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Plastic waste management is a current environmental issue that demands potential solutions since complete
mechanical recycling is limited to the complexity and feasibility regarding the quality and purity of plastic waste.
Pyrolysis has emerged as a reasonable solution for the recycling of those fractions that are not further suitable for
recycling. Although the implementation of this technology is mature, the generated solid fraction or char has not
been completely inserted in the closed loop of plastic recycling. This work explores the possibility of using the
carbonaceous char as a precursor for the preparation of porous activated carbons for environmental application
as CO; adsorbent and biogas upgrading. The effect of the pyrolysis temperature (450 or 500 °C) on the obtained
chars has been assessed for the benefits in the second stage of chemical activation, exploring the possibility of the
use of diverse chemical agents. The composition, textural, and surface properties of the porous materials were
characterized. N isotherms showed that the char prepared at 500 °C provided the best textural properties with a
performance of K;CO3 ~ KOH > NayCO3 > NaOH > ZnCl, > FeCls. Isotherms of CO, adsorption showed that the
activation with K,COj displayed the best uptake (130.2 mg g~! at 273 K), closely followed by KOH (125.0 mg g™+
at 273 K), also confirmed by dynamic tests in a fixed bed column configuration. The uptake was well correlated
with the ultramicropore volume and the oxygenated functional groups. The CO5 and CH4 adsorption were
studied either in static or dynamic assays. The behavior of the sample activated with K,CO3 was studied in detail
in column tests, suggesting that the activated material exhibits promising behavior for biogas upgrading.

1. Introduction

In recent years, the identification and evaluation of carbon-based
materials have received great attention (Gopinath et al., 2021). Of
particular interest are adsorbents derived from low-cost precursors or
waste materials, such as those found in large quantities in nature or
obtained as a by-product from another industry (Gayathiri et al., 2022).
Researchers have proposed a great number of low-cost materials,
including date stones (Abbas and Ahmed, 2016; Alhamed, 2009), neem
biowaste (Ahmed et al., 2018) rice husk (Alvarez et al., 2015), pineapple
plant leaves (Beltrame et al., 2018), sludge (Bian et al., 2018), sugarcane
bagasse (Eslami et al., 2018), walnut shell (Li et al., 2018), pistachio
shell (Niksiar and Nasernejad, 2017), between others, to remove a wide
spectrum of organic and inorganic contaminants from aqueous solutions
and gaseous effluents.

* Corresponding authors.

Even though plastics are extremely important materials for modern
society, despite corporate promises, and international, national, or local
governmental responses, plastics production and waste generation
continue to rise with deteriorating environmental implications. To
reduce environmental impacts throughout the value chain, there is an
urgent need to make the lifecycle of plastics more circular.

Pyrolysis is an emerging recycling technology that allows the
breaking down of waste plastics into valuable secondary raw materials,
including oil, char, and gas (Shah et al., 2023; Wijesekara et al., 2021).
Oil can be used as a starting point to produce new chemicals or poly-
mers, and gas is usually used as a versatile energy source that can supply
the energetic cost of the process itself. However, during the past de-
cades, little attention has been paid to char products (Ligero et al.,
2023b). Pyrolysis addresses environmental issues such as waste man-
agement and reducing greenhouse gas emissions. Scaling up pyrolysis
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treatment can create new revenue streams from the sale of char and oil
while reducing reliance on fossil fuels. Economic benefits include job
creation, cost savings, generation of renewable energy sources, and
potential cost savings through waste management and resource recov-
ery. Environmental benefits include reducing greenhouse gas emissions
through char production, converting waste materials into valuable re-
sources, and promoting circular economy principles (Ning et al., 2013;
Roy and Dias, 2017).

Plastic-based activated carbons are carbonaceous materials prepared
from plastic waste that have been subjected to an activation process to
improve their surface area and porosity to raise the capacity to adsorb
different types of compounds (Pérez-Huertas et al., 2023). These mate-
rials are highly versatile and can be designed to specifically target and
remove pollutants, mainly from air and water-polluted effluents (Soffian
et al., 2022). Plastic-based activated carbons offer a cost-effective and
efficient solution for plastic pollution, especially for plastic waste that
cannot be mechanically recycled, closing up the plastic loop (Ligero
et al., 2023b).

Diverse activated carbons have already been successfully prepared
from plastic-based wastes and implemented to remove diverse con-
taminants, such as heavy metals (Feng et al., 2018; Mendoza-Carrasco
et al, 2016), contaminants of emerging concern (Gomez-Serrano
et al., 2021), or polynuclear aromatic hydrocarbons (Ilyas et al., 2021),
thus reducing the risk of water contamination and preventing from
detrimental effects on ecosystems. Additionally, the use of plastic-based
activated carbons in the adsorption of CO3 from gas effluents has shown
promising results, either for the CO5 capture from combustion effluents
(Solis et al., 2023), hence reducing the CO emissions, or offering a
potential solution to upgrade biogas into biomethane. A complete re-
view of the use of plastic precursors for the preparation of activated
carbons and their evaluation in CO3 capture has been recently published
(Pérez-Huertas et al., 2023). One of the most studied plastic wastes to
produce plastic-based activated carbons and its evaluation for CO2
adsorption is polyethylene terephthalate (PET) (Esfandiari et al., 2012;
Kaur et al., 2019b, 2019a; Li et al., 2023; Wang et al., 2020; Yuan et al.,
2020), due to its abundant availability and high carbon content (Parra
et al., 2004). The PET-derived activated carbons have been demon-
strated to perform excellent CO, adsorption capacity. For instance, the
activation of PET from plastic bottles with KOH at 700 °C has reported a
CO4 uptake of 4.42 mol kg’1 (Yuan et al., 2020), obtained from the
isotherms under static analysis. In a similar study, the CO5 uptake of PET
activated with KOH at 700 °C was 2.31 mol kg ™!, obtained in thermo-
balance analysis (Kaur et al., 2019b). However, PET has not been the
only plastic waste used in the development of plastic-based activated
carbons for CO; capture. Polystyrene (PS) spheres have also been acti-
vated, with a previous hydrothermal step, with ZnCl, leading to a ma-
terial able to adsorb 3.62mol CO,y kg’1 (Toprak and Hazer, 2023).
Polyurethane was also studied using KOH as a chemical activation
agent, obtaining an adsorption capacity of 4.33 mol CO, kg™! at 25 °C
(Ge et al., 2016). Polyacrylonitrile was also used as a precursor for the
preparation of activated carbons that have shown to be good CO5 ad-
sorbents, reporting adsorption values of 2.5mol CO, kg™!, after acti-
vation with KOH at 800 °C for 2 h (Singh et al., 2019). Also, recently, the
rejected post-consumer plastic fraction of recycling plants, composed of
a mixture of plastics representative of their occurrence in real wastes,
have been used as the precursor of the char that was further activated,
leading to moderate results of CO, adsorption, i.e. 1.11 molkg ! under
KOH activation at 780 °C (Ligero et al., 2023). However, research using a
real mixture of post-consumer plastic polymers in the preparation of
activated carbons and their application remains quite limited. In addi-
tion, to our knowledge, no studies have investigated the effect of
carbonization temperature on the properties and adsorption capacity of
plastic-based activated carbons obtained from mixtures of
post-consumer plastics.

In this context, with the purpose to help to advance the state of
knowledge, this work aims at the development of novel plastic-based
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activated carbons from a real mixture of post-consumer plastics,
collected from the rejected fraction of a municipal solid waste treatment
plant. Diverse chemical activating agents have been applied to activate
the char collected after the pyrolysis or carbonization of the plastic
mixed precursor. Either the temperature of pyrolysis or the nature of the
activating agent have been studied on the development of textural
properties, and the CO, and CH4 uptake were obtained under static
analysis. The activating method with the best performance was selected
for a detailed study of the adsorption of CO3, CHy4, their mixtures, and a
simulated biogas formula in dynamic assays in a fixed-bed column setup.

The biogas upgrading integration with pyrolysis creates a holistic
approach to waste management that benefits both the environment and
the economy. The process promotes circular economy principles and
waste materials conversion into valuable resources.

2. Materials and methods
2.1. Chemicals

All the chemicals used were purchased at Merck® as reagent grade
(>99%) and used without further purification. Ultrapure water
(18.2 MQ cm) was obtained from a Direct-Q®-UV device (Millipore®).
The commercial formula of zeolite 13X pellets with a spherical shape on
average 2mm diameter was used for comparison purposes with the
prepared material.

