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Pyrolysis of residues enriched with carbon, such as in agroforestry or industrial activities, has been postulated as
an emerging technology to promote the production of biofuels, contributing to the circular economy and
minimizing waste. However, during the pyrolysis processes a solid fraction residue is generated. This work aims
to study the viability of these chars to develop porous carbonaceous materials that can be used for environmental
applications. Diverse chars discharged by an industrial pyrolysis factory have been activated with KOH.
Concretely, the char residues came from the pyrolysis of olive stone, pine, and acacia splinters, spent residues
fuel, and cellulose artificial casings. The changes in the textural, structural, and composition characteristics after
the activation process were studied by N3 adsorption-desorption isotherms, scanning electron microscopy, FTIR,
elemental analysis, and XPS. A great porosity was developed, Sggr within 776-1186 m? g’1 and pore volume of
0.37-0.59 cm® g~! with 70-90% of micropores contribution. The activated chars were used for the adsorption of
CO,, leading to CO, maximum uptakes of 90-130 mg g~ *. There was a good correlation between the GO, uptake
with microporosity and oxygenated surface groups of the activated chars. Moreover, their ability to adsorption of
contaminants in aqueous solution was also evaluated. Concretely, there was studied the adsorption of aqueous
heavy metals, i.e., Cd, Cu, Ni, Pb, and Zn, and organic pollutants of emerging concern such as caffeine, diclo-

fenac, and acetaminophen.

1. Introduction

The growing recognition of the environmental challenges faced by
our planet has led to a heightened focus on understanding and miti-
gating two critical issues: the excessive release of carbon dioxide into the
atmosphere (Odunlami et al., 2022) and water scarcity (Ungureanu
et al., 2020). The presence of pollutants in water bodies such as heavy
metals (Mukherjee et al., 2021) or anthropogenic organic contaminants
of emerging concern (Kasonga et al., 2021) like pharmaceuticals and or
personal care products hazards the reuse of wastewater effluents
(Kiimmerer et al., 2018). These issues have significant implications for
the health of ecosystems, human well-being, and the sustainability of
our natural resources (Fuller et al., 2022). All these pollutants pose a
significant threat to water and air quality, putting the well-being of both

* Corresponding author.
** Corresponding author.

wildlife and human populations on the line. It is imperative to mitigate
their release and decontaminate them to uphold a state of optimal health
among the population and lessen the global mortality rates attributed to
air and water pollution. In 2019 alone, air pollution was responsible for
approximately 6-7 million premature deaths worldwide, while water
pollution contributed to 1-4 million premature deaths (Fuller et al.,
2022).

The worldwide energy-related CO5 emissions were reported to have
stayed constant at 36.1 Gt (Liu et al., 2023) but had a significant impact
on the global annual average of atmospheric CO concentration, leading
to a rise of approximately 2.6 parts per million in 2020 (Hong, 2022).
Strategies for reducing atmospheric CO5 concentrations include the use
of renewable energy sources (Saleem et al., 2022), energy optimization
(Nakkasunchi et al., 2021), growing natural forests (Manning, 2010),
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and sequestration by diverse processes, in which absorption using
amine-based solvents is currently the most used technique (Akeeb et al.,
2022). However, the adsorption technique is emerging as an economical
and greener alternative for capturing and storing the emitted CO; from
industrial activity (Akeeb et al., 2022; Quan et al., 2023).

On the other hand, anthropogenic and intensified industrialization
activities exert a direct influence on the contamination of water bodies
by heavy metals and organic pollutants. Heavy metal contamination
predominantly originated from direct effluent emissions into rivers and
lakes coming from industrial discharges, power generation, mining op-
erations, battery manufacturing facilities, paper mills, petrochemical
industries, paint manufacturing units, and similar sources (Wang et al.,
2022a; Rathi et al., 2021). These heavy metals encompass cadmium,
copper, zinc, lead, nickel, and chromium (Rathi et al., 2021). Various
techniques exist for the elimination of harmful metallic ions, such as ion
exchange, inverse filtration, precipitate separation, adsorption, coagu-
lation, and extraction (Baby et al., 2019; Lopez et al., 2023; Liu et al.,
2018; Muya et al., 2016). In addition, organic dyes, pharmaceuticals,
and personal care products, along with others related to modern life are
also prevalent in wastewater as a result of human activities (Yadav et al.,
2021). For instance, caffeine has been found in Italian and German
natural waters at maximum concentrations, respectively, of 124 ng L™}
(Loos et al., 2007) and 640 ug L~! (Heberer, 2002). Diclofenac, a widely
spread anti-inflammatory pharmaceutical, is consumed at a rate of
approximately 1000 tons annually and has been detected in surface,
ground, and drinking water at concentrations ranging from ng/L to pg/L
(Lonappan et al., 2016). Diclofenac is considered a prevalent environ-
mental contaminant in various regions worldwide, including
Switzerland, Spain, Sweden, and the Baltic region (Lonappan et al.,
2016). Acetaminophen is a pharmaceutical compound used as a pain-
killer, for fever reduction, and analgesic purposes. The global con-
sumption of acetaminophen exceeded 149.3 kilotons in 2014, and it has
frequently been detected in water sources (Pylypchuk et al., 2018;
Phong Vo et al., 2019).

Adsorption processes have emerged as a greener alternative that
avoids the use of toxic solvents for capturing CO, from gas effluents
(Quan et al., 2023; Pérez-Huertas et al., 2023) and the removal of water
contaminants (Srivastava et al., 2021; Li et al., 2020). These processes
have garnered attention for their remarkable effectiveness, respect for
the environment, ease of implementation, affordability, and exceptional
efficiency (jia Liu et al., 2018; Lu et al., 2017). The most utilized ad-
sorbents include carbon materials, and zeolites, as well as recently
metal-organic frameworks (MOFs) and ionic liquids, among others.
MOFs are highly porous materials constructed from metal ions or clus-
ters coordinated with organic ligands (Huang et al., 2021). Although
MOFs exhibit exceptional adsorption capacities, their synthesis often
involves complex and costly procedures. Moisture can hinder the
accessibility of adsorption sites within zeolitic structures, limiting their
effectiveness (Resasco et al., 2021). Ionic liquids, characterized by their
liquid state at room temperature, possess unique properties that make
them attractive for the absorption of gases such as CO, (Ramos et al.,
2020). Their high cost and difficulty in managing and utilizing ionic
liquids can hinder their widespread implementation (Huang and Rther,
2009). Therefore, carbon materials emerge as the most favorable alter-
native for the removal of both CO5 and water pollutants due to their
well-established properties, low cost, effectiveness, and versatility in
adsorption processes (Guo et al., 2022; Ghanbarpour Mamaghani et al.,
2023). Notably, residual biomass and non-recyclable plastics hold
remarkable potential as sources of carbon for producing biochar through
pyrolysis processes (Pérez-Huertas et al., 2023). These materials are
abundantly available in nature, stemming from agricultural, forestry,
and human-related activities, making them valuable renewable sources
of carbon with environmentally friendly characteristics (jia Liu et al.,
2018; Lu et al., 2017; Huang et al., 2021). Diverse residues rich in car-
bon content have been successfully transformed into carbonaceous ad-
sorbents. Just to cite some examples, winery wastes (Sellaoui et al.,
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2021), residues from the mushroom production chains (Lazarotto et al.,
2021), sludge from urban wastewater treatment (Pigatto et al., 2020),
sludge from the brewery industry (Streit et al., 2021), or agroforestry
residues (Salomon et al., 2021; Kerkhoff et al., 2021; Georgin et al.,
2021).

