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Chemical recycling by pyrolysis of plastic waste has been considered a potential approach. However, little
attention has been paid to the reuse of the char residue generated. The preparation of materials from char residue
obtained from the pyrolysis process has become an essential task. The purpose of this work is the preparation of
activated carbons from the resulting char from the pyrolysis of a dirty and wet mixture of post-consumer plastic
waste. The porous materials have been applied to the adsorption of CO,. Both physical and chemical activation
methods were investigated to modify the surface texture properties. The properties of the developed activated
carbons were characterized by diverse techniques such as elemental and proximate analysis, Fourier Transform
Infrared Spectroscopy (FTIR), adsorption-desorption isotherms with Ny, and Scanning Electron Microscopy
(SEM). Among all synthesized samples, the activated samples prepared by chemical activation with KOH (char:
KOH ratio 2:1; surface area, 487.0 m%g 1) exhibited the highest CO, adsorption uptake (~49 mg-g~1). The
activation temperature was explored within 680-840 °C. For physical activation, an increase in the activation
temperature decreases the adsorption uptake of the samples. For chemical activation, the adsorption increased as
activating temperature rise to a maximum value, subsequently decreasing with further temperature rise.
Increasing the amount of the chemical activating agent significantly decreases the adsorption capacities. The
best-activated carbon was chosen, and several parameters were investigated on COy adsorption, C: KOH mass
ratio (6:1-1:4), and adsorption temperature (15-60 °C). The highest adsorption of CO3 achieved was 62.0 mg~g’1
for activated carbon operating at the lower adsorption temperature (15 °C).

production have to lead their rapid accumulation in the environment
where they are accumulated or partially degraded into toxic by-products

1. Introduction

Plastics have many uses in our lives, making them easier, from
drinking clean water and keeping food fresh to being part of everyday
utensils and equipment such as components of our phones, cars or
building materials. Plastics are versatile, durable and incredibly adapt-
able, and over the last century, they have offered innovative solutions to
society’s ever-evolving needs.

The plastics industry is essential to the economy and recovery plan in
Europe. Together, producers of raw materials, plastics processors,
plastics recyclers, and machinery manufacturers represent a value chain
that employs more than 1.5 million people in Europe, through more than
50,000 companies operating in all European countries, generating a
business turnover of over €330 billion (Plastics Europe, 2021). However,
plastic pollution has become one of the most concerning environmental
issues. The non-degradable nature of plastics and their fast-increasing
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(Masry et al., 2021), which has caused diverse severe problems in
human health and the environment (Leal Filho et al., 2019), especially
to marine organisms (Mofijur et al., 2021). In 2021, 29.5 million tonnes
of plastic waste were collected in Europe, 12.4 million tonnes of which
were used for energy valorization, 10.2 million tonnes were recycled
and 6.9 million tonnes were landfilled (Plastics Europe, 2021).

In addition to waste generation, plastics contribute to the emission of
greenhouse gases measured in terms of carbon footprint throughout
their useful life, from their manufacture, transport and use until their
waste disposal (Cabernard et al., 2021). The governments of developed
countries are currently working on plastics to tackle plastic pollution
and reduce marine litter, accelerating the transition into a circular
plastics economy. In particular, the European Union, through the Eu-
ropean Green Deal, has proposed no net emissions of greenhouse gases
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by 2050 (European Comission).

In this context, the chemical recycling of plastic waste by pyrolysis is
considered an attractive technology for reducing plastic waste and
greenhouse gas emissions, as well as promoting the circular economy
(Chen et al., 2021; Thiounn and Smith, 2020). Nowadays, a small
fraction of plastic waste is mechanically recycled. However, a great
amount of plastic waste, either mixed or contaminated, cannot be easily
recycled by mechanical methods without an intensive and expensive
pre-treatment that reduces the technical and economic viability of the
process (Solis and Silveira, 2020). Therefore, some interesting thermo-
chemical procedures such as pyrolysis are being examined (Chao-Hsiung
etal., 1993; Jaafar et al., 2022; Williams and Slaney, 2007; Williams and
Williams, 1998). Nowadays, major chemical companies are promoting
pyrolysis plants for converting mixed plastic waste into hydrocarbon
feedstocks.

