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A B S T R A C T

This work compares two commercial activated carbons (CC1 and CC2) with a novel lab-scale activated carbon 
(NC) produced from the co-pyrolysis of post-consumer plastic waste and olive cake, followed by physical acti
vation with CO2. The materials were characterized by elemental analysis, proximate analysis, surface area 
measurements, XRD, and XPS. Elemental and proximate analyses revealed that CC2 possesses the highest carbon 
content (95.25 %), nitrogen doping (1.62 %), and lowest ash fraction (0.82 %). Textural analysis indicated that 
CC2 exhibits a high BET surface area (948.55 m2/g) and micropore area (780.84 m2/g), while CC1 showed a 
negligible surface area (2.82 m2/g), and NC demonstrated a moderate surface area (230.04 m2/g), indicating a 
poorly developed porous structure in both cases.

Dynamic adsorption tests showed that CC2 presented the highest CO2 uptake (up to 2.90 mmol/g) and CO2/ 
CH4 selectivity (2.40 in molar terms under biogas conditions), mainly attributed to its well-developed micro
porosity that favor physisorption. In contrast, NC showed lower CO2 adsorption (0.80 mmol/g) and higher CH4 
uptake (0.93 mmol/g), resulting in poor selectivity (0.96), suggesting the need for further modification, such as 
surface functionalization or chemical activation. CC1, limited by its almost non-existent porosity, exhibited in
termediate performance with comparable CO2 and CH4 uptakes (0.95 and 0.92 mmol/g, respectively) and 
modest selectivity (1.04), likely influenced by minor chemisorption on mineral impurities.

Despite its lower CO2 adsorption capacity and selectivity, NC demonstrates high regeneration efficiency, 
making it suitable for repeated use in gas separation.

1. Introduction

The growing generation of solid waste is a critical environmental 
concern, driven by population growth and unsustainable consumption 
patterns (Boules et al., 2024; Bukhari et al., 2025; Seah et al., 2023; 
Tripathi et al., 2019). Two waste streams of particular concern are agro- 
industrial residues and post-consumer plastics, both of which are often 
mismanaged, leading to greenhouse gas emissions and long-term envi
ronmental contamination.

Plastic waste poses a major environmental challenge. In 2023, 413.8 
million tons of plastic were produced, yet only 8.7 % originated from 
mechanically recycled post-consumer waste (Plastics Europe, 2024). 
Approximately 25 % of the generated plastic waste is incinerated, while 
55 % ends up in landfills (Lee et al., 2025; Seah et al., 2023).

Olive cake (alperujo), a by-product of the olive oil industry, is 

another underutilized residue. In 2016, Europe generated approxi
mately 5.5 million tons of olive mill solids (Ferreira et al., 2016; 
Mechnou et al., 2021). Its low biodegradability and high organic matter 
content (Aissaoui et al., 2023) generate harmful effects on the envi
ronment, as it contributes to phytotoxicity and possesses antimicrobial 
properties that make its management difficult (Pereira et al., 2024). 
Traditional methods of managing such waste include incineration and 
land disposal, which result in the generation of polluting gases and the 
alteration of the chemical balance of soil and groundwater (Batuecas 
et al., 2019; Gimenez et al., 2020; Oñate et al., 2024).

Various valorization routes have been proposed for these waste 
streams, including conversion into biofuels, chemicals, compost, bio
fertilizers, and bio-based materials. While these strategies offer impor
tant benefits, they often require complex processing, high energy input, 
or face scalability limitations. Adsorbent production emerges as a 
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particularly promising pathway because it provides a direct, low-energy 
route to a high-value product from different waste materials. Adsorption 
technology has been widely used in large number of applications, 
including water purification to remove pollutants such as heavy metals, 
organic compounds, pharmaceuticals and other emerging contaminants 
(Akhtar et al., 2024; Kumar et al., 2021), extraction of metals or other 
components from complex solutions, such as lithium from brine (Hu 
et al., 2025a, 2025b) or gas purification (Dan et al., 2024; Guo et al., 
2022; Kamran and Park, 2021; Pérez-Huertas et al., 2023; Quan et al., 
2023), where the preparation of an adsorbent material with the appro
priate characteristics to allow selective adsorption is of great interest, 
especially in some applications (Hulicova-Jurcakova et al., 2009). 
Common adsorbents include zeolites, carbon molecular sieves, metal
–organic frameworks (MOFs), and activated carbons, which are char
acterized by high surface areas and tunable surface chemistry through 
functionalization (Miao et al., 2025; Sidabutar et al., 2025; Yadav et al., 
2025). One of the applications that is addressing a pressing environ
mental challenge is the biogas upgrading (Ashokkumar et al., 2025). By 
selectively removing CO2 from raw biogas, adsorbents increase the en
ergy content of biomethane and facilitate a purified product (98 %) 
suitable for vehicle fuel or injection into the natural gas grid (Peredo- 
Mancilla et al., 2018).

Among various upgrading methods, adsorption-based processes have 
been extensively studied to improve the calorific value of biogas and 
render it suitable for vehicular fuel applications. These methods offer 
several advantages, including low energy and capital costs, design 
versatility, operational simplicity, and high separation efficiency 
(Angelidaki et al., 2018; Augelletti et al., 2017). Adsorption relies on 
selective gas separation based on the interaction between gas molecules 
and the active sites of the adsorbent. Common adsorbents include zeo
lites, carbon molecular sieves, metal–organic frameworks (MOFs), and 
activated carbons, which are characterized by high surface areas and 
tunable surface chemistry through heteroatom functionalization that 
enable high CO2 adsorption capacity under ambient conditions (Miao 
et al., 2025; Sidabutar et al., 2025; Yadav et al., 2025).