This work deals with the assessment of the adsorption effectiveness
of porous activated carbon materials prepared from the chemical acti-
vation of industrial char that utilize newly developed processed plastics
and forestry residues as effective strategies for the removal of CO, and
water decontamination. Diverse industrial chars discharged after the
pyrolysis process to obtain biofuels were considered. In particular, the
chars came from the pyrolysis of forestry residues such as olive stone,
pine, and acacia splinters, solid recovered fuel (SRF), and cellulose
artificial casings. Olive stones proceeded from the olive oil industry;
pine and acacia splinters were residues from agroforestry activities; the
SRF comes from the dehydration of solid waste, typically consisting of
combustible components of municipal solid waste; and cellulose artifi-
cial casings are artificial viscose casings widely used in the food in-
dustry. These residues were pyrolyzed in a local factory to prevent them
from being landfilled, which led to obtaining added-value biofuels. In
the process, also a char was obtained, which was the object of this
investigation. Hence, the valorization of this pyrolysis residue into an
activated carbonaceous material enables to closing of the recycling loop.

Diverse chemical agents have been lately researched to activate
carbon precursors, paying special attention to low hazardous substances
(Sevilla et al., 2021). Nonetheless, KOH is the most popular studied to
date due to its superior reactivity towards carbon (Gao et al., 2020),
leading, therefore, to utmost performance in developing microporosity
(Dziejarski et al., 2023). The activated chars were fully characterized
and their properties were analyzed by Ny physisorption, FTIR, and
elemental analysis. The activated chars were then examined for the
adsorption of CO, from gaseous streams, removal of aqueous heavy
metals (Cd, Cu, Ni, Pb, and Zn), and organic pollutants of emerging
concern (caffeine, diclofenac, and acetaminophen).

2. EXPERIMENTAL section
2.1. Activation of the industrial chars

The industrial chars were obtained from local factories that produce
syngas and biofuels from the pyrolysis of municipal, industrial, and
agroforestry residues. Five different chars of different nature were pro-
vided, i.e. olive stone (OS), industrial first-transformation agroforestry
waste products like pine or acacia splinter, and industrial wastes such as
the solid recovered fuel (SRF) or cellulose artificial casings. The five
collected chars were dried overnight at 120 °C. The activation was
carried out with KOH due to the highest textural properties developed
(Ligero et al., 2023). The thermal activation started by placing in an
inert crucible the char and KOH at a mass ratio of 1:1 based on the
conditions studied in a previous work (Ligero et al., 2023). The thermal
treatment was carried out under inert N, fed at 200 mL min~'. The
char-KOH mixture was heated from room temperature to 300 °C at a rate
of 10 °C min . After, the temperature was held for 1 h at 300 °C to melt
the activating agent. Next, the temperature rose from 300 °C to 800 °C at
a rate of 10 °C min~. Then, the temperature was kept for 1 h at this
temperature. Finally, the sample was cooled to room temperature. The
cooled samples were then washed with 1 M HCI and dried at 120 °C
overnight. The dried solid was ground and sieved to <250 pm. The final
activated chars were named OS-AC (from olive stone), Pine-AC (from
pine splinters), Acacia-AC (from acacia splinters), SRF-AC (from spent
residue fuels) and Cellulose-AC (from cellulose artificial casings). The
yield of the activated carbon during their preparation was 79% for
0S-AC, 75% for Pine-AC, 72% for Acacia-AC, 41% for SRF-AC, and 78%
for Cellulose-AC. A commercial powder-activated carbon purchased
from Panreac AppliChem has been used for comparison purposes.
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2.2. Characterization of the chars

The textural properties were studied by Ny physisorption. The
adsorption-desorption isotherms with Ny at 196 °C were obtained in a
Sync 200 device from 3P Instruments©. The samples were degassed
overnight at 150 °C under a vacuum in a J4 prep degasser station of 3P
Instruments©. The specific surface area was obtained by the Brunauer-
Emmett-Teller method (Sggr, relative standard deviation RSD <1%),
and the total specific pore volume (Vt) was calculated from the Ny up-
take at p/pp~0.99. The t-plot method was used for the estimation of the
specific surface of micropores (Syp) and the micropore volume (Vyp).
The micropore size distribution was obtained by CO, adsorption iso-
therms carried out at 0 °C, considering the Horvath-Kawazoe (HK)
method for the calculation (Gauden et al., 2004; Dombrowski et al.,
2001).

The proximate analysis was applied to quantify the percentages of
moisture, volatiles, fixed carbon, and ash in the samples by thermog-
ravimetric analysis in a PerkinElmer STA 6000 thermobalance (RSD
<5%). The sample was first kept at 30 °C under N5 (20 mL min ). Next,
the temperature was risen to 110 °C (heating rate, 40 °C min~') and
maintained for 10 min at this temperature. Then, the temperature was
raised to 875 °C (heating rate, 40 °C min~') and kept at this temperature
for 10 min. Finally, the N, was changed into O3 (20 mL min’l) at 875°C
for another 10 min. The determination of each of the constituents was
completed by quantifying the weight loss in each step, and the fixed
carbon by the difference.

The morphology of the particles was observed by Scanning Electron
Microscopy (SEM) in a FEI Quanta 400 device (30 kV, 3.5 nm
resolution).

The content of carbon, hydrogen, nitrogen, and sulfur was deter-
mined by elemental analysis in a Thermo Scientific Flash 2000 device
(RSD values, 0.5% for C, 1% for H, and 0.6% for N). Oxygen was esti-
mated by the difference with the other elements after the removal of the
ash content from the proximate analysis. For the chemical composition
of the surface, X-ray Photoelectron Spectroscopy (XPS) was carried out
in a Kratos AXIS Ultra-DLD device using an X-ray source from Al Ka. All
the spectra were corrected to the Cls peak of adventitious carbon to
284.6 eV. For the processing and deconvolution of the peaks, the soft-
ware XPSpeak 4.1® was used, considering a Shirley background
correction.

2.3. Adsorption tests

2.3.1. Adsorption of CO2

The adsorption of CO, was assessed in terms of thermodynamics and
kinetics. The thermodynamics of CO, adsorption was carried out
through physisorption in a Sync 200 device from 3P Instruments©. As
done with Ny isotherms, the samples underwent the same pretreatment
procedure. The adsorption isotherms were conducted at 0 °C and 25 °C,
and the data obtained fitted to a Freundlich isotherm, in which the CO,
uptake (qcoz, mg g~ 1) is described as a function of the CO, pressure (p)
as follows (Freundlich, 1907):

1
qco, =K p /o )

where Kg (mg g*1 kPa™) and ny are, respectively, the Freundlich con-
stant and exponent. The CO2/Nj selectivity during the CO; process was
calculated from their respective isotherms conducted at 25 °C, applying
the Henry’s law, by dividing the initial slopes of CO2 and N3 adsorption
isotherms (Wang et al., 2022b). The isosteric heat of CO5 adsorption
(AH,q4s) was obtained as a function of the CO5 uptake (qco2) applying the
Clausius—Clapeyron equation (Nuhnen and Janiak, 2020; He et al.,
2021):

P,\ T.T
AHy = —Rn (—2> 2 2
P, ) (T, —Ty)
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Fixing a value for the CO, uptake, the pressure (p; and py) was ob-
tained using the parameters obtained with the Freundlich model at T; =
0 °C and Ty = 25 °C, leading to the obtention of the isosteric adsorption
calculation.

