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ARTICLE INFO ABSTRACT

Editor:Dong-Yeun Koh Due to the CO; emissions and greenhouse effect, reducing its harmful impacts on climatic conditions is necessary.
CO, adsorption in a microporous carbon structure is one of the more effective separation techniques to avoid this
type of emissions. In this work, one biochar (BC) and five activated carbons (ACs) were produced from Pinus
radiata sawdust by chemical activation with potassium hydroxide (KOH) or zinc chloride (ZnCly). Character-
ization was performed by scanning and transmission electron microscopy (SEM and TEM), surface area and pore
size distribution by volumetric Ny and CO5 adsorption experiments using the Brunauer-Emmet-Teller (BET) and
Barret-Joyner-Halenda (BJH) methods, respectively, X-ray diffraction (XRD), elemental analysis and X-ray
photoelectron spectroscopy (XPS). The performance efficiency of the carbons was analyzed in terms of COy
adsorption capacity at an absolute pressure range of 0-760 mmHg and at different temperatures (0, 25 and 50
°C). The apparent and IAST selectivity of COy over Ny were determined and all carbons showed preferential
sorption for CO,. Langmuir, Freundlich and Toth isotherms were employed to analyze pure CO, and Nj
adsorption data and the Toth isotherm gave the best fit. The carbon activated at 600°C with KOH at a ratio of 1:4
w/w achieved the largest CO, uptake (5.79 mmol/g at 0 °C and 750 mmHg) due to a combination between high
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microporosity (89 %) and surface area (2437 m?/g). This carbon also reached a relatively high selectivity.

1. Introduction

One of the most anthropogenic greenhouse gases (GHG) having a
detrimental impact on the environment and associated to climate
change is carbon dioxide (CO3), contributing more than 60 % to global
warming. Then, reduction of CO3 emissions, which in the recent years
has been one of the main efforts of the scientific community [1-3], is of
great importance. Since the concentration of CO; continues to increase it
is essential to reduce the carbon footprint in most countries and search
for solutions and alternatives for more sustainable forms of energy.
Meanwhile, as fossil fuel (coal, natural gas and oil) burning is still the
primary energy supply it is crucial to develop carbon capture with low
energy penalty and storage technologies (CCS) to deal with the global
challenge of CO2 reduction [4].

Nowadays, the most common technique used in industry for COy
capture is chemical absorption with monoethanolamine (MEA) since it is
relatively cheap, easily available and a fast reaction occurs with CO,.
However, several disadvantages can be mentioned such as high energy

requirements for the regeneration and recycling of the solvent, equip-
ment corrosion and solvent degradation [2,4]. This highlights the
importance of using economically viable technologies. Adsorption, as a
less expensive technique, ease of handling, presenting a good capturing
capacity, high selectivity, extended stability, with lower energy re-
quirements for regeneration and recycling and fast kinetics, represents a
promising alternative [5]. Therefore, extensive research has been made
to prepare efficient CO adsorbents, such as carbonaceous materials,
zeolites, metal organic frameworks (MOFs), clays, alkali-metal based
materials, amine loaded materials and nitrogen-rich microporous poly-
mers [1,6]. However, due to economical and/or technical issues some of
these materials are still far from large-scale application [2].

The selection of a good adsorbent implies to consider both the type of
material (i.e., hydrophobicity, acidity, etc.) and the pore size of the
target adsorbent. Particularly, in the case of CO; the microporous region
(< 2 nm) is the most important one since it is known to be favorable for
CO; adsorption. Moreover, the importance of the ultra-micropores (<
0.7 nm) for CO, adsorption has been emphasized [7]. Additionally, high
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adsorption capacity, high CO5/N; selectivity, low affinity to impurities,
regeneration ability, mechanical and thermal stability are also essential
characteristics [4]. Most notably, porous carbons revealed to be very
competitive adsorbents due to their properties such as high specific area,
porous structure, favorable surface chemistry, high chemical and ther-
mal stability, reversibility and high recyclability [1].