However, the high cost of some commercial adsorbents has spurred 
interest in developing low-cost, sustainable alternatives. In this regard, 
thermochemical conversion technologies such as pyrolysis have 
emerged as promising strategies for transforming waste into high-value 
products. Pyrolysis is a thermal decomposition method that converts 
carbonaceous feedstocks in the absence of oxygen into three fractions: 
pyrolytic oil, combustible gases, and solid char (Pereira et al., 2024; 
Seah et al., 2023; Yogalakshmi et al., 2022). Among these, solid char has 
received comparatively less attention, despite its potential for environ
mental applications due to its carbon-rich structure.

Recent studies have highlighted co-pyrolysis as an innovative strat
egy involving the simultaneous pyrolysis of biomass and synthetic waste 
(e.g., plastics) to produce advanced carbon materials suitable for gas 
adsorption applications. This approach not only reduces landfill waste 
and associated emissions but also enhances the properties of the 
resulting carbon materials. It improves product quality and yield by 
promoting synergistic interactions between biomass and plastics, often 
resulting in chars with better hydrogen-to-carbon (H/C) ratio and 
improved pore structure (Chen et al., 2025; Cupertino et al., 2024; Deng 
et al., 2025; Hongthong et al., 2024; Patil et al., 2018; Zou et al., 2022).

On this context, this study focuses on the co-pyrolysis of post- 
consumer plastic waste and olive cake, followed by physical activation 
with CO2, to produce a novel activated carbon (NC). The synthesized 
material was structurally and chemically characterized and compared 
with two commercial activated carbons (CC1 and CC2). Its performance 
was evaluated based on CO2 and CH4 adsorption capacities under 
varying concentrations and through multiple adsorption–desorption 
cycles, aiming to improve biogas quality using a sustainable, low-cost 
adsorbent. The innovation of this work lies in the combination of two 
abundant waste streams and their conversion into a functional activated 
carbon through CO2 activation, providing a low-cost alternative to 

commercial adsorbents. In addition, this work offers a direct perfor
mance comparison with commercial carbons under dynamic adsorption 
conditions, enabling a clear assessment of its potential for biogas 
upgrading.

2. Materials and methods

2.1. Description of the activated carbon materials

The material named as CC1 is a commercial activated carbon of 
mineral origin extruded in pellet form and physically activated. It is 
specifically designed for the removal of acid vapors. The particle size is 
4 mm, and it has an alkaline impregnation with metals to improve its 
capacity by a minimum of 8–10 %. The density is 530 g/L. The most 
common regeneration methods are pressure changes, heating, and 
purging with an inert gas.

The material CC2 is a commercial carbon molecular sieve developed 
specifically for gas adsorption in biogas treatment systems using Pres
sure Swing Adsorption (PSA) or Vacuum Pressure Swing Adsorption 
(VPSA) processes. It has high stability and a lifespan of 5–8 years, ac
cording to the manufacturer. It consists of black cylindrical particles 
with a particle diameter ranging from 1.3 to 1.8 mm, a diameter vs 
height ratio of 1:1.5–1:2.0, and can withstand a crushing strength of 90 
N. The density is 630–660 g/L. The most common regeneration methods 
are pressure changes, heating and/or purging with an inert gas, or 
heating under vacuum, depending on the application. For confidenti
ality reasons, the companies that produce and supply commercial car
bons are not indicated.

The material NC is an activated carbon produced at laboratory scale 
from a mixture of post-consumption plastic waste and olive cake. 
Different weight ratios were tested (50–50, 60–40, 70–30, 80–20, and 
90–10, always with a higher proportion of plastic waste). Among these, 
the 50–50 mixture was selected, as prior optimization studies (not 
shown here) demonstrated that this ratio provided superior pore 
development. Mixtures with a higher proportion of olive cake were not 
tested because this residue is available in more limited quantities 
compared to post-consumption plastic waste. Olive cake was provided 
by an olive oil mill in the province of Granada, Spain. The olive cake was 
ground and sieved to remove coarse particles and impurities. The final 
particle size used was between 2 and 0.25 mm. The plastic waste was 
provided by the municipal solid waste treatment plant in Granada, 
Spain, and consisted of a mixture of polypropylene (PP) 55.0 %, high- 
impact polystyrene (HIPS) 8.6 %, expanded polystyrene (EPS) 10.1 %, 
and film 27.7 %. The mixture was selected based on the proportion of 
these materials present in municipal solid waste, which was previously 
characterized. The dry waste was mixed in the previously indicated 
proportion and pyrolyzed in a furnace at 500 ◦C with a heating ramp of 
10 ◦C/min and a residence time of 60 s, under a nitrogen flow of 50 L/h. 
Subsequently, the resulting char was activated with CO2, under a 
heating ramp of 10 ◦C/min up to 760 ◦C, maintaining a nitrogen flow of 
12 L/h. The char was kept at 760 ◦C for one hour with a CO2 flow of 12 
L/h. Finally, the activated char was cooled with the same nitrogen flow 
until room temperature was reached. The activated char obtained was a 
fine powder with a particle size of less than 0.5 mm.

2.2. Characterization of the activated carbon materials

The proximate analysis was performed using a Perkin Elmer® STA 
6000 thermogravimetric analyzer. A portion of the sample was placed in 
a crucible and subjected to a controlled thermal program under a ni
trogen atmosphere (flow rate: 20 mL/min). Initially, the sample was 
stabilized at 30 ◦C for 20 min, followed by heating to 110 ◦C at a rate of 
20 ◦C/min. The temperature was maintained at 110 ◦C for an additional 
20 min to determine the moisture content, calculated from the corre
sponding mass loss. Subsequently, the temperature was increased to 
850 ◦C at the same heating rate and held for 20 min to quantify the 
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volatile matter. To assess the ash content, the gas was switched from 
nitrogen to oxygen (flow rate: 20 mL/min), maintaining the temperature 
at 850 ◦C for a further 20 min.

The elemental analysis was quantified in a Thermo ScientificTM 

CHNS/O analyzer, model Flash 2000. The combustion of the sample at 
roughly 1400 ◦C led to the release of CO2, H2O, NOx, and SO2 gases that 
were separated in a chromatographic column and detected on a thermal 
conductive detector. The oxygen content was estimated from the dif
ference between the CHNS content and the ashes.