The kinetics of adsorption of CO;, was assessed in thermobalance
(PerkinElmer, STA 6000) assays following a three-step program. The
first step consisted of a drying step by heating the sample from room
temperature to 200 °C, and kept for 1 h, under 50 mL min~! of N. The
second step was a cooling of the sample from 200 °C to 30 °C under 50
mL min~! of Na. Finally, the isothermal CO, adsorption of the dried
sample was conducted under 50 mL min~! of CO, for 2 h, until a con-
stant sample mass was reached. During the adsorption of CO4, the mass
of the sample increased from the initial mass of the dried sample. This
increase lets the determination of the adsorbed CO, capacity over time
(qco2)- The CO4 adsorption kinetics have been adjusted to two models
that are usually applied to physisorption processes (Wang and Guo,
2020; Ammendola et al., 2017). Lagergren’s pseudo-first order model
supposes that the rate of CO5 adsorption is directly proportional to the
difference between the saturation concentration and the mean concen-
tration within the particle, describing the evolution of the adsorbed CO»
capacity (qcoz, mg g’l) as follows (Diez et al., 2015):

o, =41 (1 - eik”) 3

where q; (mg g 1) means the CO, adsorption capacity at saturation
conditions of the pseudo-first order model and k; (min’l) is the pseudo-
first order rate constant. The Avrami model is a three-parameter modi-
fication of the first-order kinetics that was originally proposed to model
the phase transitions and crystal growth of materials (Avrami, 1939) but
has been recently applied to the study of COy adsorption onto func-
tionalized activated carbon (Shafeeyan et al., 2015; Serna-Guerrero and
Sayari, 2010; Kaur et al., 2019). The Avrami model predicts the
adsorption evolution by a fractal modification of the pseudo-first order
of the adsorbed CO5 as follows:

Yco, =49a (1 — etk ) 4

where qa (mg g~!) means the CO, adsorption capacity at saturation
conditions of the Avrami model, ka (min~') is the Avrami kinetic con-
stant and np (dimensionless) is the Avrami exponent.

2.3.2. Adsorption of aqueous heavy metals and contaminants of emerging
concern

The batch adsorption experiments of heavy metals were conducted in
100 mL Erlenmeyer flasks at room temperature (25 °C). Different solu-
tions of Pb, Zn, Ni, Cd, and Cu within approximately 10-300 mg L~}
with an adsorbent dose of 2.0 g L™} and 160 rpm in an orbital stirrer
until reaching the equilibria. The samples were filtered with syringe
filters (Millipore Millex-GV PVDF, 0.45 pm), and the concentration of
the metal was analyzed by Atomic Absorbance (AA) spectrometry in a
PerkinElmer® PinAAcle 500 Flame device. The initial concentration of
the metallic adsorbate solution before adding the adsorbent and after
reaching the equilibria was analyzed for the determination of the
adsorption uptake.

The batch adsorption experiments of the organic contaminant of
emerging concern followed the same procedure conducted with the
heavy metals. Different solutions of caffeine (CAF), diclofenac (DCF),
and acetaminophen (ACE) within 10-500 mg L~ with an adsorbent
dose of 0.2-2.0 g L™} and 200 rpm of magnetic stirring. The concen-
tration of the organic was quantified by High-Pressure Liquid Chroma-
tography (HPLC) in an Alliance e2695 HPLC device from Waters™
coupled to a 2998 photodiode array UV-visible detector. The stationary
phase used for the separation was a Zorbax Bonus-RP column (4.6 x 150
mm, 5 pm). For the analysis of CAF and DCF, isocratic methods were
carried out. A mixture of acetonitrile (A) and acidified water with 0.1%
(vol.) of trifluoroacetic acid (B) was pumped at a rate of 1 mL min~! with
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an A:B ratio of 15:85 for CAF and 65:35 for DCF. In the case of ACE, a
gradient method was applied from 20:80 to 60:40 in 7 min. The quan-
tification was conducted at 275 nm for CAF, 247 nm for DCF, and ACE.

The isotherms of aqueous contaminants, either metals or organic
pollutants of emerging concern, were fitted to different models
(Mozaffari Majd et al., 2022). It was the three-parameter model such as
the Sips equation, which better fitted to the experimental data than the
two parameters Freundlich (1907) or Langmuir (1918) model. Sips’s
equation describes the isotherm as follows (Sips, 1948):

qs(KsCe)™
RETCEY ©
where g. (mg g™) and qs (ng g~!) are the adsorbed amount in the
equilibria and the maximum, respectively; Kg (mg™! g) is the Sips’s
constant and ng (dimensionless) the Sips’s exponent.

The adsorption kinetics of the aqueous contaminants have been
adjusted to two models that are usually applied to physisorption pro-
cesses (Tan and Hameed, 2017). From all of them, the pseudo-second
order was selected due to the best-fitting results achieved. The Ho’s
pseudo-second order assumes that the sorption uptake is proportional to
the number of active sites occupied on the sorbent modeling the tem-
poral adsorbed contaminant (q;, mg g_l) as follows (Ho and McKay,
1999):

kz q%t

— - 6
1 + k@it ®)

t

where qo (mg gfl) means the contaminant adsorption capacity at
saturation conditions obtained by the pseudo-second order and ko (mg !
g min’l) is the pseudo-second order rate constant.

3. Results and discussion
3.1. Characterization of the activated chars

The analysis of the textural properties was considered the key proof
of the activation of the chars and the building of a porous material with
empowered adsorption properties. The main results of N isotherms at
77 K are provided in Table 1, and Fig. 1A depicts the adsorption-
desorption isotherms of the activated materials. The raw materials,
which means the chars before activation, were non-porous, BET areas
reached values of 12 m? g’l (Acacia-char) or 23 m? g’1 (SRF-char) or
even below. The activation with KOH provided a great porosity, raising
the surface area from 779 m? g’1 (Pine-char) to over 1000 m? g’1 (0S-
AC and acacia-AC). These results are similar to the porosity reported in
the literature by KOH for biochars (Sakhiya et al., 2020) and other
residues based on plastics (Pérez-Huertas et al., 2023), which are very

Table 1

Textural properties obtained from N adsorption-desorption isotherms.
Sample SpeT Smp Vr Vmp Vmp/ V1

m?g™  mPgH  (emPg)  (em®ghH (%)

OS-char <0.1 0 <0.001 0 0
Pine-char 0.4 0 0.002 0 0
Acacia-char 12.3 0 0.024 0 0
SRF-char 22.7 1.4 0.062 0 0
Cellulose-char 1.4 0 0.005 0 0
0OS-AC 1186.8 1131.5 0.646 0.595 92.1
Pine-AC 778.7 718.6 0.424 0.373 87.9
Acacia-AC 1030.1 973.1 0.562 0.511 90.9
SRE-AC 824.6 732.6 0.539 0.384 71.2
Cellulose-AC 966.0 919.8 0.531 0.484 91.1
Commercial AC 712.8 396.3 0.625 0.204 32.6

Sger: total specific surface area by BET method; Syp: micropore surface area by t-
plot method; Vr: total pore volume from N, uptake at p/pp~0.99; Vyp: micro-
pore volume by t-plot method.
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competitive to commercial formulas such as thatshown in Fig. 1A with
roughly 713 m? g~1. The N, isotherms can be identified, according to
IUPAC’s classification (Blaker et al., 2019), as Type I for all the samples
except for SRF-AC, defining a concave inflection point at p/pp~0.1.
Type 1 is ascribed to microporous materials, having pore size distribu-
tions over a broad range since the inflection point is displaced from p/pg
= 0.1 (Blaker et al., 2019; Sing et al., 1985). The sample SRF-AC
described a mixed isotherm of Types I and IV, providing evidence of
certain mesoporosity (Sing et al., 1985). The samples that defined a Type
I isotherms did not describe any hysteresis loop since the desorption step
overlaps the adsorption curve. However, the SRF-AC sample did perform
a type H4 hysteresis, characteristic of micro-mesoporous carbon mate-
rials (Sing et al., 1985), also associated with narrow slit mesopores
(Alothman, 2012). The microporosity was high in all the samples, much
more important than the commercial formula (only 33% of micropores),
as the proportion of micropore volume to the total was around 90%,
except for SRF-AC which provided only 71% of micropores. Regarding
the size of the micropore, the HK method was applied to the CO;
adsorption isotherms carried out at 0 °C, leading to the size distribution
depicted in Fig. 1B. As observed, the micropore size most frequently was
around 0.5-0.7 nm which is consonant with the activation of KOH ac-
cording to the literature (Wei et al., 2019).