2.2. Preparation of the novel plastic-based activated carbons

The mixture of post-consumer plastics was collected from the
rejection fraction of a municipal solid waste treatment plant. The
mixture analysis led to the following composition (wt%): polypropylene,
55.0 %; high-impact polystyrene, 8.6 %; expanded polystyrene, 10.1 %,;
and polyethylene film, 27.7 %. The characteristics of the plastic waste
feedstock were reported in a previous study (Martin-Lara et al., 2021).
The mixture, after being crushed to a size inferior to 1 mm, was sub-
mitted to a pyrolysis treatment in a horizontal tubular furnace of
Nabertherm, under Ng supply, flowrate of 50Lh~'. The temperature
program set stated with a heating rate of 10 °C min~! from room tem-
perature to the target pyrolysis temperature, i.e. 450 or 500 °C, and then
hold to this value for 90 min.

The resulting char from the pyrolysis was activated under the action
of diverse chemical agents, concretely KOH, NaOH, K,CO3, NayCOs,
FeCls, and ZnCl,. The chars were crushed and mixed with the chemical
activating agent at a mass ratio of 1:1. The mixture was then placed in
the tubular furnace and submitted to the following heating program
under Ny feeding (flowrate, 200 mL min~1): heating from room tem-
perature to 300 °C (heating rate, 10 °C min_l), next the temperature was
kept at this value for 60 min, further raise to 800 °C (heating rate, 10 °C
min~?), and holding at this value for 60 min. Both activator amount and
activation temperature were chosen in accordance with our previous
works (Ligero et al., 2023b; Pereira et al., 2024). Then, the resulting
solid after the activation stage was washed with HCI solution 1 M, at a
proportion of 20 mL per 1 g of char. Following that, the char was filtered
and washed with water until obtaining a neutral pH in the filtrate.
Finally, the washed activated material was dried overnight at 120 °C.

2.3. Characterization of the plastic-based activated carbons

The proximate analysis was conducted using a thermobalance from
Perkin Elmer®, model STA 6000. A certain amount of sample was placed
in a crucible and subjected to the following temperature program under
an N, atmosphere (flow rate, 20 mL min ). Firstly, the sample was kept
at 30 °C for 20 min and then raised to 110 °C (heating rate, 20 °C min™1)
to be held at 110 °C for 20 min, obtaining the moisture from the weight
loss at this stage. Afterward, the volatiles were obtained by raising the
temperature to 850 °C (heating rate, 20 °C min ) and kept at this value
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for 20 min. For the determination of the ash content, the feeding gas was
changed from N to O3 (20 mL min~}), holding the temperature at 850
°C for 20 min.

The elemental analysis was quantified in a Thermo Scientific™
CHNS/O analyzer, model Flash 2000. The combustion of the sample at
roughly 1400 °C led to the release of CO2, H20, NOy and SO 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 surface chemical
composition was analyzed by X-ray Photoelectron Spectroscopy (XPS) in
a Kratos AXIS Ultra-DLD device equipped with an X-ray source from Al
Ka. All the spectra were corrected to the C; g peak of adventitious sp°
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 textural properties were obtained by static physisorption in a
Sync 200 device from 3 P Instruments©. The samples were previously
degassed at 150 °C under vacuum for 12h on a Prep J4 unit of 3P In-
struments©. The N, adsorption-desorption isotherms were obtained at
77 K, leading to the obtention the total surface area by the BET method
(SgET, m? g’l), the micropore surface area (Syp, m> g’l) by t-plot
method, the total pore volume (Vr, cm® g~1) from the Ny uptake at p/
Po~0.99, and the micropore volume (Vyp, cm?® g’l) from the t-plot
method. The distribution of micropore size was obtained by carrying out
COs adsorption isotherms at 273 K, applying the Horvath-Kawazoe (HK)
method (Dombrowski et al., 2001; Gauden et al., 2004).

The morphology of the activated samples was analyzed by Scanning
Electron Microscopy (SEM) in a FEI Quanta 400 device (30 kV, 3.5 nm
resolution). The morphology and chemical composition were further
analyzed by Transmission Electron Microscopy (TEM) in a TALOS F200C
G2 device (200kV, 0.3nm resolution) coupled to an EDX detector
Brucker X-flash 6 T-30.

The disorder degree of carbon and the presence of crystalline im-
purities was analyzed by X-ray Diffraction (XRD) in a Bruker D8
Discover device equipped with a detector Pilatus3R 100 K-A, working
with Cu Ko radiation (. = 1.5406 A). The diffractograms were registered
between the 26 ranges of 10-85°.

2.4. Adsorption assays of CO2 and CHy4 on the plastic-based activated
carbon

2.4.1. Static adsorption tests

The adsorption of CO5 and CHy4 was carried out under static mode in
a physisorption device (Sync 200 device from 3P Instruments®©),
obtaining the isotherms at 273 and 298 K up to 100 kPa. The gas, either
CO,, or CHy, uptake (q, mg g~ ) was adjusted to the Freundlich model
(Freundlich, 1907):

q=K p'/™ m
where p is the equilibrium pressure of the gaseous adsorbate, and the Kg
(mg g~ ! kPa™F) and np stand for, respectively, the Freundlich constant
and exponent.

The COy/Ny and COy/CHy4 selectivity at 298 K was obtained as a
function of the total pressure employing the ideal adsorbed solution
theory (IAST), considering the typical composition of a post-combustion
effluent as 15:85 (v/v) CO2:Ny (Espanani et al., 2016) or a biogas fuel as
40:60 (v/v) CO2:CH4 (Y. Li et al., 2019a). Hence, the selectivity CO2/Ny
or CO,/CH4 was calculated as follows (H. Li et al., 2019b; Liao et al.,
2015):

Veco,, p Veo Pcu
Sco,N, = (—VN2 ) (P—Cl\;z >OrSC02/CH4 = (Vc;) <_Pc04)
2 2 4 2

where V;j stands for the gas uptake (STP em® g_l) and p; is the partial
pressure of the i component in the mixture (pn2/pco2=0.85/0.15, and
Pch4/Pco2=0.60/0.40).

(2)
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The isosteric heat of adsorption (AH,qs) of CO, and CH4 were
calculated as a function of the gas uptake with the Clausius-Clapeyron
equation (He et al., 2021; Nuhnen and Janiak, 2020):

P,\ TiT
AH,, = —Rln (—2> ( 1°2

—_ 3
P,/ (T, —Ty) 3)

For the application of the equation, two isotherms for each gas were
carried out and the fitting parameters of the Freundlich model were
applied to predict the pressures (p; and py) at different coverages up-
takes (q) at T;=273 K and T,=298 K, leading to the isosteric adsorption
calculation.

2.4.2. Dynamic adsorption tests in fixed-bed column

Dynamic adsorption tests of CO2, CH4, and their mixtures using N as
a gas carrier were conducted in a fixed-bed column, leading to the
obtention of the breakthrough curves. The plastic-based activated car-
bon (1 g) was placed in a thermostatic column, 10 cm height and 1 cm
internal diameter equipped with a porous ceramic porous at the base,
operating at 30 °C and atmospheric pressure. Glass balls were inserted in
the top of the column to prevent possible dragging of the solid. Different
adsorption assays feeding 100 mL min~! of gas stream composed of
CO2/N3 or CHy/No mixtures from 20/80-80/20 (v/v) were conducted to
define the breakthrough curves. The adsorption of CO5/CH,4 mixtures
was also assessed ranging from 50/50-80/20 (v/v). Furthermore, the
adsorption behavior with simulated landfill biogas composed of 55 %
(v/Vv) CHg, 39 % COg, 6 % N», and trace amounts of Oz and HjS was also
determined. The concentration of gases in the gas streams was moni-
tored with an INFRA.sens® AK5 device from Wi.tec-Sensorik, based on
non-dispersive infrared (NDIR) analysis in a dual beam to analyze both
CO4 and CHy4. The evolution over time of the concentration of gases at
the outlet was used to depict the breakthrough curves. The gas
adsorption uptake, either for CO; or CH4, was quantified as the area
below the adsorbed gas, which means the 1-Cy/Cipet curve, being C; 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 Cisat/Cinlet=0.95
(Wang et al., 2015):

9Cy f3 (1 - ,%O) dt

map

q= ()]
where 9 means the volumetric flow rate (100 L minfl), Co (mol L Yis
the inlet COy or CHy4 concentration, and map (g) means the mass of
adsorbent loaded in the column.