Regarding the applicability of products from the pyrolysis of plastics,
the use of liquid and gas fractions has been developed to a great extent
over the years for the recovery of compounds and energy production
(Al-Salem et al., 2020; Santos et al., 2018; Zhang et al., 2020). However,
the applications for the solid residue, known as char, have been less
explored, and, in most plants, roughly 1-10% of the product is char. The
char is sent to the landfill or can be used in the production of asphalt or
concrete (Zhang et al., 2018; Zhao et al., 2014). Recently, some new uses
have been explored. For example, it has been used as a precursor, pro-
ducing activated carbons for application in diverse areas including
wastewater treatment and gas separation, among others (Ge et al., 2016;
Lietal., 2020; Martin-Lara et al., 2021; Yuan et al., 2020). The objective
of the present work is the preparation of activated carbons from the
resulting char obtained after the pyrolysis of a post-consumer contam-
inated mixture of plastic waste that came from the rejected fractions of a
local municipal solid waste treatment plant. The char was activated and
the performance of CO; adsorption was studied. The effect of the
preparation method on the characteristics and CO2 adsorption capacities
has been deeply investigated, considering different chemical activator
agents, the temperature of activation, and the ratio between char and
activated agent. To our knowledge, no studies have been reported on the
development of activated carbons from char of pyrolysis obtained of real
mixtures from municipal plastic waste collected from rejected fractions
without any manipulation or pre-treatment. Most published works use
simulated mixtures of pure materials or single polymer types such as
polyethylene terephthalate.

2. Materials and methods
2.1. Char production by pyrolysis

The char was obtained from the pyrolysis of contaminated and mixed
plastic waste provided by a municipal solid waste (MSW) treatment
plant located in the province of Granada (Spain). The rejected fraction of
mixed plastic from the MSW included polypropylene (PP); polystyrene
(PS), either as high impact PS (HIPS) or expanded PS (EPS); and film,
mainly polypropylene. Firstly, manual classification and quantification
of the mixed plastic were carried out to determine the average compo-
sition of the polymers, resulting in the mass content being PP (55%) PS
(8.6%), EPS (10.1%) Film, (27.7%). The mixture was crushed to a par-
ticle size lower than 1 mm.

Based on the experience of previous research (Idrees et al., 2018), a
pyrolysis experiment was carried out in a reactor system that consists of
a tubular furnace under a flow rate of N5 50 L-h !, a residence time of 90
min, a heating rate of 50 °C-min~! and operating temperature of 500 °C.
Under these conditions, the following product yields were obtained:
liquid (oil) 57.3%, solid (char) 6.2%, and gas 36.5%. The resulting char,
referred to as ‘C’, was ground and subsequently activated to produce the
activated carbons by both physical and chemical activation methods.
Also, the char was cleaned with 1 mol-L ! HCl and dried at 120 °C for 24
h, labeled as ‘TC’.
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2.2. Char activation

For physical activation, a thermal three-step process was carried out
under an inert atmosphere, 200 mL-min~! of Ny or CO. Firstly, 5 g of
char was heated from room temperature to the target value (680, 720,
760, 800, or 840 °C) at a rate of 10 °C-min. Next, the sample was
submitted to a flow of Ny or CO,, holding this temperature for 1 h.
Finally, the sample was cooled under the same N, flow until room
temperature. The resulting sample activated with N3 was labeled as AC-
N and the sample that was treated under CO, as AC-COs. For chemical
activation, 5 g of C was mixed with the activating agent, i.e., NaOH or
KOH, at a chosen ratio. A five-step activation process was then carried
out under an inert atmosphere, 200 mL-min~! of Ny. Firstly, the solid
(char and activating agent) was mixed and heated from ambient tem-
perature to 300 °C at a heating rate of 10 °C-min'. Next, the temper-
ature was kept for one hour at 300 °C under the same flow rate of N for
melting the activating agent. Then, the temperature was risen from 300
°C to the target value (680, 720, 760, 800, 840 °C) at a rate of
10°C-min~!. Next, the temperature was kept for 1 h at the selected
temperature; and finally, the sample was cooled to room temperature.
After activation, either for physical or chemical activation processes, the
prepared materials were washed with 1 M HCI and dried at 120 °C for 24
h.