The textural morphology of the particles after activation was visually
confirmed by SEM micrographs. Fig. 2 illustrates a selection of the
pictures taken for the five activated chars. The images provide evidence
of the porosity developed in the material. Due to the vegetal origin of
olive stones, pine, and acacia splinters, the structure of the activated
chars still resembles their origin. In the case of olive stone, a porous
structure resembling a sponge is envisaged. For pine and acacia, a brick
shape is identified in which long organized, and repeated slits are
defined. The action of KOH during activation promotes the formation of
additional cavities, as observed in the case of pine (Fig. 2C) in which
small holes are defined in the lateral wall of the particle, probably
during the activation reaction of the organic content of the char and
KOH. In the case of Cellulose-AC and SRF-AC, some cavities were also
observed. In the case of the plastic cellulose casing, the activated ma-
terial displayed cavities and holes as the result of a combination of plain
surfaces. The SRF-AC was the material with the highest heterogeneity
observed. Although a holey morphology is frequently observed, there
were also appreciated wrinkled and granulated surfaces.

The results of proximate and elemental analysis are provided in
Table 2. The chars were characterized by a high carbon content in the
case of Pine-char, Acacia-char, and Cellulose-char, as they are the result
of a pyrolysis process of biomass precursors, leading to over 80% of
carbon content. Pine residues have been reported to lead the formation
of char with over 89% of C (Kim et al., 2012; Huff et al., 2014); acacia
wood usually leads to chars with C percentage up to 70% (Ahmed et al.,
2018), and in the case of cellulose the C content can reach values close to
90% (Fan et al., 2021). OS-char is frequently reported by a lower carbon
content (Gil et al., 2015) as a consequence of the C percentage of the
olive stones, frequently around 50% (Garcia Martin et al., 2020).
SRF-char also displayed lower C content, due to its complex origin, with
an important contribution of inorganic matter as the high ash content
suggests. The content of nitrogen, if detected, was low in all the chars
except the almost 2% found in the SRF-char. The oxygen was obtained as
the difference in the elemental analysis; leading to considerable per-
centages in OS-char and SRF-char. However, the high content of ash
obtained in these samples suggests an important content of inorganic
matter. In general terms, there is a good relationship between the fixed
carbon of proximate analysis and the carbon content obtained by
elemental analysis, being the pine-char, acacia-char, and cellulose-char
the most carbon enriched. The activation with KOH enriched the carbon
content and reduced the ash proportion. KOH has been reported as
capable of dissolving ash and other compounds during the activation (Li
etal., 2022), that were removed during the washing carried out after the
activation (Kozyatnyk et al., 2021).
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Fig. 1. N, adsorption-desorption isotherms of the industrial chars after activation (A) and micropore size distribution obtained by the HK method from CO,

adsorption isotherms (B).

Fig. 2. SEM pictures of the chars after activation: OS-AC (A and B), Pine-AC (C), Acacia-AC (D), Cellulose-AC (E), and SRF-AC (F).

The chemical composition of the surface was assessed by the XPS
technique. Table 3 summarizes the results of elemental composition and
the characterization of the chemical environment of C, and O, i.e. the
nature of the functional groups on the surface. Some differences are

stated when comparing the results obtained by XPS and elemental
analysis. For instance, the contribution of C is lower in the case of XPS.
Bearing in mind the superficial character of the XPS technique, this ef-
fect provides evidence of the presence of oxygen groups, concentrated
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Table 2
Proximate and elemental analysis of the chars before and after activation.
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Sample Proximate analysis (wt. %) Elemental analysis (wt.%)
Moisture Volatile Fixed carbon Ash N C H Oa
OS-char 1.4 12.9 81.4 4.3 0.2 60.3 16.2 19.0
Pine-char 3.1 15.8 77.5 3.6 - 85.9 4.4 6.1
Acacia-char 3.5 149 80.1 1.5 0.4 83.5 3.8 10.7
SRF-char 2.7 14.6 52.2 30.5 1.9 61.7 3.4 2.6
Cellulose-char 1.9 14.6 81.4 2.1 - 84.9 3.9 9.1
0OS-AC 4.7 8.3 85.0 2.0 - 89.0 0.2 8.9
Pine-AC 3.1 13.0 81.2 2.7 - 84.3 0.3 12.7
Acacia-AC 5.4 11.0 81.9 1.7 0.6 86.4 0.3 11.0
SRE-AC 7.6 9.1 69.5 13.8 0.9 74.8 0.4 10.2
Cellulose-AC 8.9 12.6 78.5 0 0.2 88.6 0.2 11.0
Commercial-AC 0.7 5.3 93.2 0.8 0.5 89.0 0.3 9.9
@ Obtained as the difference after removing the ash content.
Table 3
Surface chemical composition of the activated chars by XPS.
Sample Cxps Oxps Nxps Othersxps Cis O1s
(wt.%) Type BE (eV) % Peak Cxps-Ox (Wt.%) Type BE (eV) % Peak
OS-AC 73.9 15.9 3.5 4.0 (Fe) C=C 284.6 47.0 17.1 quinone 530.7 0.0
1.2 (S1) c-C 285.2 30.5 Cc=0 531.7 58.3
1.1 (Ca) c-O0 286.5 0.6 Cc-0 533.4 41.7
0.3 (Zn) C=0 287.9 14.1
COO- 290.0 8.5
Pine-AC 71.3 22.4 0.4 2.8 (K) c—=C 284.6 49.2 15.6 quinone 531.0 9.7
2.6 (Ca) c-C 285.4 29.2 c=0 531.7 52.3
0.2 (Si) c-0 286.6 0.0 c-0 533.5 38.1
Cc=0 288.5 21.9
COO- 289.9 0.0
Acacia-AC 67.3 23.2 0.9 3.1 (Fe) C=C 284.5 58.5 18.0 quinone 531.0 22.1
2.4 (Ca) c-C 285.2 14.7 Cc=0 531.8 38.1
2.4 (K) c-0 286.5 8.8 C-0 533.3 39.7
C=0 288.5 10.0
COO- 289.9 8.0
SRE-AC 48.9 28.1 1.4 7.9 (Si) c—C 284.5 60.3 15.1 quinone 530.8 12.7
4.5 (Fe) c-C 285.7 8.7 Cc=0 532.1 44.3
3.5 (Ti) c-0 286.5 10.8 Cc-0 533.0 43.9
2.7 (K) [e==0) 288.5 15.8
1.5®P) COO- 289.9 4.3
Cellulose-AC 80.6 14.0 0.6 4.4 (Fe) C—=C 284.5 64.2 21.2 quinone 530.8 23.4
0.5 (Ca) c-C 285.4 9.5 c=0 532.0 37.9
c-O0 286.2 9.3 Cc-0 533.4 38.7
C=0 288.1 6.6
COO- 289.5 10.4
Commercial-AC 94.5 5.5 - - c—=C 284.6 64.0 24.6 quinone 530.7 10.6
Cc-C 285.7 9.9 Cc=0 532.1 26.3
c-0 286.4 6.4 Cc-0 533.5 63.1
[e==6) 288.5 5.5
COO- 290.0 14.1