The textural characteristics of the samples were determined via ni
trogen physisorption measurements performed on a Sync 200 apparatus 
(3P Instruments©). Prior to analysis, all samples underwent degassing at 
150 ◦C under vacuum for 12 h using a Prep J4 unit (3P Instruments©) to 
remove adsorbed contaminants. Nitrogen adsorption–desorption iso
therms were recorded at 77  K. The specific surface area (SBET, m2/ g) 
was calculated using the Brunauer–Emmett–Teller (BET) method. The 
micropore surface area (SMP, m2/g) and micropore volume (VMP, cm3/ 
g) were derived from the t-plot method, while the total pore volume (VT, 
cm3/g) was estimated from the nitrogen uptake at a relative pressure of 
p/p0 ≈ 0.99.

The surface chemical composition was analyzed by X-ray Photo
electron Spectroscopy (XPS) in a Kratos AXIS Ultra-DLD device equipped 
with an X-ray source from Al Kα. All the spectra were corrected to the 
C1s peak of adventitious sp3 carbon to 284.6 eV. The deconvolution of 
the peaks was processed with the aid of the software XPSpeak 4.1®, 
under a Shirley background correction.

The structural disorder of the carbon material and the presence of 
crystalline impurities were assessed by X-ray diffraction (XRD) using a 
Bruker D8 Discover diffractometer equipped with a Pilatus3R 100 K-A 
detector. Measurements were carried out employing Cu Kα radiation (λ 
= 1.5406 Å). Diffraction patterns were recorded over a 2θ range of 10◦

to 85◦.
Furthermore, the nature and strength of the surface acid sites were 

evaluated by Ammonia Temperature-Programmed Desorption (NH3- 
TPD) using an AMI-300Lite chemisorption station (Altamira In
struments®) equipped with a Thermal Conductivity Detector (TCD).

2.3. Adsorption-desorption tests in gas phase

Dynamic adsorption experiments for CO2, CH4, and their mixtures 
were carried out in a fixed-bed column setup to obtain breakthrough 
curves by triplicate. A mass of 1 g of activated carbon was packed into a 
thermostated column (10 cm in height, 1 cm internal diameter), 
equipped with a porous ceramic support at the base and operated at 
30 ◦C under atmospheric pressure. Glass beads were placed at the top of 
the column to minimize solid particle entrainment.

Gas streams composed of CO2/N2 or CH4/N2 mixtures with volume 
ratios of 20/80, 40/60, and 80/20 (v/v) were introduced at a constant 
flow rate of 100 mL/min to determine breakthrough profiles. Addi
tionally, mixed gas adsorption tests were performed using a CO2/CH4 
mixture of 45/55 (v/v) to simulate a more realistic scenario of biogas 
upgtrading. The outlet gas composition was continuously monitored 
using an INFRA.sens® AK5 analyzer (Wi.tec-Sensorik), which operates 
on a dual-beam non-dispersive infrared (NDIR) detection principle for 
simultaneous quantification of CO2 and CH2. Breakthrough curves were 
constructed by tracking the outlet gas concentrations over time. The 
amount of adsorbed CO2 or CH4 was calculated as the area under the 
curve of 1-Ct/Cinlet, being Ct and Cinlet the concentration of the gas at a 
certain time and the inlet value respectively. The area was computed 
from the initial time until the saturation time (tsat), defined as the time in 
which Ctsat/Cinlet = 0.95 (Wang et al., 2015): 

q =

ϑC0
∫ tsat

0

(

1 − Ct
C0

)

dt

mAD
(1) 

where ϑ means the volumetric flow rate (100 L/min), C0 (mol/L) is the 
inlet CO2 or CH4 concentration, and mAD (g) means the mass of adsor
bent loaded in the column.

The adsorption–desorption cycles were carried out by swapping the 
inlet with pure N2 at the same flow rate, i.e. 100 mL/min. The desorption 
cycle was finalized when the monitored CO2 and CH4 concentrations 
were negligible.

The selectivity was calculated from the results of dynamic tests as 
follows: 

SCO2/CH4 =

(
qCO2

qCH4

)

(2) 

where qCO2 and qCH4 is the gas uptake of the component at 298 K and 
atmospheric pressure.

3. Results and discussion

3.1. Characterization of activated carbon materials

Table 1 summarizes the elemental composition, proximate analysis, 
and textural properties based on results of N2 adsorption–desorption 
isotherms of the two commercial activated carbons (CC1 and CC2) and 
the developed novel carbon material (NC).

Elemental analysis revealed that the CC2 exhibits a notably higher 
carbon content (95.25 %) compared to CC1 (67.13 %) and NC (35.79 
%), indicating a higher degree of carbonization and purity. Additionally, 
the CC2 contains more nitrogen (1.62 %) than the other two samples, 
suggesting the presence of nitrogen-functional groups that could 
enhance surface reactivity, potentially benefiting applications such as 
adsorption or catalysis (Biniak et al., 1997; Hulicova-Jurcakova et al., 
2009; Jansen and van Bekkum, 1995). Hydrogen content remains 
consistent for both commercial carbons with a value of 1.91 % and is 
considerably lower in NC (0.48 %).

Proximate analysis also showed main differences in moisture, vola
tile matter, fixed carbon, and ash contents. CC2 has the lowest moisture 
(1.29 %) and ash (0.82 %) contents, along with the highest fixed carbon 
(93.47 %), indicating superior thermal stability and purity (Sádovská 
et al., 2023; Zhao et al., 2023). In contrast, NC, shows low fixed carbon 
(25.48 %) and elevated ash content (44.66 %), possibly due to residual 
inorganic components from the precursors (plastic and olive pomace). 
On the other hand, the high volatile matter in NC (21.89 %) compared to 
commercial materials reflected less intense activation conditions 
(Jurkiewicz et al., 2023; Pui et al., 2019). Although NC could retain 
certain chemical groups that might be beneficial for specific adsorption 
scenarios.