2.3. COy adsorption tests

The CO2 adsorption tests were carried out in a thermogravimetric
analyzer (Perkin-Elmer, STA 6000) following three steps. Firstly, a
drying step was conducted. During this step, moisture and other species
that may be physisorbed onto the surface of the sample were removed.
The sample was heated from room temperature to 200 °C, at which
temperature the sample was kept for approximately 1 h, under an inert
atmosphere, i.e. flow rate of Ny of 50 mL-min". Secondly, a cooling step
was carried out. The sample was cooled from 200 °C to a desired value
for the adsorption process (15, 30, 45, and 60 °C) under an inert at-
mosphere, i.e. flow rate of Ny of 50 mL-min~ . Finally, the isothermal
CO4, adsorption step of the dried sample was conducted. At this point,
the flow rate of Ny was changed to 50 mL-min~! of CO5 and kept for 2 h,
until a constant sample mass is reached. In this step, there was an in-
crease in mass due to COy adsorption, so the difference between the
initial mass of the dried sample (at the end of the cooling stage) and the
obtained final mass (at the end of the isothermal adsorption step) let the
determination of the CO, adsorbed.

2.4. Characterization of the prepared samples

The elemental analysis was carried out to determine the content of
carbon, hydrogen, nitrogen, and sulfur. Oxygen was determined by the
difference between the total with the other elements. A Thermo Scien-
tific Flash 2000 device was used.

The proximate analysis was used to establish the percentage of
moisture, volatiles, and ash present in the different prepared materials.
The percentage of fixed carbon was determined by the difference. The
quantification of the proximate analysis was carried out by thermogra-
vimetric analysis (TGA) on a Perkin-Elmer STA 6000 thermobalance.
For this procedure, 20-30 mg of solid sample was kept for 10 min at
30 °C in an inert gas atmosphere using an Ny flow rate of 20 mL-min~?,
The sample was then heated in a temperature range of 30-110 °C, at a
rate of 40 °C-min'. The temperature was kept at 110 °C for 10 min.
Then, the temperature was risen to 875 °C (heating rate of 40 °C-min~ 1)
and then kept at 875 °C for 10 min. Finally, the gas was switched to
oxygen with a flow rate of 20 mL-min ", and the temperature at 875 °C
was kept for another 10 min. The determination of each of the constit-
uents (moisture, volatiles, and ash) was completed by quantifying the
weight loss in each step.

FTIR was conducted in a Perkin-Elmer spectrophotometer, model
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Fig. 1. Influence of the adsorption time under different methods and activators on the CO, adsorption performance. A) physical activation with No; B) physical
activation with CO»; C) chemical activation with NaOH; D) chemical activation with KOH.
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Fig. 2. Influence of the activation temperature on CO, adsorption performance
with char samples activated and a char: agent mass ratio of 1:1.

Spectrum-65, equipped with an Attenuated Total Reflectance (ATR)
device. Each spectrum was obtained in a wavelength number within
4000-400 cm ! with a 0.5 cm ™ spectral resolution.
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The textural properties were analyzed by adsorption-desorption Ng
isotherms at 77 K in an ASAP 2010 Micromeritics equipment. The total
specific surface area was calculated by the BET method (Sggr) and the
total pore volume was determined from the Ny uptake at p/pp~0.99.
The t-plot method was used for the estimation of the specific surface of
micropores (Syp) and the volume of micropores (Vyp). The average pore
size was obtained by the BJH method from the adsorption step.

The morphological properties of the samples were analyzed by SEM
with Energy Dispersive X-ray (EDX) analysis in an Auriga (FIB-FESEM)
device.

3. Results and discussion
3.1. COg adsorption tests

3.1.1. Influence of agent type and activation temperature

Fig. 1 shows the CO, adsorption results as a function of contact time
for the different activation techniques (physical and chemical) and
activation temperatures of 680, 720, 760, 800, and 840 °C. For chemical
activation methods a char: agent mass ratio of 1:1 was used.