onto the surface. The O percentages provided by XPS were higher than
those tentatively estimated by elemental analysis. The chemical nature
of the elements at the surface was assessed by deconvolution of the high-
resolution XPS spectra. Regarding the C;s spectra, the following con-
tributions were considered for deconvolution: C=C (284.6 eV), C-C
(285.3 eV), C-O (286.6 eV), C=0 (288.0 eV), and O—C-OR (289.9 eV)
(Ramirez-Valencia et al., 2023). The O;5 region was fitted to quinone
(530.7 eV), C=0 (531.5-532.0 eV), and C-O (~533 eV) (Burg et al.,
2002). The N, although detected, was not deconvoluted due to the low
proportion at which it appeared. Table 3 also summarizes the elemental
composition of the surface of the activated chars. In this table, it can be
observed that the carbon content decreased in the order Cellulose-AC >
0OS-AC ~ Pine-AC > Acacia-AC > SRF-AC. The carbon content varies
from the values obtained by elemental analysis; nevertheless, the XPS
analysis accounts only superficially, not the whole bulk of the particle as
in elemental analysis. The deconvolution analysis of the Ci5 region is
depicted in Fig. 3, in which it can be appreciated a similar distribution of
functional groups with some exceptions such as the lack of C-O in OS-AC

and Pine-AC or the high proportion of carboxylic groups in Cellulose-AC,
Acacia-AC, and OS-AC. However, due to the different content of carbon
in each sample, the comparison should be taken with caution. For an
accurate evaluation of the percentage of oxygenated carbonaceous
groups, the sum of percentages of the area of the peaks regarding
oxygenated groups, i.e. C-O, C=0, and COO™, from C;s region was
multiplied by the carbon content. According to this calculation (see
Cxps-Ox column in Table 3), the percentages of Cxps-Ox decreased in the
order Cellulose-AC > Acacia-AC > OS-AC > Pine-AC ~ SRF-AC. The O,
region was also deconvoluted, considering that the oxygen is linked to
carbon exclusively. However, as pointed out in Table 3, the amount of
metal content cannot be considered negligible. These metals are ex-
pected to be oxides. For this reason, the results of O;5 deconvolution (see
Fig. 3) are just a mere qualitative comparison between functional
groups, out of any feasible quantification. Interestingly, in the case of
0OS-AC the presence of quinonic groups was not observed. Acacia-AC and
Cellulose-AC displayed an equilibrated proportion of quinonic, C-O, and
C=O0 groups. In the case of Pine-AC and SRF-AC, the proportion of
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functional groups was C=0 > C-O > quinonic groups.

3.2. Adsorption of CO,

The thermodynamics of CO, adsorption was first studied at different
pressures up to 100 kPa at two different temperatures, i.e. 0 °C and
25 °C, see the results depicted in Fig. 4A. The continuous growth ten-
dency of the CO, uptake until 100 kPa suggests a good fitting to the
Freundlich isotherms that lack the definition of a plateau, confirmed by
the good correlation coefficient ®? > 0.99, see results in Table 4). The
Freundlich model is an empirical model that assumes a non-ideal and
reversible process of plausible multilayer adsorption on a heterogeneous
surface (Freundlich, 1907), due to the presence of certain heterogeneity
in the surface of the material (Serafin and Dziejarski, 2023). If the CO4
uptake at the two temperatures is compared, an exothermic behavior is
deduced since the increase in the temperature led to a decrease in the
CO4 uptake. The Freundlich constant (Kg) decreased with the tempera-
ture due to the exothermic nature; and the exponent was higher than the
unit in all the cases, which is characteristic of a physisorption process
(Haghseresht and Lu, 1998). The efficiency in terms of CO5 uptake fol-
lowed the order Cellulose-AC > Acacia-AC ~ Pine-AC > OS-AC >
SRF-AC. According to the pore size distribution, all the samples depicted
the same HK profile, with no difference among the micropore size most
abundant (0.5-0.7 nm). The differences among the samples may be
originated from the micropore volume and the presence of oxygenated
functional groups able to capture COy molecules. The presence of
oxygenated groups, specifically carboxyl and hydroxyl, plays an
important role in promoting the adsorption performance due to the
predominantly interaction by electrostatic interaction (Song et al., 2020;
Jia et al., 2023). According to the characterization by XPS, those ma-
terials with the highest CO5 uptake displayed an important presence of
carboxylic groups in the Cy; spectra.

Similar CO; capacities at room temperature (25 °C) have been re-
ported in the literature with chars activated with KOH (Jung et al.,
2019), although the comparison should be taken with caution since the
experimental procedure of the activated carbon may vary on the acti-
vation temperature or the KOH-char ratio. Olive stone has been the most
widely biochar studied to date, with CO, uptakes of 88 mg g~! (Plaza
et al.,, 2014), 110 mg g’1 (Gonzalez et al., 2013), and 123 mg g’1
(Moussa et al., 2017). In the case of pine, pyrolyzed slash pine led to a
CO,, uptake of 136 mg g~* (Ahmed et al., 2019). For pine, also a higher
value has been reported, i.e. 220 mg g}, over twice the obtained in this
work (91 mg g™1), probably due to the higher micropore volume ach-
ieved as a consequence of the KOH-char ratio (2:1), higher than the used
in this work (1:1) (Deng et al., 2014).

The isosteric heat of adsorption was estimated with the Clausius-

Table 4
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Clapeyron equation, and the results are illustrated in Fig. 4B. This
figure shows that all the activated chars defined a decreasing isosteric
heat of adsorption with the coverage degree of adsorbed COs. This
common response is associated with the heterogeneity of the surface
that entails a preferable linkage to certain active sites, leading to higher
exothermicity than the rest. This response is a direct consequence of the
good fitting to the Freundlich model, which considers that the adsorp-
tion energy logarithmically decreases with the degree of coverage of
active sites (Serafin and Dziejarski, 2023). Considering a coverage of
100 mg CO, g~ ! the obtained values are within 18.7-21.5 kJ mol .
Since values below 40 kJ mol™! are considered physisorption, and
values over 80 kJ mol ! are considered strong enough to be chemi-
sorption (Saleh, 2022), the adsorption CO5 process with the activated
char takes place via physisorption. All the samples displayed a very
similar profile for the isosteric heat, except for OS-char which defined a
curve moved to higher values, but still at low values and considered as
physisorption. The commercial-AC performed the weakest interaction
with CO5 molecules.

Regarding the selectivity of the process in CO2-N mixtures, as dis-
played in Table 4, the values are within 10-17, Acacia-AC > SRF-AC >
Pine-AC > Cellulose-AC > OS-AC. The values obtained among the
samples are quite similar in the same order of magnitude.

The CO; adsorption onto the chars before and after activation was
also assessed by thermogravimetric analysis, see Fig. 5A. The non-
activated char performed a moderate CO, uptake, within 13.3 mg g~!
(SRF-char) and 44.1 mg g’1 (OS-char). After activation, the adsorbed
CO; uptake was increased 2-3 times, depending on the material, giving
CO,, uptakes between 76.8 mg g~ (SRF-AC) and 129.8 mg g~} (Cellu-
lose-AC). These values are slightly lower than the obtained in the
physisorption isotherms for the pressure of ~1 bar, probably due to the
gas diffusional limitations inside the crucible during the assay carried
out in the thermobalance if compared to a gas pycnometer device as
used for the construction of the CO isotherm (Dral and ten Elshof, 2018;
Babinski et al., 2018). Furthermore, the lack of vacuum in the analysis,
and the plausible adsorption of N», although limited due to the high
selectivity to COg, may contribute to further explain the differences.

