsorption analysis. This discrepancy is likely
due to incomplete removal of the activating agent, KOH, from the
porous structure during the leaching process, resulting in potential re-
actions between residual KOH and methanol during measurements.
Consequently, the results for chemically activated samples are consid-
ered unreliable, underscoring the need for more robust sample prepa-
ration and characterisation methods to ensure accuracy.

3.6. Functional groups of the obtained chars after activation

Functional groups of studied chars after activation was analysed via
Fourier transform infrared spectroscopy (FTIR). The spectra of TDF,
RDF_MW and RDF_IW after steam activation in 850 °C and RDF_IW after
chemical activation in KOH are presented in Fig. 4. Based on FTIR
measurements, there can be noted that all activated samples do not
indicate the presence of peaks from 1600 — 4000 cm .. In this area
bonds from 3000 — 3700 cm™! are associated to O—H stretching vi-
brations which is related to possible presence of HyO [50], absence of
peaks in this area revel that samples do not contain any moisture.
Moreover, this phenomena confirm decomposition of oxygen-containing

0.4 4~ TPF_H,0_850
?" [=——RDF_MW_H,0_850
—— RDF_IW_H,0_850

—~ l—— RDF_IW_KOH_800
50,3
@
N
(0]
Q
% 0,2
o
[
@]
30,1
<"

0,0

4000 3500 3000 2500 2000 1500 1000 500
Wave number, cm™

Fig. 4. FTIR spectra of activated samples: TDF, RDF_MW and RDF_IW.

Journal of Environmental Chemical Engineering 13 (2025) 119279

structures in organic matrix of activated chars [51]. Adsorption region
1100 — 1600 cm ™" reveal overlapping bands related to C-C, C=C, C=0
skeletal vibration bands of the carbonaceous mesh [52]. These bonds are
most commonly observed in all presented RDF samples. TPF after steam
activation reveal different specific spectra areas than RDF samples. In
region 900 — 1200 cm ™}, presence of C=0 valence vibration bands was
identified [53], while the highest peak of 1070 cm ! could reveal
presence of C-O stretching vibrations [54]. Wavenumber from 700 to
1000 cm ™! is associated to presence of C-H bending of aromatic bonds
out of plane [52]. In addition, TDF sample indicated functional group at
464 cm ! associated to S-S stretching vibration [54], this kind of bond
was not detected for RDF samples.

3.7. Contamination of obtained carbon porous materials with heavy
metals

The contamination of activated carbons with heavy metals is a crit-
ical concern due to the potential leakage of hazardous substances,
significantly restricting their potential applications. Unstable materials
are unsuitable for sensitive industries such as water treatment, food
processing, and pharmaceuticals.

In this study, raw waste materials: tyre-derived fuel (TDF) and two
refuse-derived fuel (RDF) samples were examined alongside the final
carbon-rich porous materials produced through physical and chemical
activation methods. The analysis focused on the heavy metal content, its
potential release, and its environmental impact. Table 5 and Fig. 5
present the heavy metal content of the as-received feedstocks, providing
a comprehensive comparison to evaluate the implications for both raw
and processed materials. These findings highlight the importance of
addressing contamination to expand the usability of activated carbons in
environmentally critical and industrial applications.

The analysis of metal content in raw feedstocks and carbon-rich
waste-derived materials provides insights into the potential release of
these substances into the atmosphere during the synthesis process. Zinc
emerged as the predominant contaminant, warranting particular
attention due to its dual significance: while essential for human health,
excessive exposure to zinc can result in severe health issues affecting the
nervous, cardiovascular, respiratory, reproductive, renal, and gastroin-
testinal systems [55].

The chemical activation process substantially reduced the zinc con-
tent in both analysed samples, suggesting partial leaching of zinc during
synthesis. This finding implies that process by-products may become
contaminated, raising both environmental and safety concerns. For
highly contaminated precursors such as tyre-derived fuel (TDF), the
proper management of waste streams generated during chemical acti-
vation is particularly critical, as it renders the process more environ-
mentally hazardous and economically demanding. In contrast, steam
activation exhibited inconsistent effects: it led to zinc accumulation in
TDF_H20_850 and RDF_IW_H20_850, while a reduction was observed in
RDF_MW _H-0_850. This variability can be attributed to differences in
the zinc compounds present in the raw feedstock. In municipal solid
waste (MSW), zinc may occur in several chemical forms, including zinc
chloride (ZnClz) and zinc oxide (ZnO), which can volatilise or transform
during high-temperature activation [56].