The removal capacity (R) was calculated as the amount of CO,
retained in the column concerning the total fed CO5:

s (1 - g—a) dt

Lsat

_ Yco,Mac _

)
SC0 Lsat

To assess the performance of the CH4 upgrading, key parameters
were estimated: productivity, CHy4 purity, and CHy4 recovery. The molar
yield of CH4 (Ycu4, mol g’1 s~ 1) with a selected purity level (90 %) was
determined from the integration of the molar flowrate profile of CHy
leaving the gas outlet between the time interval of t; to to, defined as the

time where CHy4 reaches the purity selected as 90 % (Alvarez-Gutiérrez
et al., 2016; Duran et al., 2022):

1 2
YCH = 7/ FCH t dt
N Mmap tcycle t 4( )

where Fcpy(t) is the molar flow of CHy in the outlet stream, and teycle
means the necessary time to reach the inlet conditions. Besides, the CH4
purity was calculated as the percentage of the CHy4 in the outlet gas as
follows:

(6)
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Ji2 Fen, (t)dt
(t)dt + [ Feo, (t)dt

CHypurity =
) .];:Z Fen,

The CHy4 recovery was estimated as the CH4 extracted in the raffinate
during the interval t;-t concerning the amount fed during the cycle:

f:f Feu, (t)dt
o Fen, (H)dt

The adsorption-desorption cycles of reusing with a CO2-CH4 mixture
were carried out by swapping the inlet with pure N at the same flow
rate, i.e. 100 mL min~'. The desorption cycle was finalized when the
monitored CO2 and CH4 concentrations were negligible.

@)

(®

CH,recovery =

3. Results and discussion

The evaluation of the solid yield during the production of the plastic-
based activated carbons is a relevant aspect to consider since low values
increase production costs. Table 1 shows the solid yield defined as the
ratio between the mass of plastic-based activated carbon and the mass of
plastic precursor used, both on a dry basis, as a function of carbonization
or pyrolysis temperature, and the chemical activating agent used. The
solid yield was especially affected by the chemical activating agent.
However, low changes were observed with the carbonization tempera-
ture. Only a low decrease in solid yield was observed as the temperature
was increased. The activation with hydroxides (NaOH and KOH) pro-
duced the greatest loss of mass, achieving a yield close to 40 % with KOH
and 30 % with NaOH. The use of carbonates instead of hydroxides
usually reports a higher activated material yield due to the promoted
reactions of hydrolysis, de-polymerization, and polymerization with the
carbon precursor, triggered in contrast to the oxidation reaction of hy-
droxides (Sevilla et al., 2021). KOH exhibits more ability to remove
more volatile matter during activation if compared to KoCO3 (Ahmed
and Theydan, 2012). Similarly, the activation process with chlorides, i.e.
FeCls and ZnCly, harvested high production yields, providing solid yield
values slightly above 50 %. The higher yield achieved during the acti-
vation with chloride salts can be explained based on the much more
violent reaction triggered by KOH (Ma, 2017). Additionally, in the case
of ZnCly, it has been claimed that displays an inhibition effect on the
volatile matter loss, stabilizing it and eventually increasing the yield in
comparison with KOH (Pimentel et al., 2023).

3.1. Characterization of the plastic-based activated carbon

The proximate analysis is shown in Table 1 as a function of

Table 1
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carbonization temperature and the chemical activating agent used. In
general, high ash and low fixed carbon contents were observed in the
samples. Also, after cleaning the char with HCl, the ash content
decreased, raising the fixed carbon. The chemical activation led to an
increase of the fixed carbon, especially in those chars prepared at the
higher carbonization temperature, i.e. 500 °C. The highest content of
fixed carbon was achieved under activation with sodium-based salts, i.e.
NaOH and NayCOs, reaching values of 55.8 % and 53.7 %, respectively.
Some researchers reported similar results regarding the elemental
and proximate analysis of char obtained from plastic waste. For
example, the pyrolysis of high-density polyethylene (HDPE) waste at
temperatures of 400 °C and 450 °C found that the char contained 42.6 %
of Cand 3.1 % of H (Jamradloedluk and Lertsatitthanakorn, 2014). Also,
the pyrolysis of a real mixture of plastic waste from municipal waste has
reported an ash content of the char of 61.4 % and a carbon content of
29.3 %, values in the order of magnitude of those found in the char of the
current work (Adrados et al., 2012). In addition, the char from the py-
rolysis of polyethylene in other studies has been characterized by a
volatile matter content of 55.46 %, a fixed carbon content of 15.2 %,
and an ash content of 23.6 % (Saptoadi et al., 2016). Therefore, certain
variations that highly depend on the characteristics of the plastic raw
material used as a precursor to produce the char can be envisaged.
The textural properties were evaluated by Ny adsorption-desorption
isotherms, leading to the results depicted in Fig. 1 and the data sum-
marized in Table 2. The plastic-based activated carbons showed iso-
therms of type IV according to the IUPAC classification. On the one
hand, the isotherms developed a hysteresis between the adsorption and
desorption branches because of capillary condensation, which indicates
the existence of mesopores. On the other hand, the marked slope at low
relative pressures proves the existence of micropores. The char obtained
by pyrolysis at temperatures either 450 °C or 500 °C exhibited very low
Sper (below 4 m? g’l). After treatment with HCl, a slight increase is
observed, probably due to the cleaning effect during the acid treatment,
which reduces the ash content and contributes to cleaning some micro,
and overall mesopores (Ariyadejwanich et al., 2003). However, an
outstanding increase in porosity was accounted for after chemical acti-
vation, an essential factor for CO, adsorption, in which micropore vol-
ume has been claimed as the key parameter to enlarge the CO, uptake at
mild conditions (Varghese et al., 2023). Little differences in the textural
properties were observed after activation of the chars carbonized at 450
°C and 500 °C by each chemical agent. As revealed in Table 2, the
porosity order was KoCO3 > NapyCO3 > KOH > NaOH > ZnCl, > FeCl;
for those chars pyrolyzed at 450 °C. For the chars pyrolyzed at 500 °C,
the effect of KOH overpassed the Na;COs, probably due to the higher

Elemental and proximate analyses of the plastic-based activated carbon from chars obtained at 450 and 500 °C.

Material T* (°C) Yield (%) Elemental analysis (wt., %) Proximate analysis (wt., %)

C H N S (o] Moisture Volatile Fixed Ash

carbon

Char 450 35.4 2.6 1.0 21.8 0.9 36.0 23.9 39.2
Char-washed - 49.3 4.1 1.5 14.4 0.7 36.4 32.1 30.8
Char-NaOH 30.0 35.2 0.8 - - 16.2 5.4 15.4 31.4 47.8
Char-Na,CO3 45.2 48.7 0.8 0.9 0.6 17.0 7.7 28.7 31.5 32.1
Char-KOH 40.5 24.8 0.9 0.3 - 16.9 6.5 17.6 18.7 57.2
Char-KCOs3 38.5 43.9 0.6 0.8 0.8 11.1 5.4 10.2 41.6 42.9
Char-FeCl3 51.0 45.4 0.6 0.8 0.7 13.2 2.8 8.1 49.8 39.4
Char-ZnCl, 44.5 42.0 0.5 0.9 0.8 11.3 5.9 7.0 42.7 44.5
Char 500 37.0 2.4 1.0 19.9 2.9 30.0 28.3 38.8
Char-washed - 52.2 5.1 1.5 5.3 1.6 32.0 30.5 35.9
Char-NaOH 29.4 55.0 0.7 0.7 12.5 4.8 8.2 55.8 31.2
Char-Na,CO3 41.1 55.5 0.8 1.0 7.7 2.6 8.8 53.7 35.0
Char-KOH 34.7 49.0 0.5 0.6 13.7 7.2 9.3 47.3 36.2
Char-K,CO3 40.6 47.6 1.0 0.5 - 12.7 1.7 11.0 49.0 38.3
Char-FeCl3 53.0 49.1 0.5 0.8 0.7 5.2 2.3 7.1 46.9 43.7
Char-ZnCl, 55.0 48.0 0.4 - 0.7 7.4 1.6 5.6 49.3 43.5

" Temperature for the carbonization or pyrolysis of the plastic mixture.