As shown in Fig. 5A, the CO, adsorption kinetics described a rapid
process in a short time with no induction period. The kinetics of the
process were studied by fitting the temporal data to pseudo-empirical
models (Wang and Guo, 2020). Due to the physisorption nature of the
process (Ammendola et al., 2017; Singh and Anil Kumar, 2016),
Lagergren’s pseudo-first order and the fractal Avrami version were those
which best described the experimental data, see results in Table 5. The
Avrami model slightly improved the fitting values of R The rate con-
stants of all the chars were within 0.20-0.25 min " either before or after
activation. These values are similar to the already reported for the

Freundlich parameters of CO, adsorption, CO5/Nj selectivity at 25 °C, and isosteric adsorption heat.

o 1 1 R ¢ 1
Sample LSS Freundlich isotherm qco, = Kr p / ng deoz (mg g ) at 1 bar (Sjglig\zlityb (%) AHags" (kI mol™)
Kg" ng R?

0S-AC 0 15.64 1.901 0.994 176.3 13.5 21.5

25 7.04 1.628 0.997 119.1
Pine-AC 0 14.79 1.828 0.997 183.7 13.3 18.7

25 7.98 1.672 0.998 125.4
Acacia-AC 0 12.35 1.688 0.998 189.0 11.1 20.0

25 6.01 1.501 0.998 129.2
SRE-AC 0 10.36 1.663 0.997 165.2 22.7 19.4

25 5.03 1.508 0.998 106.6
Cellulose-AC 0 15.07 1.747 0.997 210.3 25.6 19.8

25 7.51 1.554 0.998 145.4
Commercial-AC 0 12.23 1.977 0.997 125.6 1.3 12.6

25 5.40 1.682 0.998 83.4

2 Kpin mg g~ ! kPa™.
b Selectivity obtained at 25 °C.
¢ Isosteric adsorption heat at qcop = 100 mg g~ *.
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uptake (thermobalance) and the microporous volume.

Table 5
Kinetic model parameters of CO, adsorption with the industrial chars before and after activation.
Sample Pseudo-first order Avrami
deo, = qi(1—e ™) deo, = aa(1— e™®a0™)
q1 ky R? qa ka ny R®
(mg g™ (min™") (mgg™ ") (min™")
OS-char 44.1 0.228 0.978 44.0 0.215 1.266 0.988
Pine-char 33.9 0.239 0.973 33.8 0.225 1.274 0.984
Acacia-char 35.9 0.243 0.975 35.8 0.230 1.226 0.983
SRF-char 13.3 0.247 0.944 13.3 0.227 1.339 0.960
Cellulose-char 26.4 0.251 0.970 26.3 0.238 1.203 0.977
OS-AC 104.9 0.231 0.976 104.8 0.218 1.242 0.984
Pine-AC 91.5 0.247 0.979 91.4 0.238 1.149 0.983
Acacia-AC 101.6 0.246 0.964 101.4 0.231 1.241 0.973
SRE-AC 76.7 0.230 0.979 76.6 0.219 1.213 0.986
Cellulose-AC 129.8 0.213 0.978 129.5 0.201 1.315 0.990
Commercial-AC 64.5 0.227 0.985 64.4 0.220 1.158 0.989

q: and qa (mg g’l) are the adsorption at saturation conditions; k; (min~!) and ks (min~?!) are the pseudo-first order and Avrami rate constants.

adsorption of COy onto carbonaceous microporous materials, whose
pseudo-first order kinetic values range 0.10-0.30 min' (Diez et al.,
2015; Yaumi et al., 2018; Wei et al., 2017; Liu et al., 2014). That sug-
gests a lack of influence of the microporosity developed onto the kinetics
of the process, affecting only the saturation value, i.e. the
thermodynamics.

The improved adsorption performance after activation can be
explained based on the textural properties created. The adsorption ef-
ficiency of CO, has been strongly correlated to the microporosity
developed in the material (Hong et al., 2016; Acevedo et al., 2020)
although it depends also on the nature of the functional groups present
on the surface (Shafeeyan et al., 2010). It has been reported that acti-
vated carbons enriched with micropores, especially pores with di-
ameters inferior to 1 nm were found to show a high CO, uptake
(Dziejarski et al., 2023). The presence of micropores favors the diffusion
of COy in the materials, improving the kinetics of the process (Zhang
etal., 2015). Fig. 5B shows the relationship between the CO, uptake and
the micropore volume, reflecting a proportional effect between the two
variables. The sample with the lowest CO, uptake, that is the SRF-AC,
also led to the less developed microporosity percentage, 71%, whereas
the rest of the chars displayed around 90%. The commercial-AC also
follows the relationship between CO; uptake and the microporosity,

with only a ~64 mg g~! of CO, were captured due to the low ~33% of
micropores present in the sample.

The greater performance of activated carbons has not only been
attributed to textural properties such as the presence of larger micropore
volume and the presence of narrow micropores but also to the chemistry
of the surface, i.e. the presence of oxygenated functional groups (Bou-
jibar et al., 2021). Although Fig. 5B suggests a certain correlation be-
tween the CO, uptake and the number of micropores, especially when
comparing the chars before and after activation, it does not fully explain
why Cellulose-AC outstands from the rest, because the micropore vol-
ume is slightly higher in the case of Acacia-AC and OS-AC, which pro-
vided less adsorption capacity towards CO,. For that reason, it was
studied a plausible relationship between the oxygenated groups on the
surface and the CO, uptake. Fig. 6 illustrates this relationship consid-
ering the amount of Cxpg that is linked to oxygen as calculated from the
Cys region (see Cxps-Ox column in Table 3). As appreciated in this figure,
there is a good linear correlation between the two variables (R? = 0.97),
explaining the CO5 uptake among the samples. Therefore, it is proved
that, besides the microporosity developed, the presence of oxygenated
carbon groups also plays a crucial role in the CO, uptake. This fact has
been reported in the literature previously, in which the raise of
oxygenated groups in carbon materials has been objective to enhance
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the efficiency of the material (Giraldo et al., 2020). For instance, the
modification of commercial coconut shell-activated carbon aimed at the
raise of oxygenated groups has been demonstrated to be efficient in
raising the CO, uptake, suggesting that the process entails the adsorp-
tion within the pores and adsorption onto the oxygen-containing func-
tional groups (Song et al., 2020).
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3.3. Adsorption of aqueous heavy metals in water

The activated chars were also tested for the removal of heavy metals,
i.e. Pb%T, Zn%", Ni%*, Cd?* and Cu®". The experimental data were fitted
to diverse models available in the literature (Mozaffari Majd et al.,
2022), such as the classic models of two-parameters, i.e. Freundlich
(1907) and Langmuir (1918), or the three-parameter models such as the
of Sips (1948), which provided the best adjustment.

The adsorption isotherms are illustrated in Fig. 7 In general terms,
comparing the adsorption uptake, regarding the metal the order
observed was Pb?">Cu?*>Ni?">Zn?">Cd?*. It should be highlighted
that in the case of Ni?*, the saturation plateau was not reached. If the
different activated chars are compared, it can be stated in general terms
that the efficiency followed de order Pine-AC > Acacia-AC > SRF-AC >
Cellulose-AC > OS-AC. The adsorption isotherms were fitted to diverse
models, giving a better fitting of the three-parameter models, such as the
Sips (see results in Table 6), than the two-parameter models of Langmuir
or Freundlich. Except for Ni2¥, the adsorption reaches a stable plateau
and the saturation adsorption uptake could be obtained. For Ni?*, the
Sips model extrapolates outside the experimental conditions tested. The
adsorption of heavy metals takes place over the mesopores (Kadirvelu
et al., 2000). This may explain why the char with the lowest micropo-
rosity proportion gave the highest metal adsorption uptake regardless of
the type of metal. The presence of mesopores is important but not the
only requirement for good adsorption performance. The mechanism of
adsorption of metals takes place by electrostatic interaction, ion ex-
change between metal cations and H' ions present in acidic groups, and
interaction with the oxygenated surface groups, mainly (Mariana et al.,
2021).