Chromium and nickel were also identified as significant contami-
nants in the samples. However, in the case of both RDF-derived mate-
rials, these metals were found to be in a stable form and remained stable
even after activation. This stability mitigates their potential for envi-
ronmental release but highlights the need for targeted strategies to
manage unstable contaminants like zinc in waste valorisation processes.

Overall, steam activation at 850 °C tends to increase the retention of
metals such as Zn, Ni, Cr, Sb, and V, particularly in RDF samples. This
suggests that steam activation enhances metal stabilization or reduces
volatility. In contrast, chemical activation with KOH at 800 °C is more
effective at reducing the retention of toxic metals like Sb, Hg, and V,
while selectively enriching elements such as Cu, Co, and Mn. TDF
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Table 5
Contamination of raw feedstocks and obtained carbon porous materials with selected heavy metals.
RDF_IW RDF_IW_H20_850 RDF_IW_KOH_800 RDF_ MW RDF_MW_H20_850 TDF TDF_H20_850 TDF_KOH_800
Zn mg/kg 298 639 240 304 135 18 052 37 415 11 652
Ni mg/kg 77.7 1028 665 135 296 9.23 15.1 34.5
Cr mg/kg 191 2332 1158 390 845 5.61 21.2 216
Cu mg/kg 26 182 67.9 56.2 195 66.5 83.4 218
Pb mg/kg 19.5 13.5 15.2 25.1 26.8 31.7 15.6 13.2
Co mg/kg 10.5 9.1 41 11.7 32.2 147 124 171
Mn mg/kg 72.3 34 355 111 399 9.67 12.2 4.8
\% mg/kg 5.89 43.1 7.96 13.9 57.1 1.97 4.2 3.19
Sb mg/kg 43.1 358 94 30.1 13 <15 0 9.77
cd mg/kg 0.743 1 0.136 0.4 0 0.583 0.97 0.794
As mg/kg <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
Hg mg/kg 0.074 0.035 0.536 0.638 0.005 0.012 0.008 0.007
20 %, which is relatively low. The limited sorption properties may result
[_|RDF_IW_H20_850 from pore blockage during the initial pyrolysis stage.
500 = ESE_:\\/{VV\_/KS;O_B&OO Activated carbon derived from RDF via steam activation exhibited a
450 [ |TDF_KOH_800 type I isotherm with irregular behaviour and noticeable H4 hysteresis.
Il TDF_H20_850 The highest methanol uptake, 14.32 %, occurred at 30 °C (P/Po = 90 %).
400 - Material from industrial waste RDF char via steam activation demon-
350 strated promising sorption properties, with 25 % methanol uptake at
2 both temperatures and noticeable H4 hysteresis, which is characteristic
D 300 - for commercial activated carbons [29]. The favourable sorption kinetics
E_ 250 - may be due to a larger mean pore diameter, nearly double that of
5 commercial samples. Porous carbon from RDF_IW fuel via chemical
g 200 - activation had a clear type I isotherm, showing high microporosity with
o 150 3 significant adsorption in the low-pressure range. The maximum meth-
anol uptake exceeded 40 %, and H4 hysteresis confirmed the presence of
100 4 narrow pores, including micropores. Temperature had minimal effect on
50 - sorption capacity.
0- 3.9. Assessment of the potential application of the obtained materials in
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Fig. 5. Contamination of obtained carbon porous materials with selected
heavy metals.

samples, in particular, show significant reductions in metal concentra-
tions under KOH treatment, making it a promising method for mini-
mizing environmental risks in solid residue. However, it makes synthesis
waste treatment more challenging due to contamination with heavy
metals.

3.8. Sorption characteristics

The methanol intake was tested at the temperatures of 30 and 60 °C,
the sorption isotherms are shown in Fig. 6. The method was used to
compare sorption properties between commercial and synthesised
activated carbons and its potential in a working pair with methanol in an
adsorption chiller.

The activated carbons AKPA-22 and CWH-22 exhibited a type I
adsorption isotherm with slight H4 hysteresis, indicating a microporous
structure with some split pores. Methanol adsorption capacity was high,
increasing with decreasing temperature, typical for activated carbons.
The highest uptake occurred at 30 °C (P/Po = 90 %) with values of
32.14 % (AKPA-22) and 38.72 % (CWH-22). Sorption capacity showed
weak temperature dependence.

Activated carbon synthesised from waste tyres via steam activation
displayed a type III isotherm with significant hysteresis, indicating weak
adsorbate-adsorbent interactions and dominant adsorbate-adsorbate
interactions. Methanol uptake was below 10 %, likely due to insuffi-
cient pore development caused by low activation parameters.