The results show that both physical and chemical activations are
effective alternatives. The CO, adsorption uptake obtained with the
activated materials improved in all cases if compared to the char.
Regarding the effect of activating temperature, see Fig. 2, for physical
activating methods, the adsorption results increased slightly when the
temperature increased from 680 °C to 720 °C to gradually decrease with
further increase of the activation temperature, obtaining values between
11.5 and 33.4 mg-g~* for Ny and between 20.4 and 39.3 mg-g~* for CO,,
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Fig. 3. Influence of char: KOH mass ratio on CO, adsorption uptake.
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Fig. 4. Influence of the adsorption temperature on the CO, adsorption with C-
KOH at 760 °C at a char: KOH dose of 2:1.

with the maximum values reached at 720 °C. Similar results were ach-
ieved in the activation of oil palm shells with N, and CO,, being the best
adsorption results obtained when materials were prepared at low tem-
peratures, close to 750 °C (Hoseinzadeh Hesas et al., 2015). However,
the adsorption values obtained by these researchers were much higher
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than this work, i.e., the order of 186 mg~g’1 for activation with CO5 and
132 mg~g_1 for activation with Ny, possibly since the activation was
enhanced by the microwave technique and the carbon precursor had a
biomass source. The decreasing CO, adsorption uptake with the rise of
the activation temperature was also observed when treating commercial
activated carbon with Ny, Hy and ammonia (Zhang et al., 2010). Also,
the reported CO, adsorption uptake after the activation with Ny was
higher than this work, possibly due to the precursor material nature,
which was an activated carbon with a high previous porosity developed
if compared to the char of the pyrolysis of this work. The negative
impact of the activation temperature on adsorption capacities has been
also reported in the activation of polyacrylonitrile (PAN) for the
adsorption of CS; in gaseous streams (Li et al., 2020). A collapse and the
release of polycondensation reactions were attributed to a lesser
adsorption ability as the microporosity dramatically decreased by
raising the temperature to over 700 °C. It has been reported that the
interaction between CO, and carbon adsorbents is enhanced in the
presence of micropores (< 1 nm) (Ge et al., 2019).

The chemical activation method led to improved CO, adsorption
capacity if compared to the physical method, mainly at high activation
temperatures. Either in the presence of NaOH or KOH, an initial increase
in the activation temperature from 680 to 800 °C led to an increase in
CO- adsorption uptake. Nonetheless, a further increase in the activation
temperature produced different results depending on the alkali used. A
further rise of the activation temperature to 840 °C did not significantly
modify the CO, adsorption uptake when using NaOH (27.6 and
29.7 mg-g~!) while a considerably negative effect was registered with
KOH reducing the CO, adsorption from 48.3 to 36.8 mg-g~!. Similar
conclusions regarding the behavior of CO, adsorption over the activa-
tion temperature for both activating agents and the advantage of using
KOH over NaOH have been reported (Ge et al., 2016; Yuan et al., 2020).
KOH is more effective than NaOH to develop higher microporosity that
is negatively affected by a risen temperature (Adibfar et al., 2014;
Almazan-Almazan et al., 2007; Yuan et al., 2020). Higher CO4 adsorp-
tion uptake was also reported in the literature with activated chars ob-
tained from pure plastics. The activation of char obtained from the
pyrolysis of polyethylene terephthalate (PET) with KOH was than NaOH
for CO, adsorption, uptake of 194.5 mg-g~* at 25 °C for PET-KOH and
169.8 mg-g ! at 25 °C for PET-NaOH (Yuan et al., 2020). The effect of
activation with NaOH and KOH was also studied with char generated
from polyurethane foam waste. The resulting material was reported as
very efficient also for CO, capture. KOH led to higher CO5 uptake values
than those found with NaOH, reaching a maximum of 257.4 mg-g ! at
0°C (Ge et al., 2019).

Although physical activation has a lower environmental impact as no
chemical reagents such as KOH or NaOH are used, the application of
KOH as the activating agent seems to be the best option to prepare
activated carbons from a mixture of plastic waste focused on CO,
adsorption. From Fig. 2a maximum CO, uptake close to 49 mg-g~!
within 760-800 °C is observed for KOH. As the differences in this range
are minimal, the lower value, i.e., 760 °C, was chosen due to an energy-
saving aspect.