Finally, textural properties assessed by N2 adsorption–desorption 
isotherms, further revealed differences into the studied materials. CC2 
displays a high BET surface area (948.55 m2/g) and great microporosity, 
as indicated by a micropore area of 780.84 m2/g and a micropore vol
ume of 0.380 cm3/g. In contrast, CC1 show negligible surface area (2.82 
m2/g) and NC a moderate surface area 230.04 m2/g, indicating a poorly 
and low developed porous structure.

As conclusion, from these characterization results, the need for 
further optimization of activation and post-treatment processes to 
enhance structural and adsorption properties of CC1 and NC samples 
and a preliminary good performance of CC2 for adsorption-based ap
plications, due to its most favorable balance of chemical purity and 
porosity, can be detected.

The characterization of the materials is completed with structural 
and surface analyses by X‑ray diffraction (XRD) and X‑ray photoelectron 
spectroscopy (XPS). The XRD patterns (Fig. 1A) of the three carbons 
display the hallmark features of turbostratic carbon-namely a broad 
band in the 20–30◦ (2θ, Cu Kα) region, assigned to the (002) stacking of 
disordered graphene layers, and a weaker, broad feature at ~41–46◦

attributable to the (1 0 0)/(1 0 1) in‑plane reflections (Besinella et al., 
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2021; Calero et al., 2025). The position and breadth of the (0 0 2)-like 
band permits a qualitative comparison of the average interlayer spacing 
(d 0 0 2) and stacking coherence (Jurkiewicz et al., 2018; Sharma et al., 
2000). The commercial carbon CC2 shows a very broad maximum 
centered at 24.6◦ with only a faint shoulder at 41.8◦, which is charac
teristic of a highly disordered turbostratic carbon with negligible 

crystalline impurities; the corresponding d 0 0 2 is ≈ 0.361  nm, well 
above the graphitic value (0.335  nm), corroborating poor layer stack
ing. For CC1 (carbon from extruded mineral), the broad carbon band 
around 25◦ is superimposed on a relatively intense and sharp peak at 
26.5◦, accompanied by additional reflections at 31.25◦, 35.12◦, 36.5◦, 
and 64◦ which can be associated, for example, with quartz or other 

Table 1 
Elemental composition, proximate analysis, and textural properties of the two commercial activated carbons (CC1 and CC2) and the developed novel carbon material 
(NC).

Analysis Commercial activated carbon 1 
(CC1)

Commercial activated carbon 2 (CC2) Novel activated carbon 
(NC)

Elemental, % (dry basis) C, % 67.13 95.25 35.79
H, % 1.91 1.91 0.48
N, % 0.17 1.62 0.21
S, % 0.00 0.00 0.00
O, % (by difference) 16.31 0.39 15.00

Proximate, % 
(wet basis)

Moisture, % 16.53 1.29 7.96
Volatile matter, % 13.22 4.42 21.89
Fixed carbon, % 58.16 93.47 25.48
Ashes, % 12.09 0.82 44.66

N2 adsorption–desorption isotherms BET surface area, m2/g 2.82 948.55 230.04
t-plot micropore area, m2/g 3.69 780.84 148.63
Total pore volume, cm3/g 0.009 0.524 0.123
t-plot micropore volume, cm3/g 0.002 0.380 0.075

Fig. 1. (A) X-ray diffraction (XRD) patterns of the samples. (B-D) High-resolution XPS C 1s spectra of (B) CC1, (C) CC2, and (D) NC.
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impurities, mainly potassium carbonates (Calero et al., 2025; Dehkhoda 
et al., 2014; Sun et al., 2011), in line with the mineral origin of this 
carbon. The apparent sharpening near 26.5◦ suggests a slightly smaller 
d 0 0 2 (~0.336  nm), although this value is partially biased by the 
overlapping quartz contribution. The laboratory‑made carbon (NC) ex
hibits the broadest carbon band, centered at ~23◦ (d 0 0 2 ≈ 0.386  nm), 
reflecting the highest degree of structural disorder among the three 
samples. This band overlaps with numerous sharp reflections at 26.5◦, 
29.4◦, 33.18◦, 36.01◦, 47.5◦, and 68◦, which can be assigned to a 
mixture of quartz (SiO2), calcite (CaCO3), and K‑bearing salts (e.g., KCl, 
K2CO3), consistent with the heterogeneous inorganic residue expected 
from a plastic waste/olive‑cake precursor (Chen et al., 2024; Martín- 
Lara et al., 2021; Zhang et al., 2022).

High‑resolution XPS C 1 s spectra (Fig. 1B–D) further elucidate the 
surface chemical state. All samples exhibit a dominant component at 
284.6  eV (sp2‑hybridized C–C) and a second contribution at 285.7  eV 
(sp3 C–C or C–O) (Ligero et al., 2024; Zhang et al., 2022). A high
er‑binding‑energy component at 289.0  eV can be assigned to O–C=O 
species and carbonates, which is particularly relevant in materials that 
may contain ash. The NC sample (Fig. 1D) shows the most complex 
envelope, with well‑defined peaks at 284.6, 285.7, and 289.0  eV, plus 
two additional, intense signals at 293.1 and 295.7  eV. These latter peaks 
do not arise from carbon but coincide with the K 2p3/2 (~293.2  eV) and 
K 2p1/2 (~296.0  eV) doublet, unequivocally evidencing a high surface 
concentration of potassium (Feng et al., 2020), fully aligned with the 
multitude of K‑containing crystalline phases detected by XRD and the 
elemental analysis obtained by XPS (K = 5.6 wt%). The strong 289.0  eV 
contribution, together with the K 2p doublet, indicates a surface 
enriched in carbonates and potassium salts. In CC1 (Fig. 1B), the same 
set of components is present, but the high‑binding‑energy features are 
markedly weaker, reflecting a lower abundance of surface carbonates 
and K species, also in line with XPS elemental analysis (K = 1.8 wt%). 
Finally, CC2 (Fig. 1C) displays only the 284.6, 285.7, and 289.0  eV 
signals, confirming the minimal presence of inorganic residues and 
corroborating the featureless nature of its XRD pattern.