301



R.R. Solis et al.

e char450
© char450-washed
= char450-NaOH

400 — O chard50-Na,CO,4
4 char450-KOH
& chard50-K,CO,
v char450-FeCl
o 300 ¢ char450-ZnCl, .
= x
» s
e NS o n Ry
o) xj,i«&/*ﬁ’ﬁ o A
“"E . S ot o ,D‘DD:D,D’ A:A‘
S 200 . ~i lgPED}‘D'D'D/ (A/:“og
Q -t .A‘""‘,’::‘{‘ ’0’
2 o8 ‘A: LA .0 PY
5 P PR
°a aat .gfz:z»&w" _,:.i.v
5 PR 2 0 e = Rl
o~ 100 . PR v,
zZ - .",.«--.-'. vvv

char450
0.08 \ o char450-washed 7
i ; = char450-NaOH
% i ASRIN o char450-Na,CO,
S 0.06 4 D 4 char450-KOH |
o MRS & chard50-K,CO,
[PA ;|
i b RV v char450-FeCl
004 - rima & 1
. QE;‘« ¢ char450-ZnCl,

0.02

Process Safety and Environmental Protection 190 (2024) 298-315

e char500
o char500-washed
= char500-NaOH
350 — O char500-Na,CO,
A char500-KOH
& char500-K,CO,
300 v char500-FeC
o ¢ char500-ZnCl,
= 250 | e
)] /kA’A/&&; -
o o
L&
mE 200 K ) »ﬁ,&ﬁ%
I ] Ak ‘/”. o
A“‘Du'@'mﬂ
9 150 oo
(0] ;
o o i!‘ §
S 100 f Y2 Ea
o 70" .-‘ : v
Z ’ + .,I’- vy
N vV
50 [ s - vy v ]
v v _— e
o 506 D QL= =DB=C (=P wt»—m@
0.0 0.2 0.4 0.6 0.8 1.0
p/P,
0.12 - . .
0.10 1
e char500
o char500-washed
0.08 ®  char500-NaOH
a o char500-Na,CO,
B 006 4 char500-KOH
o A char500-K,CO,

-FeCl
char500-ZnCl,

charé

<4

0.04

0.02

Fig. 1. N, adsorption-desorption isotherms of plastic-based activated carbons prepared from carbonized chars at 450 °C (A) and 500 °C (B) and their respective pore-

size distribution (C and D).

reactivity of KOH if compared to NayCOs. Interestingly, the chars
carbonized at 500 °C led to the highest microporosity, being the up-
permost Vyp/Vr ratios registered after activation with KoCO3 (58,9 %,
Vmp=0.307 cm® g™1) and KOH (50.0 %, Vyp= 0.212 cm® g™1). The
micropore size distribution, depicted in Fig. 1 C-D demonstrates a
centered distribution of micropores around 0.7 nm, with a better defi-
nition in the chars carbonized at 500 °C and activated with K,CO3 and
KOH.

Our findings show that the carbonization temperature exerts a pos-
itive effect on the activation process, with better results obtained at 500
°C compared to 450 °C. The reactions in the carbonization process
included volatilization, functional group breakage, and aromatic ring
polycondensation (Zhang et al., 2024). However, the plastic waste
cannot be carbonized completely at low temperatures. If the tempera-
ture is too high, some pores are sintered, decreasing the specific surface
area and pore volume. For example, it has been reported that the
carbonization temperature significantly influenced the specific surface
area and pore volume of activated coal char, firstly increasing with the
carbonization temperature and then dropping as the carbonization
temperature rose (Quan et al., 2021). The activated carbon with the best
pore structure was the one that was carbonized at 600 °C. The textural
properties of activated coal char were positively correlated with the COy
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adsorption capacity, with the microporous volume being the primary
factor.

If surface areas of developed plastic-based activated carbons in this
study are compared with commercial activated carbons, the obtained
values are quite low compared to those obtained from biomass. In this
case, the composition of plastic plays an important effect. The complex
and heterogenous composition of the mixture of plastics used in this
work resulted in an activated carbon product with a lower surface area,
i.e. 804 m2/g, than other commercial activated carbons prepared mainly
from homogeneous biomass precursors as summarized in Table 3.

Generally, KOH is the most popular chemical activating agent due to
its strong basic character to destroy diverse carbon walls, leaving the
formation of micropores, even in plastic-based precursors such as PET
bottles (Gomez-Serrano et al., 2021; Kaur et al., 2019a; Yuan et al.,
2020), PVC (Lian et al., 2011), polystyrene foams (de Paula et al., 2018),
and tires (Gonzalez-Gonzalez et al., 2020; Teng et al., 2011). However,
the porosity generated, strongly depends on the composition of the
precursor, among other variables. The development of pores during
KOH activation is intrinsically associated with a gasification reaction,
which occurs according to the overall reaction provided below.

6KOH + 2 C — 2 K + 3Hy + 2K»>CO3
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Table 2
Textural properties and CO, uptake of the plastic-based activated carbons.
Material T* (°C) N, isotherm at 77 K CO,, uptake
at 100 kPa
SBET Swp Vr Vme Vmp/Vr Dwmp qco2 qco2
(m2g™h m2g™h (em®g™h (em®g™h (%) (nm) at 273K at 298 K
(mgg™) (mg g™

Char 450 3.3 - 0.015 - - - 16.8 10.4
Char-washed 7.4 - 0.035 - - - 16.8 11.0
Char-NaOH 265.0 178.9 0.268 0.091 34.0 0.70 42.8 29.2
Char-Na,CO3 608.9 387.8 0.551 0.200 36.3 0.75 93.5 64.1
Char-KOH 483.1 311.1 0.421 0.163 38.7 0.74 58.6 41.3
Char-K,CO3 750.3 545.8 0.583 0.262 44.9 0.75 107.0 67.6
Char-FeCl3 93.3 26.6 0.207 0.013 6.3 0.67 58.4 33.7
Char-ZnCl, 350.2 242.8 0.343 0.123 35.8 0.73 55.0 34.6
Char 500 2.1 - 0.009 - - - 20.3 13.6
Char-washed 2.7 - 0.012 - - - 17.0 11.2
Char-NaOH 290.8 147.6 0.298 0.074 24.8 0.74 45.3 29.1
Char-Na,CO3 529.7 352.1 0.470 0.171 36.4 0.74 84.1 58.3
Char-KOH 580.4 406.3 0.424 0.212 50.0 0.75 125.0 84.8
Char-K,CO3 803.7 577.2 0.521 0.307 58.9 0.74 130.2 82.1
Char-FeCl3 83.1 16.8 0.195 0.009 4.6 0.67 47.1 43.5
Char-ZnCl, 288.4 180.0 0.304 0.097 31.9 0.75 38.6 29.8

" Temperature for the carbonization or pyrolysis of the plastic mixture.

Table 3
Comparison of surface area of commercial activated carbons.
Commercial activated carbon Surface area Reference
(m®/g)
Norit® SX2 POCH-Poland 659 (Lota et al., 2008)
YP-50 F, Kuraray Chemical 1690 (Bang et al., 2017)
Corporation, Japan
Precursor coconut shell, Kuraray Co., 1700 (Zhang et al., 2022)
Ltd
Precursor coconut shell, Kuraray 2426
Co.,Ltd
Precursor coconut shell, Fuzhou 2429
Yihuan Carbon Co. Ltd.
Precursor coconut shell, Beike 2D 1327
materials Co. Ltd.
Precursor petroleum coke, XFNANO 2125
Co, Ltd
Precursor petroleum coke, Fuzhou 2074
Yihuan Carbon Co. Ltd.
Precursor petroleum coke, Fuzhou 2145
Yihuan Carbon Co. Ltd.
Precursor not specified 1370 (Otsuki et al., 2007)
Precursor coconut shell 1343 (Sitthikhankaew et al.,

2011)

When KOH is added to the carbonized plastic, the formation of
KoCO3 is expected at around 400°C, leading to a complete trans-
formation of KOH into K3COg at around 600°C. Later, KoCOs3 oxidizes the
carbonaceous matter to CO yielding porosity in the carbon residue with
a maximum release of CO up to 800°C (Lozano-Castello et al., 2007;
Raymundo-Pinero et al., 2005) according to the following chemical
reaction.