Table 1

Elemental analysis of the selected activated char samples.
Sample Activation C:agent ratio Percentage (%) O/C ratio

temperature N C " on

C - - 0.86 35.62 2.23 61.29 1.72
TC - - 1.72 45.16 2.47 50.65 1.12
C-Ny 720 - 1.11 43.55 0.97 54.37 1.25
C-COy 720 - 1.23 51.17 0.78 46.82 0.91
C-NaOH 800 1:1 0.33 16.89 1.59 81.19 5.03
C-KOH 760 2:1 0.72 28.76 0.86 69.66 2.42
C-KOH 760 6:1 0.78 41.12 1.15 56.95 1.38

2 Obtained as the difference.
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Table 2
Proximate analysis of the activated char samples.

Process Safety and Environmental Protection 173 (2023) 558-566

Sample Activation C:agent ratio Percentage (%)
temperature Moisture Volatile Ash Fixed carbon

C - - 3.10 27.89 46.21 22.81

TC - - 2.73 27.77 33.38 36.12

C-N 720 - 2.89 10.37 40.51 46.23

C-CO, 720 - 1.80 8.22 42.07 47.91
C-NaOH 800 1:1 4.29 25.58 58.90 11.23
C-KOH 760 2:1 2.48 11.89 66.01 19.62
C-KOH 760 6:1 5.30 18.13 42.73 33.82

Table 3
Textural properties from the N, adsorption-desorption isotherms of the activated char samples.
Sample Activation C: agent SgET Smp Vr Vmp Vmp/Vr (%) Pore size (/D\)
temperature Ratio (m>g ") (m>g™) (em®g ™) (em®g™)

C - - 14.7 0.8 0.025 - - 66.2

TC - - 19.3 0.1 0.040 0.036 90.0 81.2

C-Ny 720 - 48.4 0.0 0.155 0.000 0.0 128.3

C-CO, 720 - 100.0 22.6 0.209 0.011 5.3 82.5
C-NaOH 800 1:1 246.9 184.9 0.217 0.084 38.9 71.6
C-KOH 760 2:1 487.0 414.2 0.300 0.180 60.0 54.4
C-KOH 760 6:1 295.3 210.3 0.236 0.093 39.4 59.9

Sger: total specific surface area by BET method; Syp: micropore surface area; Vr: total pore volume; Vyp: micropore volume. Average mesoporous diameter (4 V/A) by

the BJH method from the adsorption step

C-NaOH-1:1

Absorbance (a.u.)

3000

2500

2000 1500 1000 500

4000 3500

wavenumber (cm™)

Fig. 5. FTIR spectra of the activated char samples.

3.1.2. Influence of the char: KOH mass ratio

Due to the better results achieved using KOH, this activating method
was further investigated by varying the ratio char: KOH fixing the
temperature at the optimum value, i.e., 760 °C. Fig. 3 shows the COy
adsorption capacities of the prepared materials with different char: KOH
mass ratios.

The activated materials prepared with a char: KOH mass ratio lower
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or equal to 1:1 showed a lower CO5 adsorption uptake. This behavior can
be explained by a lack of KOH for an efficient definition of a well-
developed microporosity structure, being the amount of alkali insuffi-
cient (Ge et al., 2016; Idrees et al., 2018; Kaur et al., 2019a). This could
suggest that an increase in the mass of the char could produce an
improvement in CO, adsorption; however, for char: KOH mass ratios
higher than 2:1 the adsorption uptake also decreased and, for a very high
char: KOH, i.e. 6:1, the adsorption uptake fell to 32.4 mg-g~* regarding
the optimum value found for a char: KOH ratio of 2:1. At moderate char:
KOH a mass ratio, this action is increased until an optimum is reached.
Nevertheless, if the amount of KOH is risen the evolution of micropores
by the excessive attack of the KOH to mesopores takes place. Therefore,
since the micropores are responsible for CO, adsorption due to their
more appropriate size, there is a decrease in CO2 adsorption. This effect
was registered when raising the amount of KOH, being this effect more
negative in relative proportions than the rise of char amount. The op-
timum value was observed with a char: KOH ratio of 2:1. This proportion
is in good agreement with other works although the char used in this
study is a mixture of plastics. A ratio char: KOH ratio of 3:1 was obtained
as the optimum when using PAN (Singh et al., 2019). The char from
polystyrene foam filler led also to an optimum ratio of 3:1 (Idrees et al.,
2018). The activation of polyurethane foams led to a 1:1 optimum (Ge
et al., 2016). The activation of the char from polyethylene terephthalate
has been also reported as optimum at a 3:1 ratio (Kaur et al., 2019b,
2019a).