In general terms, the metal uptake was lower than the reported
values available in the literature (Mariana et al., 2021). There are
numerous examples of biochars with higher adsorption uptake of
diverse metals before than after chemical activation (Geca et al., 2022).
The development of microporosity and modification of the functional
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Table 6
Fitting parameters of metal isotherms to the Sips model.
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Metal Sips parameters Activated char
0S-AC Pine-AC Acacia-AC SRF-AC Cellulose-AC

Pb>t as 18.91 27.31 23.46 23.58 16.34

Ks 1.16:1072 1.24-107! 1.60-1072 2.99.1072 8.88.1072

ng 0.782 1.394 0.363 0.310 0.607

R? 0.996 0.992 0.996 0.994 0.994
Zn** as 5.02 11.02 5.89 12.24 10.01

Ks 2.88-1072 3.77-1073 7.54.1072 2.06:107* 6.15:1072

ng 1.375 0.335 0.678 0.333 0.583

R? 0.999 0.994 0.998 0.995 0.999
Ni%* as 12.51 20.47 14.05 13.48 8.64

Ks 1.84.1073 2.67.1072 7.15:1072 5.63107° 1.10-102

ng 0.715 0.539 0.696 0.823 0.994

R? 0.992 0.995 0.997 0.993 0.991
cd*t as 1.01 21.70 4.94 3.40 3.13

Ks 5.75.102 2.95.107° 1.43.107! 9.63-1072 5.01.1072

ng 2.259 0.161 0.440 0.703 1.504

R? 0.999 0.998 0.999 0.999 0.998
Cu?t as 10.10 15.11 15.90 9.51 8.46

Ks 2.10-1072 4.39.1072 1.90-1072 6.34.1072 1.31.107!

ng 0.762 0.422 0.334 0.605 0.131

R? 0.998 0.994 0.993 0.993 0.459

Qe (mg g~ 1) refers to the amount of adsorbed metal at equilibrium; C. (mg L~!) is the solute concentration at equilibrium; qs (mg g 1) is the adsorption capacity of Sips
model; Kg (L mg’l) is the Sips constant; and ng (dimensionless) means the exponent of the Sips model.

groups of the surface may result in the detriment of the adsorption
performance. The presence of mesoporosity and high electrostatic
charge results in decisive efficiency (Chen and Lin, 2001). The use of
apricot stone after activation with HpSO4 has reported a Pb uptake of
21.4 mg g~ ! (Kadirvelu et al., 2000), close to the 27 registered by Pine
AC. Apple pulp was activated with ZnCl, and capable of capturing 10.5
mg g~ ! of Pb?" and 9.3 mg g1 of Zn?" (Geca et al., 2022).

3.4. Adsorption of aqueous contaminants of emerging concern

The adsorption of contaminants of emerging concern onto the acti-
vated chars was evaluated by selecting three organic contaminants of
emerging concern due to their high occurrence in wastewater, such as
acetaminophen, caffeine, and diclofenac. The adsorption isotherms are
plotted in Fig. 8. In many cases a stable value plateau was reached,
enabling the estimation of the saturation capacity. Among the vast
number of isotherms models available in the literature (Mozaffari Majd
et al., 2022), the data was fitted to the classic models such as the
two-parameter Freundlich (1907) and Langmuir (1918) and the
three-parameter model of Sips (1948). The best fitting was achieved
with the Sips model (see Table 7), probably due to its hybrid character,

suitable for the prediction of the adsorption behavior of the heteroge-
neous surface, and avoiding the restriction of the increasing concen-
tration of adsorbate that Freundlich isotherm supposes (Mozaffari Majd
et al., 2022). Fig. 8 depicts the high adsorption capacity of the activated
materials. There are no observed great differences among the contami-
nants tested in the saturation adsorption uptake if visually compared in
Fig. 8, being the saturation uptake in all the materials with the three
selected pollutants within roughly 200-500 mg g}, according to the
experimental interval of conditions studied. It is observed the same
behavior when comparing the adsorbents with the three pollutants. The
Pine-AC displayed less saturation uptake, i.e. 200-250 mg g~ ! in the
interval of C, studied. The activated char most active was OS-AC, with a
performance of briefly 400-500 mg g~ *. The other three activated char,
i.e. Acacia-AC, SRF-AC, and Cellulose-AC, described intermediate
adsorption uptakes, with isotherms profiles very similar among them in
the case of CAF and DCF, and more differentiated with ACE. The
adsorption mechanism of CECs onto activated carbon materials involves
hydrogen bonding, hydrophobic, and electrostatic interactions between
the adsorbate molecule and the surface of the activated material (Sophia
A and Lima, 2018). The sample OS-char, which performed the highest
surface area and a moderate presence of oxygenated groups, led to the
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Fig. 8. Adsorption isotherms with the activated chars with acetaminophen (ACE), caffeine (CAF), and diclofenac (DCF). The dashed lines represent the fitting to the

Sips model. Experimental conditions: Ccgc,o=10-500 mg LY
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Cadsorbeni=0.4-2.0 g L™Y; T=20 °C.
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Table 7

Fitting parameters of CECs isotherms to the Sips model.
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CEC Sips parameters Activated char
0S-AC Pine-AC Acacia-AC SRF-AC Cellulose-AC

ACE as 506.05 956.29 459.90 314.53 1328.41

Ks 1.02:107! 3.35.107° 3.99.1072 1.13-107! 1.48-107*

ng 0.966 0.226 0.437 0.588 0.287

R? 0.998 0.997 0.999 0.996 0.999
CAF as 496.24 421.61 356.84 433.54 381.51

Ks 3.24.107! 2.141072 7.35107! 9.731072 1.14-107!

ng 1.005 0.305 0.557 0.402 0.699

R? 0.999 0.998 0.999 0.994 0.999
DCF as 482.35 217.77 471.76 559.98 330.76

Ks 7.00-1072 5.43.107! 7.19-1073 3.97-.1073 2.46:1072

ng 0.435 0.544 0.350 0.258 0.602

R? 0.996 0.997 0.997 0.999 0.999

Qe (mg g~ 1) refers to the amount of meal adsorbed at equilibrium; C. (mg L) is the solute concentration at equilibrium; qg (mg g~ ) is the adsorption capacity of Sips
model; Ks (L mg 1) is the Sips constant; and ng (dimensionless) means the exponent of the Sips model.

highest CECs uptake which suggests that well-developed textural prop-
erties are decisive for the CECs retention.