Overall, the combined XRD-XPS picture is self‑consistent. CC2 is 
essentially a clean, highly disordered turbostratic carbon with low ash 
content; CC1 contains moderate quartz and alkali/mineral impurities, 
evident both in its diffraction pattern and in the weak high‑BE XPS 
features; and NC is a highly disordered carbon matrix heavily loaded 
with crystalline quartz, calcite, and K/Ca salts, which dominate both its 
diffraction pattern and its C 1s envelope via the emergence of the K 2p 
doublet. We note that proper deconvolution of the C 1s region in K‑rich 
samples should explicitly include the K 2p doublet to avoid artificial 
inflation of high‑binding‑energy “carbon” contributions. These results 
highlight the strong interplay between precursor composition/process
ing and the resulting structural disorder, mineralogy, and surface 
chemistry of the obtained carbons.

The surface properties of the samples were further evaluated by 
chemisorption analysis with TPD (Fig. 2). The results revealed signifi
cant differences among the commercial materials (CC1, CC2) and the 
synthesized NC. In the case of CC1, a clear and intense desorption signal 
was observed at around 670 ◦C, which can be associated with the 
presence of stable oxygenated functionalities such as phenolic groups 
and partially carbonyl-type species (Pereira et al., 2025; Rocha et al., 
2023). Conversely, CC2 exhibited a rather featureless profile, charac
terized by a broad but weak contribution above 850 ◦C, suggesting a 
limited amount of strongly bonded oxygenated surface groups.

The synthesized NC displayed a more complex profile, closer to that 
typically reported for chars derived from biomass (Herold et al., 2022). 
In particular, NC presented a broad band extending above 700 ◦C, 
indicative of carbonyl and quinone-type groups, together with addi
tional contributions at lower temperatures, around 300 and close to 
500 ◦C, which are consistent with the desorption of carboxylic and an
hydride functionalities (Pereira et al., 2025; Rocha et al., 2023). The 
combination of these bands points to heterogeneous surface chemistry, 

in agreement with the higher structural diversity of oxygenated groups 
in the NC sample compared with the commercial references.

3.2. CO2 adsorption–desorption behavior

3.2.1. CO2 adsorption
The CO2 adsorption capacities of the three activated carbon mate

rials, CC1, CC2, and NC, were evaluated under increasing concentrations 
(20 %, 40 %, and 80 %) and across three adsorption–desorption cycles. 
The results, displayed in Supplementary Materials (Fig. S1) and Fig. 3, 
demonstrate that CO2 uptake was positively correlated with the CO2 
feed concentration, as expected due to the increased driving force for 
adsorption (Li et al., 2017).

Among the three materials, CC2 consistently exhibited the highest 
adsorption capacities, reaching 2.90 mmol/g (127.61 mg/g) at 80 % 
CO2 in cycle 1. This can be attributed to its greater surface area and 

Fig. 2. Chemisorption analysis by TPD of the NC sample and the commercial 
materials CC1 and CC2.

Fig. 3. Comparison of average CO2 adsorption capacities across cycles 1–3 at 
different concentrations for each material. Error bars represent the standard 
deviations between cycles for each material and initial concentration.
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microporosity, which are favorable for CO2 physisorption (Gautam, 
2022; Pimentel et al., 2023; Rehman and Park, 2020; Serafin et al., 
2022). NC showed the lowest performance across all concentrations, 
with a maximum of 1.78 mmol/g (78.13 mg/g) at 80 % CO2 in cycle 1. 
This limited capacity is likely due to its poorly optimized pore structure, 
resulting from high structural disorder and substantial inorganic 
contamination, as revealed by XRD and XPS analyses. The presence of 
mineral residues likely obstructs micropores and restricts CO2 access, 
explaining the reducing adsorption efficiency.

Over the three cycles, minor reductions in adsorption capacity were 
observed in some cases, particularly for CC1 at 20 % CO2, where ca
pacity decreased from 1.42 to 1.00 mmol/g from cycle 2 to 3. However, 
the variations were not systematic and, in some cases, such as CC2, the 
capacity slightly increased with cycling (e.g., from 1.89 to 2.24 mmol/g 
at 40 % CO2), possibly due to the experimental error inherent to the 
analytical method or to the removal of residual impurities during suc
cessive adsorption–desorption cycles, which may improve diffusion 
pathways (Qasem et al., 2021).

Regarding breakthrough and exhaustion times (data provided in 
Supplementary Materials), CC2 maintains a constant tbreak and exhibits 
high texh values (often > 133 s), suggesting a slower saturation process 
and higher adsorption capacity as it was commented before. In contrast, 
NC presented the worst performance among the three materials, with 
the lowest tbreak and texh values. As CO2 concentration increases, there is 
a general trend of slightly decreasing tbreak and texh, especially for CC1 
and NC materials. Finally, the performance is generally stable across the 
three adsorption cycles, confirming good repeatability. In other hand, 
the standard deviations for CO2 measurements in each cycle ranged 
between 0.02 and 0.29, further supporting the consistency of the results.

The distinct adsorption performances of CC1, CC2, and NC can be 
explained by their different adsorption mechanisms. In CC2 sample, the 
high BET surface area and micropore volume provide abundant 
adsorption sites for physisorption of CO2 via van der Waals interactions 
within narrow pores (Serafin et al., 2022). In addition, the probable 
presence of nitrogen functionalities, as revealed by elemental analysis, 
can further enhance CO2 adsorption through Lewis basic sites. This 
claim was previously shown in MOFs and doped graphene (Wang et al., 
2021; Zhu et al., 2024). For CC1, despite its low surface area (2.82 m2/ 
g), adsorption probably occurs on external surfaces and at defect sites, 
while its mineral impurities may contribute to minor chemisorption via 
carbonate formation. However, adsorption is less efficient than in CC2. 
In the case of NC, although the developed pore structure is moderate 
(total: 230.04 m2/g; micropore: 148.63 m2/g) and higher than that of 
CC1 material, the CO2 adsorption is low and probably limited by the 
severe structural disorder due to the high content of inorganic residues, 
which could reduce accessibility to adsorption sites.