K2CO3 + 2C - 2K + 3CO

The difference between the potassium hydroxide and carbonate re-
lies on the oxidation of the carbon matter, which starts at over 600-700
°C for K,CO3 (Sevilla and Fuertes, 2016), whereas the redox reaction of
KOH with the carbon precursor is triggered at lower temperatures (~
400 °C) (Lillo-Rodenas et al., 2003). This may explain the controlled
reaction of K3COgs versus the most aggressive KOH, leading to better
conservation of the micropore morphology by the carbonate (Sevilla
et al., 2021). Probably the greater aggressivity of KOH explains the
lower microporosity for the plastic-based char if compared to KoCOs. In
fact, the comparison performance of K;CO3 and KOH has been reported
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a better control the micropore size distribution by K2CO3, enhancing the
CO; capture when used as adsorbent (Wang et al., 2022). Regarding the
effect of NaOH or Na;COs, much less researched as an activating agent
inf compared to their K salts (Pérez-Huertas et al., 2023), it should be
noticed that NaOH is less corrosive than KOH, NayCOs offers a lower
catalytic activity of NayCOs for carbon gasification and the higher
temperature of decomposition into CO3, e.g. 1000 °C (Kim and Lee,
2001). Concerning the use of chlorides (neutral activating agents), the
main mechanisms for pore formation are oxidation, template, and
gasification. ZnCl, performed better ability to develop micropores
whereas the surface created by FeCls, much lower, was mainly of a
mesopore nature. ZnCly plays a key role in the removal of hydroxyl
groups during activation, enabling the removal of oxygenated groups
from the structure, and accelerating the dehydration reaction which
releases more porous structures if compared to FeCls (Liu et al., 2021).

To investigate the influence of the activating agent on the presence of
oxygenated surface groups, XPS was conducted, selecting the char
activated at 500 °C due to the better performance observed of the
textural properties. The composition of the surface is summarized in
Table 4. The results demonstrate the presence of carbon and oxygen at
the surface as major components. The minor detected elements were Si
and Ti, among others such as Ca or Fe. The existence of these elements is
due to the addition of popular chemical additives to the formulation of

Table 4
Chemical surface composition by XPS of the activated chars at 500 °C.

Material Composition (% wt.)
C (o] Si Ti Others
Char 79.6 13.1 0.6 - Ca (4.3)
Char-washed 87.2 10.4 1.6 0.9 -
Char-NaOH 51.6 25.2 8.0 4.1 Ca (2.3)
Fe (1.8)
Na (1.0)
Char-Na,CO3 55.1 23.2 5.1 6.7 Ca(1.49)
Fe (2.0)
Na (1.8)
Char-KOH 50.7 27.5 5.7 6.0 Ca (1.4)
Fe (3.7)
K (1.0)
Char-K»CO3 65.0 29.1 6.3 4.0 Ca (1.2)
K(1.7)
Char-FeCl3 80.3 12.3 2.0 1.4 Ca (1.5)
Fe (2.1)
Char-ZnCl, 77.4 129 4.3 1.5 Zn (3.2)
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the plastic, for instance, colorants (TiO3) lubricants (siloxane), flame-
retardants (SiO3), and fillers (CaCO3 and silicate) (Tang et al., 2023).
These minor elements suffered a concentration effect after activation
during their accumulation. The activating agent reacts with the carbon
content to develop the porosity, leaving them more concentrated in the
final material. The activation process positively impacted the release of
oxygenated groups, especially with KOH (27.5 %) and K2COs3 (29.1 %),
followed by their sodium counterparts. However, FeCls and ZnCl, did
not exert this effect as the oxygen at the surface was barely 12 %. The
lower oxygen content for the carbons activated with ZnCly if compared
to KOH has been attributed to the catalytic dehydration effect caused by
ZnCly (Pimentel et al., 2023). The activation of ZnCl; leads to higher the
removal of the hydrogen and oxygen atoms from the activated carbon
structure (Heidarinejad et al., 2020). It has been stated that hydroxides
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and carbonates display a great ability to create highly oxygenated basic
groups if compared to acidic metals which tend to develop neutral and
faintly acidic groups (Gao et al., 2020; Sevilla et al., 2021).

A qualitative analysis of the oxygenated groups was further assessed
in the samples prepared from the chars activated at 500°C. As an
example, the high-resolution spectra for C; s and O; 5 of the samples
char500-KOH and char500-K5COs, are depicted in Fig. 2. The distribu-
tion of the different considered groups is shown in Table 5 for all the
samples. Regarding the C; s spectrum, the following contributions were
considered for the deconvolution: C=C (284.6 eV), C-C (285.3 eV), C-O
(286.6eV), C=O (288.0eV), and O=C-OR (289.9¢€V)
(Ramirez-Valencia et al., 2023). In terms of oxygen bonded to surface
carbon, it is appreciated that the washing led to an important abatement
of the contribution of oxygenated carbon as shown in the result of
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Fig. 2. XPS general survey (top) and high-resolution spectra of the C; s (bottom left), O, ; (bottom middle), Sis,, and Tiap, (bottom right) regions of samples char500-

KOH and char500-K;COs3.
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Table 5
Surface oxygenated composition by XPS of the chars prepared at 500°C.

Sample Cis O

Type BE % Type BE %
(eV) Peak (eV) Peak

Char500 c=C 284.4 43.4 quinone 531.3 39.7
C-C 285.3 27.0 Cc=0 532.5 33.2
Cc-0 286.0 26.3 C-0 533.7 27.1
c=0 288.5 2.6
COO- 290.0 0.7

Char500- Cc—=C 284.4 51.2 quinone 531.6 38.2

washed

C-C 285.3 42.6 Cc=0 532.4 34.0
C-O0 286.7 3.0 Cc-O0 533.6 27.8
c=0 288.9 3.3
COO- 290.0 0.0

Char500-NaOH C=C 284.5 45.4 quinone 531.3 24.8
C-C 285.3 27.1 c=0 533.0 51.0
Cc-O0 286.5 15.0 Cc-O0 534.3 24.2
Cc=0 288.9 1.5
COO- 289.4 11.0

Char500- Cc—=C 284.5 47.4 quinone 531.9 32.7

Na,CO3

C-C 285.3 35.0 Cc=0 532.5 41.1
Cc-0 286.5 13.0 C-0 533.6 26.1
c=0 289.0 3.5
COO- 290.0 1.1

Char500-KOH Cc—=C 284.5 52.7 quinone 530.8 30.5
C-C 285.3 22.4 c=0 531.8 25.3
C-O0 286.6 18.3 Cc-O0 532.8 44.2
Cc=0 288.7 0.2
COO- 289.9 3.8

Char500-K,CO3 C—=C 284.5 48.4 quinone 531.0 44.7
C-C 285.3 42.1 C=0 532.0 33.0
C-0 286.6 0.6 C-0 533.2 22.3
Cc=0 288.6 7.1
COO- 289.9 0

Char500-FeCl3 Cc=C 284.5 49.9 quinone  530.6 17.2
C-C 285.3 37.2 c=0 532.4 50.3
C-O0 286.5 0.0 Cc-O0 533.8 32.5
c=0 288.5 129
COO- 290.0 0.0

Char500-ZnCly C=C 284.5 50.8 quinone 531.2 16.7
C-C 285.3 23.3 c=0 532.5 325
C-0 286.5 17.2 C-0 533.6 50.8
c=0 289.2 2.1
COO- 290.2 6.6

Table 4 for char before and after washing with HCL. The activation with
NaOH and NayCOs led to the development of C-O groups. The C-O
groups are more abundant in char500-KOH while C=O is the more
abundant contribution in char500-K,CO3. The activation with FeCls is
enriched with C-O groups while ZnCl, conducts the formation of C=0.
The O;5 region was fitted to quinone (530.7eV), C=O
(531.5-532.0 eV), and C-O (~533 eV) (Burg et al., 2002). From the
analysis of the O; ¢ region, it is appreciated an outstanding contribution
of C=0, attributable to ketones, lactones, acids, esters, and quinonic
groups in the char500- K2CO3 and char500-ZnCl,. The sample activated
with KOH displayed an equilibrated contribution in which a major
contribution of C-O (ethers and alcohols) was observed. Finally,
regarding the metals at the highest concentration, i.e. Si and Ti, their
high-resolution spectra suggested their presence at their highest oxida-
tion estate, which means Si** and Ti**. The Sigp spectra in Fig. 2 depicta
maximum peak centered at roughly 103.5 eV, a value close to the re-
ported for SiOy (Koshizaki et al., 1998). In the case of Tizp, a peak at
459.1 eV for Tizp3/2 and another at 465.0 eV for Tiy,1 /2 were recorded.
These values suggest the presence of Ti*" as reported in the literature
(Biesinger et al., 2010).