Porous carbon from waste tyres using chemical activation showed a
type II isotherm with H3 hysteresis and a methanol uptake exceeding

adsorption chillers

In summary, the sorption capacity of the sorbents under investiga-
tion was evaluated under the operational conditions of the adsorption
chiller. The study assumed Tags = Teond = 30 °C, Tges = 60 °C and Teya
=7 °C. A comparison was conducted between selected synthesised
porous materials and the commercial activated carbons. According to
the adopted methodology [29], the theoretical values of COP and SCP
coefficients were determined, and the calculation results are presented
in Fig. 7. The materials analysed in the article were tested for methanol
sorption, and the values of the efficiency coefficients of the adsorption
chiller with the analyzed working pairs were determined for different
cycle times.

Analysing the data presented in Fig. 7, it should be noted that the
highest SCP values are observed for the commercial activated carbons
CWH-22 and AKPA-22, with the maximum SCP occurring for cycle times
in the range of 1000-1200 s. In contrast, when examining the variation
of COP with cycle time, the highest COP for each cycle time is observed
for the RDF_IW_H20/methanol working pair. However, for cycle times
exceeding 1200 s, the COP values for methanol vapours with commer-
cial activated carbons and those obtained from RDF_IW converge to-
wards a similar value of 0.65. Considering both COP and SCP results, it
can be concluded that sorbents obtained from industrial waste (RDF_IW)
enable the adsorption chiller to operate at a performance level similar to
that achieved with commercial activated carbons. In contrast, porous
materials obtained from tyres (TDF) and municipal waste (RDF_MW)
exhibit about 30 % lower COP and approximately 50 % lower SCP
compared to the methanol/RDF_IW working pair. Based on the COP and
SCP curves throughout the cycle, it should be noted that the sorption
kinetics of the methanol/RDF_IW_H20 pair are more dynamic than
those of the commercial activated carbons with methanol, resulting in
the maximum SCP being observed within the range of 700-900 s. On the
other hand, the methanol/RDF_IW KOH working pair exhibits the
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Fig. 7. Theoretical values of SCP and COP ratios for different cycle times of an adsorption chiller operating with methanol and different carbons analysed in

this study.

lowest methanol sorption kinetics among the materials analysed, and for
cycle times up to 2100 seconds, no maximum SCP value has been
observed. It is worth noting that the greatest differences in sorption
kinetics intensity occur during the desorption process. Desorption is
most intense for the methanol/RDF_IW_H20 and methanol/TDF_H20
pairs, while it is slowest for the methanol/RDF_IW _KOH pair. This
phenomenon may be directly related to the presence of metallic
contamination in the samples. Materials with the most intense desorp-
tion kinetics show the highest metal contamination, which is nearly 4 %
for TDF_H20O. In contrast, the lowest metal contamination is observed
for RDF_IW_KOH, which exhibits the slowest desorption. It is worth
noting that the metallic contaminants, primarily zinc, chromium, nickel,
and copper, are highly thermally conductive, which directly impacts the
efficiency of heat and mass transfer in sorption processes. In this context,
the presence of metals in the analysed samples should not necessarily be
viewed as contamination when these sorbents are used in adsorption
chillers. Additionally, it is important to note that porous materials
chemically activated with KOH generally exhibit slower methanol
sorption compared to those activated with steam. This could be due to
incomplete purging of the material, leaving residual KOH within its
structure. Therefore, potassium hydroxide can react with methanol,
which is characteristic of interactions between alcohols and bases. When
KOH dissolves in methanol, it dissociates, forming potassium meth-
anolate and water in an exothermic reaction. The local increase in
temperature due to this reaction can slow down adsorption kinetics and
even cause local desorption of already adsorbed methanol. This may be
directly related to the fact that the adsorption process for KOH-activated
carbons is several times longer than the desorption process. To verify
these hypotheses, the synthesis of activated carbons with a modified
washing step should be performed to eliminate residual KOH from the
porous structure of the material. However, the significant differences in
the sorption kinetics intensity of the analysed working pairs make it
challenging to directly compare them. The SCP index reaches its
maximum at a specific cycle time, while the COP asymptotically ap-
proaches a particular value. For this reason, Osummarizes the maximum
SCP values and the corresponding COP values for the working pairs
analysed in this article, as well as those studied by other research teams.

Analysing the data presented in Table 6, it can be observed that the
RDF_IW_KOH/methanol pair achieves an SCP of 88.9 W/kg and a COP of
0.673 under the analysed operating conditions. In this respect, this
working pair performs at a similar level to commercial activated car-
bons. However, the SCP,.x and COP values must be considered in
relation to sorption kinetics, as they are attained with an adsorption
chiller operation cycle approximately three times longer than that of
working pairs with commercial carbons, and four times longer than the
RDF_IW_H20/methanol pair. Due to this, the RDF_IW_H20/methanol

11

Table 6
Summary of SCP and COP ratios of an adsorption chiller operating with different
operating working pairs.