The CO2 adsorption capacities observed in this study (maximum 
values of 2.90 mmol/g) are reasonably consistent with values reported 
in the literature for carbons derived from various biomass and polymeric 
precursors. For instance, activated carbon spheres demonstrated a ca
pacity of 4.55 mmol/g at 25 ◦C (Wickramaratne and Jaroniec, 2013), 
while carbon foams with high BET surface areas and significant volumes 
of narrow micropores (0.59–0.71 cm3/g) achieved CO2 uptakes up to 
5.0 mmol/g under similar conditions (Cruz et al., 2023). Likewise, 
adsorption values as high as 5.18 mmol/g at 0 ◦C and 1  bar have been 
reported for KOH-activated carbon materials (Kiełbasa et al., 2022), 
surpassing other high-performance adsorbents such as those with 3.31 
mmol/g under identical conditions (Yuan et al., 2022). Additional 
studies report capacities of 3.44 mmol/g at 25 ◦C (Dassanayake et al., 
2018) and 3.3 mmol/g for KHCO3-activated hydrochar at room tem
perature (Vega et al., 2024). At lower CO2 concentrations (e.g., 10–20 
%), adsorption capacities generally range from 8 to 34 mg/g (0.18 to 
0.77 mmol/g) depending on the porosity and surface chemistry of the 
activated carbon, with higher feed concentrations (up to 40 % or more) 
further enhancing uptake performance (Al Mesfer et al., 2021; Ligero 
et al., 2023).

3.2.2. CO2 desorption
The CO2 desorption performance is illustrated in Supplementary 

Materials (Fig. S2) and detailed in Table 2. Desorption performance 
varies with carbon material type and CO2 concentration. At low CO2 
concentrations, NC exhibits the highest desorption efficiency (average 
96.83 %) despite having the lowest adsorbed amount, while commercial 
formulas show lower efficiencies (69.25 % and 73.82 %, respectively). 
At high CO2 concentrations, all materials show increased desorbed 
amounts, particularly CC2 (2.55 mmol/g) since a higher amount of CO2 
was adsorbed in the previous adsorption stage, with high efficiency 
(96.00 %), followed by CC1 (2.17 mmol/g, 88.34 %) and NC (1.45 
mmol/g, 84.60 %).

Although NC was the material with a worst adsorption behaviour, its 
strong regeneration performance highlights the suitability of this ma
terial for repeated adsorption–desorption cycles without significant 
degradation in functionality, being this a key criterion for industrial gas 
separation applications (Al Atrach et al., 2025).

3.3. CH4 adsorption–desorption behavior

3.3.1. CH4 adsorption
CH4 adsorption was evaluated under the same conditions as CO2, 

with results shown in Supplementary Materials (Fig. S1) and Fig. 4. 
Overall, adsorption capacities for CH4 were significantly lower than for 
CO2, which is consistent with data previously reported in literature and 
it is due to the CH4′s lower quadrupole moment and weaker interactions 
with the carbon surface(Han et al., 2022; Liu et al., 2023, 2019; Niu 
et al., 2025; Pancione et al., 2024). For example, for CC2 sample, CO2 
adsorption capacities were two to four times higher than those for CH4 at 
the same feed concentration, temperature and pressure. On the other 
hand, if the performance of the three studied materials is compared, at 
80 % CH4, CC1 reached the highest uptake of 1.43 mmol/g (22.94 mg/ 
g). NC once again showed the lowest capacity, with a maximum of 0.61 
mmol/g (9.78 mg/g). Adsorption trends were generally stable across the 
three cycles, with no significant degradation observed, which confirms 
the mechanical and structural integrity of the sorbents under CH4 
exposure. The standard deviations for CH4 measurements in each cycle 
ranged between 0.01 and 0.04, further supporting the consistency of the 
results.

3.3.2. CH4 desorption
CH4 desorption performance is presented in Supplementary Mate

rials (Fig. S2) and Table 3. At low CO2 concentrations, the three mate
rials show high desorption efficiencies, with CC1 averaging 96.28 %, 
CC2 91.63 %, and NC 95.26 %. At high CO2 concentrations, although the 
desorbed amount increases significantly, the efficiency drops, particu
larly for CC2 (82.51 %), indicating incomplete desorption at higher 
loadings. NC maintains nearly 100 % desorption efficiency across all 
concentrations despite lower overall adsorption.

To better compare the performance of the three carbon materials 
under varying feed gas concentrations and during three adsorp
tion–desorption cycles, a comprehensive performance index (CPI) was 
defined and calculated by multiply the following three key parameters, 
CO2/CH4 selectivity (in mg/g), total amount of CO2 adsorbed in the 
three cycles, and total recovery efficiency (%). The values are summa
rized in Table 4. CC2 carbon generally shows the best overall perfor
mance, with the highest CPI values at all concentrations. A high value 
was specially observed at 80 %, reaching a CPI value of 0.52. On the 
other hand, NC, demonstrated high recovery efficiency but had the 
lowest CO2 adsorption capacity, which limits its overall CPI, especially 
at lower concentrations. However, at high concentrations, its perfor
mance can be considered improved.
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3.4. Comparison of the activated carbons in a real application (upgrading 
of biogas)

To simulate a realistic gas separation scenario, the three materials 
were tested with a synthetic biogas mixture (45 % CO2, 55 % CH4) in 

three consecutive adsorption–desorption cycles. The corresponding 
adsorption and desorption profiles are shown in Supplementary Mate
rials (Fig. S3), and the quantitative results are summarized in Table 5.

Under these conditions, CC2 displayed the highest CO2 uptake (1.41 
mmol/g, 61.94 mg/g), while maintaining moderate CH4 uptake (0.59 
mmol/g, 9.74 mg/g). This led to the highest CO2/CH4 selectivity (2.40 
in molar terms and 6.36 in mass terms), indicating its potential for 
biogas upgrading applications.