The analysis of the disorder degree of carbon and the presence of
crystalline impurities was analyzed by XRD. Fig. 3 portrays the dif-
fractograms of the two samples with the best-developed textural prop-
erties, i.e. char500-KOH, and char500-K;COs. The disorder degree has
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been reported in activated carbon with the presence of broadband
centered at roughly 24 and 43° attributed to the (002) and (100)
diffraction planes (Bedia et al., 2020), being the response of the small
number of stacked layers with uniform interlayer distance associated to
the presence of ordered graphite or graphene structures (Li et al., 2007).
However, this was not the case for the prepared activated carbon from
plastic residue. A considerable important contribution of crystalline
phases is depicted, linked to the presence of impurities. The identifica-
tion of the crystalline pattern concluded the presence of the ortho-
rhombic phase of the perovskite CaTiO3 (COD-9013383). According to
XPS analysis, considerable amounts of Ca and Ti were detected on the
surface which is consistent with the conclusion reached by XRD.

The morphology of the most porous samples, i.e. char500-KOH and
char500-K2CO3 was analyzed by SEM microscopy. The SEM micro-
graphs illustrated in Fig. 4 suggest the development of a porous surface
after activation using both activation agents. No significant morpho-
logical differences were appreciated since the mechanism of both relies
on the reaction and decomposition of the chemical agent with the
organic content to release CO and CO,. However, as claimed in the
literature (Sevilla et al., 2021), the activation with K5COg triggers a less
aggressive reaction leading to a material that resembles the structure
pattern of the carbon precursor. In contrast, KOH has ability of
destroying at higher extend the carbon material.

Finally, it is important to specify that the high boiling point of KOH
(1327 °C) suggests that some of it remains after the activation process
after the acid washing. This leftover KOH may be extremely dangerous
to the environment if not disposed of properly. These consequences tend
to outweigh the advantages of producing porous carbons using KOH-
based chemical activation, and they highlight the need to look for
more effective yet environmentally acceptable chemical activation re-
agents (Singh et al., 2023). In addition, KOH has some limitations con-
cerning its corrosiveness, equipment deterioration, and environmental
toxicity (Gao et al., 2020).

Transmission electron microscopy (TEM) images, see Fig. 5, of the
activated carbon samples, also offered valuable insights into the struc-
tural and morphological characteristics. TEM images of char500 and
char500-washed show that the particles are predominantly irregular
sheets, typical of carbon materials after thermal activation processes.
However, after activation certain destruction of the carbon particles can
be envisaged. The presence of wrinkled sheets, pores, and cavities is
predominant, reflecting a consistent activation process. Moreover, some
TEM images show occasional impurities and inclusions, possibly rem-
nants of additives of plastic precursor materials. The EDS analysis of the
sample displayed some regions with crystalline opaque particles of Ca
and Ti (Fig. 5 D1), compatible with the CaTiO3 detected by the XRD
technique.
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Fig. 5. TEM pictures of the samples char500 (A), char500-washed (B), char500-KOH (C), and char500-K>CO3 (D and D1).
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3.2. Adsorption capacities of CO2 and CHy4

Table 2 also summarizes preliminary adsorption uptakes of CO, at
100 kPa. It is observed that the native and cleaned char had a low
adsorption capacity, slightly increased when the temperature was
elevated from 450 to 500 °C. The activated samples, whose CO,
adsorption capacity is much higher in some activating agents, corrob-
orated that the char prepared at 500 °C displayed better affinity towards
CO, adsorption, due to better reactivity toward the activating agent and
therefore raised the development of micropores. Based on that, the
adsorption behavior of CO, and CH4 was detailly assessed in static as-
says in a physisorption device up to 100 kPa, for those chars carbonized
at 500 °C due to the boosted micropore volume in these activated chars.

The CO, uptake reported for other plastic-based activated carbon is
very variable depending on the origin of the material devoted for the
preparation of the char and the method followed for the activation. For
example, the activation with KOH and NaOH of PET bottles has reported
CO,, uptake of, respectively, 195 and 170 mg g~ (Yuan et al., 2020).
These values are in the same order as reported in another study, also
revalorizing PET bottles, and applying diverse activating agents such as
KOH, H3PO4, ZnCly, and H3SO4 (Adibfar et al.,, 2014). The
KOH-activated char led to the best performance, establishing a retention
of 110 mg CO, g}, and a CO, uptake sequence by activating agents of
KOH > H3PO4 > ZnCl;, > HyS04. Polyurethane has reported the highest
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CO,, capacity, 293 mg g~} (273 K), after activation with KOH, highly
linked to the extremely microporous developed porosity (Ge et al.,
2016). In this work, the maximum CO; uptake (130.2 mg g’l) was
defined by the activation with K2COs, lower than the values reported in
the literature for residue composed of one polymer type. It should be
considered that the waste used in this work was a complex mixture of
plastic waste with no further practical separation since it comes from the
rejected fraction of municipal solid waste.

The thermodynamic behavior was assessed by monitoring the iso-
therms for either CO5 or CHy4 at 273 and 298 K, allowing the obtention of
the isosteric adsorption heat. Fig. 6 depicts the CO, isotherms at both
temperatures, which defined a growing increase explainable by the
Freundlich model (R?>> 0.99) with the lack of a well-defined plateau.
The empirical Freundlich model describes non-ideal and reversible
adsorption onto a monolayer or multilayer packing on a heterogeneous
surface (Freundlich, 1907). The expected exothermicity of the process
was corroborated by a decreasing CO, uptake with the increase in the
operating temperature. The adsorption behavior pertaining to the
chemical activating agent described the order of micropore volume:
K5CO3 > KOH > NayCO3 > NaOH > ZnCl, > FeCls; being the uptake of
the non-activated char negligible. Table 2 summarizes the CO5 uptake at
near ambient pressure of the chars carbonized at 450 and 500 °C, further
confirming the benefits of the higher carbonization temperature on the
CO, uptake. The IAST selectivity of simulated exhausted fuel fumes with
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Fig. 6. Influence of the activating agent on the CO, uptake of chars carbonized at 500 °C at 0 °C (A) and 25 °C (B). Isosteric heat of CO, adsorption as a function of the
pressure (C) and IAST COy/N; selectivity at 25 °C of 15/85 (v/v) mixtures (D) and. The lines of subFigs. A and B depict the fitting to the Freundlich model.
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a 15/85 ratio of COy/Ny. The non-activated char displayed, although
adsorbed very low CO,, showed the highest selectivity, probably due to
the negligible N, uptake at 298 K. depicted in Fig. 6 C, decreased as the
strong active sites of the surface are covered as pressure raises, a
consequence of the heterogeneity of the sample. The Freundlich model
assumes a logarithmic decrease of the adsorption energy with the
number of available adsorption sites. All the obtained values were below
40 kJ mol~, typically described as physisorption interaction (Saleh,
2022). Interestingly, the adsorption heat of CO, all exothermic except
for the activation with FeCls, followed the same order registered for CO5
performance: KoCO3 > KOH > NayCO3 > NaOH > ZnCl, > FeCls; sup-
ported from a thermodynamic perspective the behavior among the
samples. The activated sample depicted selectivity values (Fig. 6 D) in
the same order of magnitude, being those activated with chlorides the
most selective in this sense (Scoz/n2 values at 100 kPa): ZnCl, (64) ~
FeCls (63) > NaOH (53) > NapCOs (48) > K2CO3 (46) > KOH (38).
Similarly, the CH4 uptake behavior was also assessed on the chars
carbonized at 500 °C after different activating agents, see Fig. 7.
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Interestingly, some changes are depicted among the most active sam-
ples, i.e. the order for CH4 adsorption followed was KOH > K;CO3 >
NayCO3 > FeClsg > NaOH > ZnCl,, which implies a better selectivity of
the sample activated with KCOs3 versus KOH in CO2/CH4 mixtures. The
selectivity of simulated biogas with 40/60 (v/v) of CO5/CH,4 was higher
for the activation with K5CO3 and KOH as illustrated in Fig. 7 D, dis-
playing the highest value with ZnCly. The thermodynamics also sup-
ported this tendency, the KOH displayed a slightly higher adsorption
heat of CH4 than the K5CO3 and the ZnCl, the lowest value, explaining a
poorer interaction of CH4 with the surface and the highest selectivity of
CO,/CH4 mixtures.