3.1.3. Influence of the adsorption temperature

After the selection of KOH as the activating agent, 760 °C as the
optimum temperature, and 2:1 as the best char: KOH ratio, the influence
of the temperature during the CO, adsorption was analyzed, see results
in Fig. 4. According to the results depicted in this figure, the CO, uptake
decreased with a rise in the temperature obtaining a maximum value of
63 mg-g~! at 15 °C and a minimum value of 30 mg-g~! at 60 °C. A
similar trend was observed at adsorption temperatures between 25 °C
and 75 °C by other researchers for adsorbent materials prepared from
PET waste that were also chemically activated with KOH (Yuan et al.,
2020). Also, this negative effect has been reported by other authors (Ge
et al., 2019; Idrees et al., 2018; Kaur et al., 2019b; Singh et al., 2019).
For example, the CO4 adsorption of char from packaging waste activated
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Fig. 6. SEM pictures of the activated char samples.

with KOH led to a decrease of CO, uptake from 133.7 mg-g~! to
38.7 mg-g~! when rising the temperature from 0 °C to 50 °C (Idrees
et al., 2018). In the activated char prepared from polyacrylonitrile with
KOH also has been reported this negative effect of the temperature, with
CO, uptakes decreasing from 110 to 35.2 mg-g~! by raising the tem-
perature from 30 to 100 °C (Singh et al., 2019). Besides, the resulting
material from char made of PET after activation also leads to a negative
effect on CO; uptake (Kaur et al., 2019b).

The rise of the adsorption temperature is associated to an increase in
the mobility of CO2 molecules in the adsorbate; therefore, the molecular
diffusion effect is connected. This aspect joined with the fact that CO5
adsorption is a physisorption process, causes even more agitation, so the
molecular diffusion rate and surface adsorption energy could increase,
thus resulting in the instability among CO, molecules leading to lower
adsorption values (Guo et al., 2021; Shi and Liu, 2021; Wu et al., 2021).

3.2. Characterization of the activated chars

The different activated carbons prepared under different activation
methods that presented better CO5 adsorption performance were chosen
for complete characterization. For such a purpose, the following acti-
vation agent char: alkali ratio at their optimum activation temperatures
were selected, N5-720, CO»-720, NaOH-1:1-800, KOH-2:1-760. Also,
the activated carbon was prepared by chemical activation with KOH but
with the lowest cost in terms of using the lowest KOH dose at the lowest
temperature, which means the sample KOH-6:1-760, as well as the
precursors’ materials, untreated char, and treated char, were
characterized.

3.2.1. Elemental and proximate analysis

The results obtained in the elemental analysis are reported in
Table 1. As can be expected in the case of plastic precursors, the N
content is negligible over carbon, hydrogen, and oxygen, because of
their hydrocarbon-derived origin. The high oxygen content can be
attributed to the carbonization process and the decomposition of volatile
compounds (Panahi et al., 2021). It is observed that the treatment of the
char with HCI decreased the content of oxygen due to the removal of
oxygenated functional groups, which led to a C content increment. The
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physical activation with Ny and CO5 increased led to very similar results
if compared to the treated sample. Regarding the chemical activation
process, the highest carbon content was found for the KOH-activated
sample, char:KOH ratio 6:1 at 760 °C, and the lowest for the
NaOH-activated sample, char:NaOH ratio 1:1 at 800 °C. This may be
caused by the higher temperature used in the activation process. How-
ever, it has been reported that KOH displays better performance as it is
less influenced by the temperature in terms of carbon yields if compared
to NaOH when activating a char from the pyrolysis of PET
(Almazan-Almazan et al., 2007). At high temperatures as 800 °C, NaOH
can contribute to the reaction of the solid carbon of char which can lead
to an increase in the inorganic content of the generated activated carbon
as confirmed by the high ash content of this sample.

The O/C ratios were higher in the chars activated with the alkalis.
The decomposition of the metal hydroxide into oxides within the carbon
matrix contributed to the enhancement of the oxidation (Chen et al.,
2020; Park and Jung, 2002), explaining why the higher ratio of KOH led
to the higher oxygenated content after activation.