However, the NC material, developed from a blend of plastic and 
olive pomace, exhibited lower CO2 uptake (0.80 mmol/g) and a higher 
CH4 adsorption (0.93 mmol/g), resulting in lower CO2/CH4 selectivity 
of 0.86. This behavior can be attributed to the limited presence of 
oxygen-containing surface groups, which usually enhance the affinity 
toward CO2 through specific interactions (Song et al., 2020), together 
with the high inorganic content that can block pores and reduce 
accessible sites and moderate porosity development. To overcome this 
drawback, targeted modifications such as surface functionalization to 
introduce nitrogen- or oxygen-containing groups (Quan et al., 2023; 
Shao et al., 2024), chemical activation to develop a microporous 
framework with higher surface area (Kamran and Park, 2021) and acid- 
washing to remove mineral matter and avoid pore blockage 
(Gęsikiewicz-Puchalska et al., 2017) have been effective for improving 
CO2 adsorption and CO2/CH4 selectivity in carbon materials. For 
instance, N-doped waste-derived carbons achieved CO2/CH4 selectiv
ities above 3.2 at ambient conditions (Li et al., 2019), while commercial 
coconut-shell activated carbon reached values of 4.7 at 1 bar and 298 K 
(Staudt et al., 2024). Even higher selectivities, between 1.8 and 9.1, 
have been reported for cashew nut shell carbons activated with K2CO3 

Table 2 
CO2 desorbed (mmol/g, mg/g) and desorption efficiency (%) at 20%, 40%, and 80% for each cycle and carbon material.

Initial feed concentration Cycle CC1 CC2 NC

mmol/g mg/g % mmol/g mg/g % mmol/g mg/g %

20 % 1 0.87 38.44 87.31 0.92 40.59 83.91 0.61 26.68 91.13
2 0.68 30.02 48.20 0.81 35.43 74.47 0.47 26.91 99.36
3 0.72 31.80 72.23 0.76 33.40 63.09 0.48 27.09 100.00
Average 0.76 33.42 69.25 0.83 36.48 73.82 0.52 26.89 96.83

40 % 1 1.09 48.02 72.73 14.35 63.14 75.97 1.03 45.14 100.00
2 1.21 53.44 73.22 12.31 54.15 60.28 1.02 44.97 100.00
3 1.10 48.37 77.56 12.88 56.67 57.60 0.97 42.50 100.00
Average 1.13 49.94 74.50 1.32 57.99 64.62 1.00 44.20 100.00

80 % 1 2.15 94.60 87.47 2.95 129.65 98.23 1.55 67.99 86.99
2 2.18 95.99 88.77 2.49 109.64 99.36 1.23 54.05 73.35
3 2.18 95.99 88.77 2.22 97.82 90.40 1.59 69.75 93.45
Average 2.17 95.53 88.34 2.55 112.37 96.00 1.45 63.93 84.60

Fig. 4. Comparison of CH4 adsorption capacities across cycles 1–3 at different 
concentrations for each material. Error bars represent the standard deviations 
between cycles for each material and initial concentration.

Table 3 
CH4 desorbed (mmol/g, mg/g) and desorption efficiency (%) at 20%, 40%, and 80% for each cycle and carbon material.

Initial feed concentration Cycle CC1 CC2 NC

mmol/g mg/g % mmol/g mg/g % mmol/g mg/g %

20 % 1 0.45 7.11 99.33 0.30 8.05 100.00 0.20 3.26 100.00
2 0.40 7.35 89.50 0.27 7.77 100.00 0.16 4.25 85.78
3 0.44 7.59 100.00 0.19 7.77 74.90 0.19 4.10 100.00
Average 0.43 7.35 96.28 0.25 7.86 91.63 0.19 3.87 95.26

40 % 1 0.66 15.29 99.24 0.65 10.40 99.54 0.40 6.34 98.02
2 0.56 8.97 89.90 0.59 9.49 90.81 0.41 6.50 95.53
3 0.62 9.97 94.25 0.54 8.60 82.39 0.41 7.47 100.00
Average 0.61 11.41 94.46 0.59 9.50 90.91 0.40 6.77 97.85

80 % 1 1.37 21.92 95.54 1.25 20.05 100.00 0.65 10.37 100.00
2 1.43 22.80 100.00 0.96 15.38 81.58 0.58 9.34 100.00
3 1.07 17.06 77.47 0.73 11.62 65.94 0.61 9.76 99.84
Average 1.29 20.59 91.00 0.98 15.68 82.51 0.61 9.82 99.95

M.Á. Martín-Lara et al.                                                                                                                                                                                                                       Waste Management 210 (2026) 115223 

7 



(Fonseca-Bermúdez et al., 2024). Compared to these benchmarks, the 
current NC selectivity is low, but its waste-derived origin provides sig
nificant opportunities for optimization through targeted post- 
treatments.

The TPD analysis provides valuable insight into the distinct CO2/CH4 
separation behaviours observed across the series. CC1 exhibits a pro
nounced desorption event at ca. 670 ◦C, indicative of a relatively high 
density of stable oxygenated acidic moieties (phenolic/partial 
carbonyl), which typically lowers the effective basicity of edge sites and 
may partially block ultramicropores, thereby penalizing CO2 uptake and 
regeneration. By contrast, the featureless and weak profile of CC2, 
confined to a broad contribution above 850 ◦C, reveals a low concen
tration of oxygenated surface groups consistent with a more graphitic/ 
basic character. Combined with its extensive microporosity, this surface 
chemistry explains the superior CO2 capacity and CO2/CH4 selectivity 
measured for CC2, confirming its suitability for biogas upgrading. The 
NC sample, obtained from plastic/olive-cake co-pyrolysis, displays a 
heterogeneous surface (bands > 700 ◦C plus contributions at ~300 and 
~500 ◦C) akin to biomass-derived chars, which, together with its lower 
surface area, translates into a reduced CO2 capacity.