The CO; adsorption mechanism onto porous carbonaceous materials
has been described through van der Waals forces, whereas the presence
of surface functional groups promotes the adsorption via electrostatic
forces (Varghese et al., 2023). Thus, van der Waals interactions outline
in narrow pores as the molecule can increase the potential interaction
with multiple points from the adjacent walls of the pore (Sevilla et al.,
2013). It has been described in the literature that COy adsorption on
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activated carbons takes place typically in volume-filling rather than
surface coverage, as happens with mesoporous materials. Consequently,
the micropore size is quite important, being the optimum value
described as twice the size of the adsorbate, i.e., as CO5 size is around
0.33 nm the optimum micropore size should be roughly 0.7-0.8 nm
(Varghese et al., 2023). Fig. 8 delineates the effect of CO, uptake (273 K
and 100 kPa) versus the ultra-micropore volume, i.e. inferior to 1 nm, or
the percentage of the oxygenated surface area of micropores estimating
the surface oxygenated contribution by XPS analysis for all the
plastic-chars activated at 500 °C. Regarding the relationship of qco2 and
Vump (<1 nm), it is observed a good linear correlation between the two
variables, as reported in other precursors such as biomass in the litera-
ture (Varghese et al., 2023), except for the non-activated chars or the
char-activated with FeCls, whose CO; uptake goes far from the predicted
tendency. This abnormally high CO, uptake of these poorly micropore
samples may be caused by other different reasons than the existence of
micropores. As a matter of fact, it has been claimed that FeCl; displays a
high ability to develop oxygenated surface groups. The FesO3 produced
during the activation process reacts with carbon, leading to the forma-
tion of oxygenated groups and FegO4 (Bedia et al., 2020). Accordingly,
the CO5 uptake results are better explained based on the oxygenated
surface of micropores. Therefore, the integrated interaction of van de
Waals forces in micropores below 1 nm and the presence of oxygenated
groups that contribute via electrostatic interaction better explains the
results achieved with the different activating chemicals.

3.3. Dynamic adsorption tests of CO2 and CH4 and their mixtures

As a first screening test, the behavior of the different chemical acti-
vating agents on the dynamic tests was carried out in a fixed-bed column
with the chars carbonized at 500 °C, due to the better performance as
previously stated. Fig. 9 depicts the breakthrough curves obtained
feeding an inlet gas stream composed of a mixture of 40/60 (v/v) of
CO9/Nj. From the results attained in this figure, a similar behavior
concerning the assays conducted under static mode is obtained, being
the two most effective samples those activated with KoCO3 and KOH, in
which KoCO3 performs the best CO; retention.

Regarding the results achieved, excellent performance was observed
with the char activated with K,CO3 very convenient as this activating
agent is considered a harmless and greener chemical. Compared to KOH,
KoCO3 is a milder alkali compound, less toxic, and more corrosive
(Sevilla et al., 2021). Also, to our knowledge, there is scarce information
in the literature about the preparation of activated carbons based on
plastic waste by chemical impregnation using K2CO3 as an activating
agent, neither their application for COy nor CH4 adsorption. Accord-
ingly, the plastic-based activated carbon prepared with KyCO3 was
selected for a further and detailed study on dynamic adsorption tests,
aimed at analyzing the influence of COy or CH4 composition in their
corresponding COy/N2 or CH4/Ny mixtures. Hence, the CO2/N;y or
CH4/N; ratios varied from 20/80-80/20 (v/v), leading to the break-
through curves illustrated in Fig. 10 and the main characteristic pa-
rameters in Table 6.

As expected, the breakthrough times shown in Table 6 were higher in
the case of COy than CH4 due to the higher selectivity, which was
translated into higher adsorption capacity. As the adsorbate concen-
tration, either CO or CHy, increased, the breakthrough time gradually
decreased. For instance, in the case of COy the breakthrough time
decreased from 55 to 41 s, whereas for CH4 was from 32 to 25 s. This
indicates that by increasing the initial concentration of the adsorbate,
the column saturates faster and the volume of treated gas, delimited by
the breakpoint, is lower. Besides, the adsorption capacity was enlarged
with increasing adsorbate concentration in the inlet effluent. For
example, in the case of CO,, the values moved from 55.3 mg g~* (20/80
of COy/Ny) to 125.3 mg g_1 (80/20 of CO2/Ny). Similarly, although
with lower values, in the case of CH,4, the adsorption capacity also rose
from 8.6 mg g~ (20/80 of CH4/Ny) to 26.2 mg g~ (80/20 of CH4/Ny).
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the plastic-based activated carbon prepared from the pyrolyzed char at 500 °C.

This positive effect is commonly observed in dynamic tests on a fixed-
bed column (Ligero et al., 2023a). The benefits exerted by inlet adsor-
bate concentration on the adsorbate uptake can be justified based on a
greater probability of several adsorbate molecules interacting with the
active points of the adsorbent (Hook, 1997; Tan et al., 2014). Subse-
quently, the higher the adsorbate concentration gradient, the lower the
resistance to the mass transfer, launching the driving force for the
adsorption process. Additionally, if the gas uptake obtained in the dy-
namic tests is compared to the static assays, some slight differences are
observed, in the case of CO, the values were 82.1 mg g~ ! (static) versus
125.3 mg g~ ! (dynamic), and CHy displayed 10.7 mg g~ (static) versus
27.2mg g~! (dynamic). The usually overestimated values depicted by
dynamic tests if compared to static assays may be attributed to the
different operating fluid dynamics in each case (Pu et al., 2021; Ramos
et al., 2022). Where the sample was static and inside the cell in the static
assays, in the fixed-bed setup the contact is more favorable since the gas
is forced to cross the adsorbent, increasing the possibility of gas
retention.

To assess the behavior of the optimum material, i.e. char500-K,COs,
some assays were conducted in CH4/CO5 mixtures to simulate the biogas
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composition for real practical application. Since the content of CH4 in
biogas usually exceeds 50 % (Benato and Macor, 2019; Calbry-Muzyka Eible 6t . Luated from breakhrough ¢ COn and CH
et al, 2022; Y. Li et al., 2019a; Rasi et al., 2007), 50/50, 60/40, csorption parameters evatuated from. breakthrough curves of L0, and &Hq
th char500-K,CO der CO,/N. d CH4/N t X
70/30, and 80/20 (v/v) CH4/CO, mixtures were carried out. The with char 2C03 under CO,/N an 4/N2 mixtures -
breakthrough curves of CO5 and CH, are depicted in Fig. 11 whereas the Mixture f"/m;"’s‘t“’“ toreak (8)  tsae(s)  Removal (%)  q(mgg™)
V/V,

main characteristic parameter extracted from the curves are available in
Table 7. COs/Ny  20/80 55 207 40.8 55.3
As expected by the higher CO; selectivity, the curves depicted in 28; ig i; 1§§ 2?'2 ;Z'g
Fig. 11 define first the appearance of CHy, followed by CO- after satu- 80/20 4 77 57:0 125:3
ration. The quality of separation is provided by the difference period CH4/N,  20/80 32 60 66.8 8.6
defined by the breaking times of both components, in which the material 40/60 29 53 63.5 16.0
is already saturated in CHy, but still absorbing COs, leading to a gas 60/40 27 41 74.3 217
80/20 25 40 71.4 27.2

outlet enriched in CHy4. From a practical point of view, the time of a
continuously operating process cycle is determined by the difference
between the breaking times (tprear) Of both components. Moreover, it is
observed that there is a sharp increase in the output of CHy, reaching
values higher than the input concentration of CH4 which can reach
values above up to 100 % in some cases to further decrease until
reaching the saturation conditions (tg). As CO- is adsorbed, the outlet
gas is enriched in CHy4, reaching theoretical values of 100 % CHy if all
the CO, is retained.

The selective adsorption of solid porous adsorbents helps the sepa-
ration of CH4-CO; mixtures and mostly results from one or more of the

following mechanisms: thermodynamic equilibrium effect, steric effect,
and kinetic effect. Strongly adsorbed molecules are separated from
weakly adsorbed molecules during adsorption according to the equi-
librium effect, which might happen due to the different adsorbate
molecules’ attraction to the adsorbent surface. An adsorption-based
separation can also be based on the size and the shape of the guest
molecules, in which small molecules are adsorbed with a kinetic diam-
eter smaller than the pores, leaving larger particles unadsorbed due to
steric impediment. Finally, while the affinity is decisive in equilibrium
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separation, kinetic separation is highly dependent on the rate at which
the adsorbed molecules, with different sizes and shapes, can diffuse in
the solid structure (Fakhraei Ghazvini et al., 2021). However, the precise
mechanism should be studied in detail, and only then more specific
predictions can be made for industry-scale process design (Lu et al.,
2014). Some specific chemical groups of the plastic-based activated
carbons, e.g. mainly oxygen functional groups, prefer to adsorb CO4 over
the CH4 molecules, which increases the selectivity for CO; molecules.
Also, the separation performance in activated carbons was greatly
affected by the nature of the pores of the materials. The increasing
microporous surface and binding sites let greater adsorption of CO, than
CH4 due to the stronger quadrupole moment and polarizability of COq,
leaving a much more disadvantageous environment for CH4 adsorption
(Yu et al., 2019).