The sample OS-char performed the highest value of contaminant
uptake at saturation conditions within the interval of equilibria con-
centration studied. This value is very competitive if compared to the
reported values in the literature for similar biochar precursors activated
with KOH. For instance, using durian seed it has been reported a
maximum ACE adsorption capacity of 304 mg g~* (Foo, 2018) or 330
mg g’1 after activation of Jatoba bark (Spessato et al., 2019). A value in
the same order as the OS-AC of this work has been reported with tree
Bark residues, 571 mg g’1 (dos Reis et al., 2022). This work also
demonstrated that KOH displayed as an activating agent better textural
properties and adsorption ability than ZnCl, (411 mg g~ 1), ZnS0, (363
mg gfl), and MgCl, (222 mg gfl) (dos Reis et al., 2022). Other activated
carbons prepared with different chemical agents have provided good
adsorption capacities, such 118 mg g’1 using as precursor orange peels
with (activation with ZnCly) (El Saied et al., 2022), 300 mg g’l with
lignin (activation with FeCls) (Gomez-Avilés et al., 2021), 200 mg g’l
with cork powder (activation with KCOs) (Cabrita et al., 2010), 435 mg
g_l with pine wood (activation with KCO3) (Galhetas et al., 2014), 204
mg g’1 with peach stones (activation with KoCO3) (Cabrita et al., 2010)
or 113 mg g~ ! with polyethylene terephthalate (activation with K»COs3)
(Cabrita et al., 2010). A commercial formula has reported a saturation
capacity of 245 mg g~! (Filtrasorb-400 from Chemvron) (Lladé et al.,
2015), 117 mg g~ * (Norit PK 1-3) (Lladé et al., 2015) or 221 mg g !
(Nguyen et al., 2020). All the activated chars prepared in this study
improved the adsorption uptake of these commercial formula.

Regarding the maximum uptake reached for CAF, 496 mg g~ *, with
OS-AC. Spent coffee capsules were activated with KOH and led to a CAF
maximum uptake of 315 mg g’1 (Mengesha et al., 2022). Plastic waste
activated with KOH has reported 351 mg g~! of CAF saturation capacity
(Sarici-Ozdemir and Onal, 2016). Regarding alternative activating
agents, KoCO3 with pine wood led to 500 mg g~ (Galhetas et al., 2014),
177 mg g ~! using acaf seed activated with K,COs (Da Silva Vasconcelos
De Almeida et al., 2021), 296 mg g~ with residue from the biofuel
production after treatment with K,CO3 (Batista et al., 2016), 260-270
mg g~ ! for peach stones activated with HsPO, (Torrellas et al., 2015),
367 mg g~ ! with grape stalks after H3PO, activation (Portinho et al.,
2017), pineapple leaves where activated with H3PO4 and led to 155 mg
g~ (Beltrame et al., 2018), or 118 mg g~ with macrophytes plants
activated with CO5 (Zanella et al., 2021). Commercial formulas have
provided maximum CAF uptakes of 270 mg g~ ! (Calgon Filtrasorb 400)
(Sotelo et al., 2012).

In the case of DCF, the maximum uptake of the OS-AC is estimated,
according to Fig. 9, almost 500 mg g~ *. This value is very competitive if
compared to other activated carbonaceous materials prepared from
biochars which usually provide low DCF uptakes (Ighalo and Adeniyi,
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Fig. 9. Kinetic adsorption of ACE onto the activated chars. The dashed lines
represent the fittings to the pseudo-second order model. Experimental conditions:
Cacr,0=100 mg L™} Cagsorberni=2.0 g L% T=25 °C.

2020). Some exceptions are the use of sugar cane bagasse activated with
ZnCl, which displayed a DCF uptake of 315 mg g~! (Abo El Naga et al.,
2019), the activation of Sycamore balls with ZnCl, and uptake of 179
mg g’1 (Avcu et al., 2021), or the activation of sunflower seed with
H3PO4 which reported an extraordinarily high DCF maximum uptake of
690 mg g_l, attributed to the surface -P,07, and -COOH groups and
acidity (Alvear-Daza et al., 2022). A study using tea waste as carbon
precursor, and different chemical agents for the activation led to DCF
adsorption capacities below 100 mg g™, i.e. 81 mg g~ * (ZnCl,), 82 mg
g’1 (K2CO3), and 75 mg g’1 (KOH) (Malhotra et al., 2018). Commercial
formulas have provided much lower DCF uptake than any of the pre-
pared activated carbon. For instance, WG-12 (Gryfskand, Poland), F-300
(Chemviron Carbon), and ROW 08 Supra (Norit) have led to DCF up-
takes of, respectively, 89 mg g, 108 mg g~ ' and 90 mg g~ ! (Lach and
Szymonik, 2018).

The kinetics of the adsorption process of the CECs over the activated
chars was studied due to the paramount importance of selecting the
retention time at real scale-up applications. As the adsorption behavior
of the three selected CECs was very similar to the activated chars, ACE
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was selected for the study of the kinetics of the process, aimed at the
comparison among the materials rather than the behavior with other
contaminants. Fig. 9 illustrates the temporal evolution of the ACE up-
take over the five activated chars. As observed, the adsorption process of
ACE is very fast, reaching the maximum adsorption capacity of roughly
10 min. Noteworthily, it should be mentioned that the sample at 120
min did not display any detectable peak in the HPLC. The kinetics of the
process were modeled to diverse models, such as Lagergren’s pseudo-
first order, Ho’s pseudo-second order, intraparticle diffusion, or Elo-
vich’s diffusional model (Wang et al., 2022b; Stevens et al., 2013). It was
the pseudo-second order that led to the best fitting of the experimental
data. The results are shown in Table 8. The driving force assumed by the
pseudo-second order model provided the best fitting. The comparison of
the kp-values confirmed that the kinetics was faster according to the
order Cellulose-AC > SRF-AC > Pine-AC ~ Acacia-AC > OS-AC. This
kinetic constant value, although affected by diffusional effects related to
the design of the crucible, was compared to the reported in the litera-
ture. The Cellulose-AC displayed a second-order rate constant, ko =
5.127-10"! mg~! g min~, a high value if compared to the reported in
the literature. Similar kinetics have been described with commercial
formulas of activated carbon (Ruiz et al., 2010) or considerably faster
than other carbonaceous materials under research such as activated
carbon prepared from the activation of lignin char with FeCls
(Gomez-Avilés et al., 2021; Sellaoui et al., 2023).

4. Conclusions

The activation of chars obtained from agroforestry and industrial
activities possess interesting properties that make them good candidates
for the preparation of activated carbons. Thus, it is given a solution for a
residue currently produced in diverse pyrolysis factories. The valoriza-
tion of this carbon-enriched residue through chemical activation led to
the production of highly microporous materials which display diverse
potential applications in the depuration of gas and liquid effluents.

Considering the adsorption of CO,, the overall adsorption uptake
was explained in terms of the microporosity developed after the acti-
vation with KOH, which led to carbonaceous solids in which over 80% of
the pore volume accounts as micropore (most frequent size around 0.5
nm). Not only does the presence of narrow micropores enhance the
performance of CO, adsorption, but also the surface chemistry, i.e. the
oxygen-containing function, which explains the adsorption performance
among the activated chars. The higher the content of oxygenated
groups, the larger the CO, uptake.

Regarding the efficiency of the adsorption of heavy metals, it was
observed a moderate adsorption capacity, due to the limited presence of
mesopores. Hence, the best performance was recorded for the removal of
Pb, saturation uptake ~20 mg g~ '. Better results were achieved in the
adsorption of organic contaminants of emerging concern, i.e. acet-
aminophen, caffeine, and diclofenac. Depending on the nature of the
char activated the contaminant uptake was within 200-500 mg g7,
which makes them very competitive for a real application. More inter-
estingly, the kinetics of the process was described as a pseudo-second
order process with fast kinetics which enables them for a real practical
alternative.

As a future outlook, further investigation of the activation process at
a larger scale close to industrial production should be conducted, vali-
dating the results already obtained at a lab scale. Moreover, detailed
research should be conducted to address the regeneration of the spent
adsorbent after submitted to an aqueous application.
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Table 8
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