Table 2 shows the proximate analysis results of the selected mate-
rials. In general, low moisture content and high ash contribution were
registered. If the untreated and treated samples are compared, the ash
content decreased after the acidic wash. The HCl washing process
contributed to removing part of the inorganic matter of the material
(Kozyatnyk et al., 2021). The ash content increased after the activation
process, probably due to the release of volatile compounds, concen-
trating the non-volatile content as ash. The activation with KOH led to
the highest ash content due to the high ability to burn the material,
followed by NaOH. There is a compromise between the carbon content
and the microporosity. Therefore, although during the activation the
formation of micropores is desired, excessive and uncontrolled reactions
of combustion would lead to low carbon and high ash content.

3.2.2. N; adsorption/desorption isotherms

The textural results of N, adsorption-desorption isotherms are sum-
marized in Table 3. The char displayed a very low surface area, 14.7 or
19.3 m%g ! before and after HCl washing, respectively. The thermal
treatment improved the textural properties. The microporosity order in
terms of specific surface area and micropore volume observed was No
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Fig. 7. Multipoint EDX analysis of the activated char samples.

<CO2 <NaOH<KOH, obtained at their optimum activation tempera-
tures. From these results, it can be observed that the chemical activation
methodology with the hydroxides is preferred to the physical process,
since it led to a considerable increase in the specific surface area, in the
case of KOH higher than NaOH, as reported in the literature
(Almazan-Almazan et al., 2007). The reaction developed during the
activation with both hydroxides is very similar, involving the formation
of hydrogen, carbonates, and alkali metals or alkali oxides. However, the
main difference between the two activation agents is the temperature at
which these reactions are released, being lower in the case of KOH
(Lillo-Rodenas et al., 2003). KOH is preferred for the development of
microporosity whereas NaOH is convenient for controlling mesoporosity
(Tseng, 2006). Consequently, the use of KOH at a 2:1 ratio led to the best
textural properties, a BET surface area of 487.0 m%g~!, micropore

564

surface area of 414.2 m?g~" and micropore volume of 0.180 cm®.g ™%,
which would explain the best CO, adsorption uptake since the micro-
porosity, rather than mesoporosity, is essential to enhance CO2
adsorption yield (Ge et al., 2016). The average pore size obtained also
provides evidence of the generation of mesopores of smaller size in the
case of the activation with KOH vs NaOH. A decrease of the KOH pro-
portion, i.e. char:KOH ratio of 6:1, led to a lower microporosity property
which results detrimental to the CO, adsorption.

3.2.3. Fourier transform infrared spectroscopy (FTIR) analysis

Fig. 5 depicts the FTIR spectra of the activated chars. The char pre-
cursor exhibited a wide band within 3000-3700 cm ™ *, attributed to the
HO stretching of water, phenols, and alcohols (Wang et al., 2017). In the
lower wavelength number region, diverse peaks were registered. The
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presence of a band around 1600 cm™! can be ascribed to the stretching
of C=C or quinolinic C=0 (Duranoglu and Beker, 2012). Moreover, the
peaks located at 1383 cm ™! are associated with the superposition of -OH
and -CH functional groups (Rashidi et al., 2021). Intense peaks at
1584 cm™! and 1090 cm ™! associated with C-O stretching were also
observed (Ge et al., 2019). The presence of bands around 1000 em !
indicates the presence of oxygenated functional groups, which favor the
adsorption of CO5, by Van der Waals interaction, due to the electro-
negative character conferred to the surface (Kaur et al., 2019a). The
remaining bands concentrated around 550 cm ™! and 750 cm ™! can be
attributed to the stretching of the aromatic C—=C bonds (Bedin et al.,
2016). Furthermore, the presence of oxygenated moieties enhances the
Lewis basic character of the carbons which is favorable for the adsorp-
tion of acidic COs.

The spectrum of the treated char lacks the wide band centered at
3500 ecm ! of hydroxylated groups, because of the HCI cleaning. A peak
at 1380 cm ™, associated with the asymmetric vibration of the -COO
group (Ge et al., 2019), and a peak at 1425 cm™! assigned to C=C vi-
brations in aromatic rings (Panahi et al., 2021) was defined in the TC
sample but at lower intensity compared to the native char. The peak at
1000 cm™! due to the presence of oxygenated groups was kept after HCI
cleaning. The intensity of the C=C peak at 750 cm ™" disappeared in the
TC sample probably due to the stabilization with HCl washing.