Fig. 12 depicts that the plastic-based activated char500-K3CO3 dis-
plays very close profiles to the commercial zeolite formula used in
biogas upgrading when feeding 50/50 mixtures. In this case, the dif-
ference in breaking times between CH4 and COs is 9 s of the char500-
K2COj3 versus the 15 s provided by the commercial zeolite. Bearing in
mind that the plastic-based adsorbent was prepared from a valorized
residue, the different adsorption mechanisms as a molecular sieve, and
the higher cost of the zeolite, the prepared material seems very
competitive for the upgrading application. At a higher proportion of CHy4
in the feeding gas, the zeolite was demonstrated to be more effective
than the carbonaceous material, enlarging the breaking time between
CH4 and CO,, and therefore the operating time. From the textural
properties of the zeolitic molecular sieve and the comparison with the
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char500-K5COs, see Fig. 12, it is appreciated that the zeolite exhibits
lower total surface area than the plastic-based activated carbon, i.e.
446.3 versus 803.7 m? g~ !, respectively. Additionally, the micropore
volume of the carbon material is also higher, 0.221 (zeolite) versus the
0.307 cm® g_1 (char500-K2CO3). However, from the pore size distribu-
tion, the zeolite clearly states a narrower frequent ultramicropore size
centered at 0.371 nm, an aspect of paramount importance that strongly
impacts the CO, uptake, reaching values at 100 kPa of 218.9 mg g~}
(273 K) and 162.5 mg g’1 (298 K). The narrow pore size effectively acts
as a molecular sieve and impedes the penetration of CH4 molecules of
bigger size than CO,; subsequently, the CH4 uptake is lower than the
registered with the carbon-based material, sky-rocketing the selectivity
towards COo, i.e. around 48 a 1000 kPa. However, the high cost of ze-
olites makes carbonaceous materials competitive although it implies a
reduction of selectivity, the comparison of the char500-KoCO3 CO,/CHy4
selectivity of 3.2 is quite close to the 4.7 reported for commercial for-
mulas that display similar micropore size, i.e. 0.8 nm, prepared by
activated by physical methods (Peredo-Mancilla et al., 2019).

The tendency observed in the enlarged breaking times at raising the
CH,4 at the inlet stream evidences a rising value of the CHy yield, see
Table 7. This fact evidences the lower CH4 yield reached at rising the
CH4 concentration fed to the column. Comparing the yield performed by
the zeolite to the plastic-based activated carbon, the values are over 3-
folded. The performance of novel activated carbon is still lower than
that of commercial zeolite. However, if compared to the values reported
in the literature with other carbon materials, the char500-K,CO3 ex-
hibits a very similar value to activated carbon prepared from biomass

30

60 B
time (s)

150 180

Fig. 11. Breakthrough curves CO, and CH4 with char500-K>CO3 and commercial zeolite under different CO»/CHy4 (v/v) mixtures, 50/50 (A), 40/60 (B), 30/70 (C)

and 20/80 (D).
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Table 7
Adsorption parameters evaluated from breakthrough curves of CO, and CH,4 with char500-K;CO3 under CO»/CH,4 mixtures.
Material CO,/CH4 CO, CH,4 Ycua CH4 CH4
wv/v) (mmol g~ min~1) Purit; Recove
threak tsat R q t, tex R q & (%) v (%) i
(s) (s) (%) (mgg™) (s) (s) (%) (mgg™
Char500-K,CO3 50/50 46 74 73.3 86.4 37 42 94.4 23.6 0.146 94.3 6.5
40/60 39 77 64.8 59.3 30 36 88.7 22.8 0.163 80.4 6.1
30/70 39 83 74.7 46.9 27 34 87.2 25.4 0.360 93.4 11.5
20/80 38 84 62.0 34.5 26 33 87.5 27.5 0.653 93.8 18.3
Zeolite 50/50 47 99 60.9 98.8 32 36 89.1 19.6 0.243 99.7 10.9
13X 40/60 54 104 61.7 94.5 27 33 89.0 21.0 0.550 99.8 20.5
30/70 72 169 57.6 112.5 19 26 84.5 18.3 1.166 99.9 37.3
20/80 126 250 70.2 1149 24 32 82.8 27.7 2.367 99.8 66.3

precursors, such as cherry stone (Alvarez-Gutiérrez et al., 2016) and
coconut shell (Batys et al., 2021), or commercial activated carbon for-
mulas (Batys et al., 2021).

This CH4 enrichment capability of our plastic-based activated car-
bons has potential implications and applications in the energy transition
through renewable fuel production since it can lead to the production of
biomethane. The qualities and applications of biomethane gas are like
those of natural gas, making it a versatile and easy-to-store fuel that
doesn’t require natural gas equipment and device settings to be changed.
It can be utilized for both residential and industrial purposes, including
direct power generation in hydrogen or biomethane fuel cells, feedstock
for Fischer-Tropsch fuel manufacturing processes, and thermal and
power generation (Koonaphapdeelert et al., 2020).

Recycling and regeneration of char500-K2CO3 was also evaluated
since it is important for successfully commercializing new adsorbent
materials. Fig. 13 depicts the CO2 and CHy4 capacity and the CO; re-
covery of char500-K,COj3 after five adsorption-desorption cycles. The
adsorption capacities were constant on the first five regeneration cycles.
The constant adsorption capacities after regeneration can be ascribed to
the successful adsorbent regeneration. It has been reported that some
other common adsorbent materials such as activated carbons and zeo-
lites maintain good adsorption performance up to or more than five
regeneration cycles (Fayaz et al., 2015; Giraudet et al., 2014; Kim and
Ahn, 2012; Wang et al., 2012; Zaitan et al., 2016).

4. CONCLUSIONS

This work proves the feasibility of valorisation of plastic waste of
mixed polymers unsuitable for mechanical recycling. The carbonization

temperature at which the plastic char was obtained exerted a positive
effect on the second stage of activation, being the results attained at 500
°C better than at 450 °C. From the different chemical activating agents
studied, the use of less toxic K,CO3 displayed better results than KOH
either on the textural properties and CO, adsorption capacity. The so-
dium salts lead to poorer results if compared to their potassium coun-
terparts. ZnCly and FeCl; failed in the development of textural properties
and CO, uptake. All the activating agents lead to micropores of an
average size centered at roughly 0.75 nm. The percentage of ultra-
micropores and oxygenated surface groups were well-correlated with
the CO5 uptake, being the highest value obtained with KoCOj3 either in
static and dynamic adsorption experiments, with respective values at 25
°C of 82.1 and 79.5 mg g~ .

The breakthrough curves over CO2/CH4 mixtures of 50/50 (v/v)
depicted close behavior to commercial materials such as zeolites,
although at higher CH4 proportion the higher selectivity of the zeolite
due to the molecular sieve mechanism with micropores of lower than
0.5 nm that allows the insertion of CO5 nor CH4 launched the benefits if
compared to the plastic-based activated carbon. However, if the results
are compared to other carbon formulas, either commercial or prepared
from other precursors such as biomass, the results of the valorized
plastic waste are very competitive, reaching comparable CH,4 production
yield in the obtention of a CH4 stream enriched at 95 %.

Recycling and regeneration of char500-KoCO3 were also evaluated
after five adsorption-desorption cycles. The constant adsorption capac-
ities after regeneration can be ascribed to the successful adsorbent
regeneration.

Some future strategies to improve the performance of plastic-based
activated carbons include: i) develop a comprehensive roadmap for
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Fig. 13. Adsorption parameters during sequential cycles with char500-K5CO3 under a CO5/CH,4 mixture 40/60.

implementing new precursors and technologies in activated carbon
production; ii) incorporate new techniques and technologies to improve
the production process and increase efficiency; iii) investigate the per-
formance of plastic-based activated carbon in other applications.
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