Working pair Tadss Tdes, Tevap, SCP hax COoP Reference
Teond, °C °C W/kg for
°C SCPrmax
AC/methanol 110 -7 11.0 0.057 [57]
Micro-AC/ 30 110 30 65.0 0.100 [58]
methanol
AC/methanol 26-28 60-70 4-5 140.0 0.570 [59]
AC/methanol 30 85 14 105.0 0.450 [601]
AC35/methanol 35 100 -2 210.2 0.329 [61]
AC MBC/ 30 60 7 111.9 0.639 [29]
methanol
CWH-22/ 30 60 7 95.5 0.615 This
methanol study
AKPA-22/ 30 60 7 68.4 0.604 This
methanol study
RDF_IW_H20/ 30 60 7 53.5 0.631 This
methanol study
RDF_IW_KOH/ 30 60 7 88.9 0.673 This
methanol study
RDF_MW_H20/ 30 60 7 30.4 0.528 This
methanol study
TDF_H20/ 30 60 7 16.6 0.411 This
methanol study
TDF_KOH/ 30 60 7 31.4 0.498 This
methanol study

pair, which allows an SCPp,,x of 53.5 W/kg, appears to be a promising
option for use in adsorption chillers. Nonetheless, the chemically acti-
vated RDF_IW sorbent still requires further optimization of the activa-
tion process to improve sorption kinetics. Additionally, it should be
noted that porous materials derived from tyres exhibit significantly
lower efficiencies and, when paired with methanol, do not currently
represent a viable solution for adsorption chiller applications. However,
it should be borne in mind that a relatively low heat source temperature
of 60°C was used in the case under consideration, which allows the use
of low-temperature waste heat sources. A low chilled water temperature
of 7 °C was also assumed in the calculations.

4. Conclusions

A comprehensive investigation into the synthesis of porous materials
from waste resources has yielded several key findings. A methodology
for producing activated carbon through pyrolysis and subsequent
physical or chemical activation was proposed, focusing particularly on
developing porous structures and generating hydrogen-rich syngas.
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However, the parameters used were found to be suboptimal for treating
waste tires, as they limited the formation of a well-developed porous
structure. In contrast, despite the inherent heterogeneity of refuse-
derived fuel (RDF) samples, the process of producing char at 600 °C
followed by steam activation at 850 °C successfully facilitated the
development of a porous network. The resulting specific surface areas
reached 245.56 m?/g and 328.97 m?/g, while the maximum methanol
uptakes were 14.32 for RDF_ MW and 25.14 for RDF_IW, respectively.
Additionally, both RDF-derived carbons demonstrated strong potential
for hydrogen-rich syngas production, with nearly 70 % hydrogen
detected in the syngas generated from industrial waste. Among com-
mercial references, the highest methanol uptake was observed for CWH-
22, Importantly, in the low P/Po region, critical for adsorption chiller
applications, the chemically activated RDFIW sample displayed
adsorption isotherms comparable to those of the commercial carbons,
underscoring its potential as a viable alternative sorbent.

Elemental analysis revealed chromium and nickel to be present in
stable forms in RDF-derived carbons, whereas zinc persisted as a major
contaminant. Partial leaching of zinc during chemical activation high-
lights associated environmental and health risks. Thus, effective control
of zinc and other heavy metals is imperative, particularly for highly
contaminated feedstocks such as TDF, to ensure both sustainability and
safety of waste-derived carbons.

Performance evaluation of methanol vapor demonstrated that car-
bons derived from industrial waste can achieve specific cooling power
(SCP) and coefficient of performance (COP) ratios comparable to those
of commercial materials. Specifically, the RDF_IW_H.O/methanol
working pair exhibited a theoretical maximum specific cooling power
(SCPmax) of 53.5 W/kg, while the RDF_IW_KOH/methanol pair reached
88.9 W/kg.

However, there are challenges that currently limit large-scale ap-
plications, including flow resistance, a loss of sorption properties in
thicker layers, and limited cooling capacity. Therefore, future work
should focus on optimizing sorbent architecture, paying particular
attention to the high heterogeneity of the feedstock. Development of
composite structures that enhance heat transfer and validation of these
systems under near-operational conditions are also essential.

Finally, the analysis of sorption kinetics indicated that chemically
activated carbons require refinement of their washing procedures.
Methodological improvements in this step may significantly enhance
adsorption performance, making the investigated working pairs
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