The physical treatment with Ny kept the fingerprint of the treated
char, decreasing significantly the intensity of the peaks, probably due to
the release of superficial volatile compounds (Rashidi et al., 2021). If
CO4 was used for the activation, almost all the peaks were removed
except for a wide peak attributed to the hydroxylated groups at
1000 cm!. The chemical activation either with NaOH or KOH led to the
removal of the original FTIR peaks of the treated char, defining a wide
peak located at 1000 cm ™2, attributed to hydroxylated groups that were
more intense in the case of KOH.

3.2.4. Scanning electron microscopy (SEM)

Some SEM micrographs of the activated char are shown in Fig. 6. The
pictures collected in each material considerably vary in the same sample
due to the displayed heterogeneity. However, the images most repre-
sentative have been selected. In general terms, the porosity developed
can be correlated with the textural properties, leading to more rugosity
and cavities in those samples with more surface areas. The morphology
of the original and treated char was not porous, depicting the shape of
sheets or filament-like structures.

In the case of Ny activation, a smooth lamellar structure was
observed. The sample activated with CO5-720, developed certain
rugosity on the surface, which provides evidence of the higher surface
area compared to N activation. The activation with NaOH led to a more
compact and rougher structure, with a predominance of larger pores,
although smaller pores are also envisaged. The activation with KOH led
to a very different structure. The activation with a char:KOH ratio of 2:1
produced a layered structure that shows numerous pores created by the
overlapping of the layers. However, with the ratio of 6:1, a tubular block
structure was obtained, with a solid, smooth consistency that forms
larger pore sizes. The formation of porous channels in the presence of
alkaline hydroxides over the smoothed precursor char has been already
reported in previous works dealing with PET (Adibfar et al., 2014; Kaur
et al., 2019a, 2019b), polyurethane (Ge et al., 2019, 2016), or poly-
acrylonitrile (Li et al., 2020; Singh et al., 2019). Also, EDX analysis was
used to analyze the nature of the compounds present in the different
samples, see Fig. 7. Due to the heterogeneity of the samples, diverse
punctual analyses were carried out to obtain an average value of the
composition. The presence of C and O was common in all the plastic
compounds. In addition, some metallic elements were detected. For
example, an abundant presence of Ca and Ti was observed in all samples,
probably due to the presence of CaO and TiO; in the pyrolyzed plastics,
as both elements are common additives widely used in the manufacture
of plastic materials to improve the mechanical properties (CaO) or as a
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white pigment (TiO5) (Martin-Lara et al., 2021). The presence of other
metals such as Al or Si can be associated with the origin of the plastic,
obtained from municipal waste as reported in the literature (Cansado
et al., 2022).

4. Conclusions

This work provides a study about the valorization of a char obtained
in the pyrolysis of a mixture of real plastic from the fraction rejected in a
recycling plant. The activation temperature highly affects the CO,
adsorption uptake. The physical activation, i.e. Ny or CO,, displayed
their maximum CO; uptakes at 720 °C, whereas chemical activation
required higher temperatures, i.e. 760 °C for KOH and 800 °C for NaOH.
Between physical (N3 and CO5) and chemical (NaOH and KOH) activa-
tion, the chemical treatment with alkali hydroxide resulted in the best
alternative to develop a porous material. The use of KOH was more
effective than NaOH. Also, the ratio char:KOH was optimized, observing
the highest performance of CO5 uptake with a value of 2:1, with a value
of approximately 49 mg-g~1. The effect of the operating temperature
during the adsorption tests has a negative impact, decreasing with a rise
in the temperature due to molecular diffusion and surface adsorption
energy effects. The textural characterization of the different activated
chars corroborated the higher microporosity of the optimized material,
in terms of surface area and pore volume improvement, determining
factors for higher CO, adsorption.

The obtained results demonstrate the feasibility of the valorization of
a char, a waste obtained during the chemical recycling of plastics via
pyrolysis. The char can be used as a feedstock for the production of
carbonaceous porous materials for environmental applications such as
CO; adsorption.
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