On the other hand, CC1 showed an intermediate behavior, with 
similar CO2 and CH4 uptakes (0.95 and 0.92 mmol/g, respectively), and 
a modest selectivity (1.04).

In terms of regenerability, all materials showed good desorption 
performance over three cycles, with high desorption yields maintained 
(indicating nearly complete desorption and, in some cases, apparent 

over-desorption likely related to experimental variability). In this sense, 
for CO2, desorption efficiencies ranged from 100–106 % for CC1, 
92–109 % for CC2, and 103–111 % for NC. CC2 and NC materials 
demonstrated very good regenerability behaviour. Interestingly, while 
CC2 combined high CO2 uptake with stable cycling, the NC material also 
demonstrated excellent regeneration stability despite its lower selec
tivity. This rapid and nearly complete desorption behavior suggests that 
NC has a relatively weak interaction with CO2, which, although detri
mental for separation efficiency, can be advantageous for cyclic opera
tion where easy regeneration and reduced energy demand are key 
factors. In this context, pelletization of NC is recommended to improve 
processability in practical fixed-bed operations.CH4 desorption was 
similarly efficient, with recoveries between 91–97 % for CC1, 100–105 
% for CC2, and 92–101 % for NC, further supporting the excellent 
regenerability of these sorbents.

4. Conclusions

Characterization and performance data indicate that CC2 combines 
high carbon content, extensive microporosity and the best CO2 adsorp
tion/selectivity among the tested materials, confirming its suitability for 
biogas upgrading. NC, prepared from plastic/olive-cake co-pyrolysis, 
shows a markedly lower BET area and CO2 capacity but displays near- 
complete desorption and excellent regeneration stability over repeated 
cycles. The XRD/XPS and proximate analyses also reveal high ash and 
potassium/calcium salt content in NC, which partially explains its 

Table 4 
Performance indicators for CO2/CH4 separation by CC1, CC2, and NC at different feed concentrations (20%, 40%, and 80%).

Material Initial feed 
concentration, %

Selectivitymg/ 

g

Normalized 
selectivity*

Total CO2 

adsorption, mg/g
Normalized 
adsorption*

Total recovery 
efficiency, %

Normalized 
recovery*

CPI

CC1 20 6.72 0.56 143.58 0.41 87.3 0.86 0.20
40 6.76 0.56 208.08 0.60 72.7 0.72 0.24
80 7.83 0.65 327.06 0.94 85.3 0.84 0.51

CC2 20 12.07 1.00 151.41 0.44 83.9 0.83 0.36
40 8.75 0.72 271.33 0.78 76.0 0.75 0.43
80 6.30 0.52 346.15 1.00 101.6 1.00 0.52

NC 20 7.84 0.65 70.84 0.20 91.1 0.90 0.12
40 6.50 0.54 125.99 0.36 100.0 0.98 0.19
80 7.96 0.66 226.40 0.65 87.0 0.86 0.37

* Normalized values were obtained by dividing each raw parameter (selectivity, CO2 adsorption, and recovery efficiency) by the highest value observed among all 
materials. This allows direct comparison of relative performance across different metrics.

Table 5 
Adsorption and desorption capacities (mmol/g, mg/g) of CO2 and CH4 from synthetic biogas for each material.

Cycle Parameter CC1 CC2 NC

mmol/g mg/g Efficiency, % mmol/g mg/g Efficiency, % mmol/g mg/g Efficiency, %

1 qCO2 Adsorption 0.95 41.78 100 1.41 61.94 92 0.80 35.00 103
qCO2 Desorption 0.95 41.96 1.29 56.92 0.82 36,09
qCH4 Adsorption 0.92 14.67 95 0.59 9.74 100 0.93 14.79 98
qCH4 Desorption 0.87 13.97 0.59 9.74 0.91 14.64
Selectivity CO2/CH4 Adsorption 1.04 2.85 – 2.40 6.36 – 0.86 2.37 –

2 qCO2 Adsorption 0.86 37.70 106 1.23 54.16 109 0.70 30.64 111
qCO2 Desorption 0.91 40.04 1.34 58.96 0.77 33.88
qCH4 Adsorption 0.98 15.92 91 0.57 9.12 105 0.88 14.07 101
qCH4 Desorption 0.90 14.48 0.60 9,61 0.89 14.22
Selectivity CO2/CH4 Adsorption 0.88 2.37 – 2.16 5.94 – 0.80 2.18 –

3 qCO2 Adsorption 0.89 39.09 102 1.33 58.40 102 0.72 31.68 104
qCO2 Desorption 0.91 40.04 1.35 59.31 0.75 33.01
qCH4 Adsorption 0.95 15.29 97 0.65 10.53 101 0.90 14.52 92
qCH4 Desorption 0.92 14.78 0.66 10.66 0.83 13.34
Selectivity CO2/CH4 Adsorption 0.94 2.56 – 2.05 5.55 – 0.80 2.18 –
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limited micropore development and current low selectivity.
Despite inferior uptake and selectivity relative to CC2, NC’s robust 

regenerability, low production cost and valorization of abundant wastes 
make it a promising platform for a cost-effective, environmentally 
friendly cyclic adsorbent.

To enhance NC’s competitiveness, a focused modification pathway 
was recommended: i) demineralization by acid washing, e.g., dilute HCl 
to remove surface salts/ash (K, Ca, carbonates) detected by XRD/XPS to 
reduce inorganic blockage; ii) optimized activation to increase micro
porosity, for example, exploring chemical activation strategies; iii) 
functionalization introducing nitrogen- or oxygen-containing groups by 
specific treatments like urea impregnation; iv) pelletization to improve 
processability for cycles in fixed-bed columns..
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Lara, M.Á., Solís, R.R., 2025. On the physical activation of biomass and urban waste 
chars for water treatment and CO2 adsorption. Chem. Eng. Sci. 313, 121749. https:// 
doi.org/10.1016/j.ces.2025.121749.
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