In the context of circular economy and sustainable development and
as commercial activated carbons normally show low CO» adsorption
capacity, the synthesis of carbons from renewable inexpensive pre-
cursors such as agricultural and industrial biomass wastes is highly
desirable [4,6]. Various types of biomass have been reported as pre-
cursors for activated carbons (AC) production such as garlic peel,
corncob, banana peel, rice husk, pine cone, lotus stem, bamboo and
nut-shells with CO; uptakes in the range of 3-6.5 mmol/g at 1 bar and 0
°C [8].

AC preparation usually involves two steps: (a) transforming biomass
in biochar or hydrochar through carbonization or hydrothermal
carbonization, respectively; (b) activation at high temperature, usually
between 600 and 900 °C either physically (by steam, CO2 or Og) or
chemically (with KOH, K>COs3, ZnCly or NaOH). Previous studies [9]
reported that using a two-step procedure it is possible to obtain AC from
biomass with high specific surface area. Usually, if the material is only
carbonized a carbon with a low surface area or even non-porous is
produced and may not be applicable for CO, capture. Among activating
agents tested, KOH has been extensively used not only due to its capacity
to produce AC with high surface area and a good pore size distribution,
but also due to its low environmental pollution, corrosiveness and cost.
On the other hand, ZnCl; has been widely used to produce AC essentially
from lignocellulosic and cellulosic precursors. It works as a dampening
agent and the movement of volatile substances through ZnCl, saturated
pores is not disrupted and volatile substances can be released from the
surface of AC during the activation process. Moreover, chemical acti-
vators have dehydrating effect and influence pyrolytic decomposition
inhibiting the formation of pore-closing tar [10,11].

Among the existing tree species worldwide, Pinus radiata is one of the
most widely grown. It is native to the central coast of California, but it
has been widely planted around the world, particularly in Spain, New
Zealand, Australia, and Chile, and is grown over 4.2 million hectares
[12]. Among various materials from industrial or agricultural origin,
pine (Pinus radiata) sawdust, an abundant and inexpensive industrial
bio-waste, can be applied for a lot of applications such as sustainable
water remediation, production of activated carbon, oil-water separation
and high-performance composites fabrication. Specifically, in previous
studies sawdust was revealed as an efficient adsorbent for dyes and
heavy metals [10-13]. This residue presents disposal problems and for
that reason its recycle and reuse provides a sustainable solution. How-
ever, to the best of authors’ knowledge, there is a very limited number of
studies on CO4 adsorption applying AC from pine sawdust [14,15] and
there are no studies specifically applying the species studied in the
present work.

The aim of this study was the synthesis of carbons from pine sawdust
to be used as CO5 adsorbents. A series of ACs were obtained by changing
the activation temperature, activating agent and doses of activating
agent. The study of the surface and textural characteristics of carbons
was performed through different techniques such as scanning and
transmission electron microscopy (SEM and TEM), surface area deter-
mination by the Brunauer-Emmett-Teller (BET) method, porosity by
Barret-Joyner-Halenda (BJH) method and elemental analysis. X-ray
diffraction (XRD) was used to analyze the crystalline structure and the
surface elemental composition and functional groups by X-ray photo-
electron spectroscopy (XPS). The CO5 adsorption capacity of carbon
samples was assessed under different values of gas pressure (0-760
mmHg) at various temperatures 0 °C, 25 °C and 50 °C. Moreover, the
experimental equilibrium data for the adsorption under pure CO5 and Ny
were evaluated by applying the Langmuir, Freundlich and Toth isotherm
models. Finally, these data were used for the estimation of the apparent
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and Ideal Absorbed Solution Theory (IAST) selectivity of CO» over Nj.
2. Experimental
2.1. Chemicals

Pine (Pinus radiata) sawdust (PS) was provided by a regional sawmill
(Lugo, Spain) and received in a bag pre-packed by the supplier. Potas-
sium hydroxide (KOH, 85 %, Probus), zinc chloride (ZnCly, 98 %,
Scharlau), and hydrochloric acid (HCl, 37 %, Sigma Aldrich) were used.

2.2. Carbonization procedure

PS was prepared by air-drying, sieving to a fraction between 0.5 and
1 mm and stored in a plastic container before being used as an organic
precursor for the preparation of biochar and activated carbons. Then, to
select the optimal carbonization and activation temperatures, the ther-
mal behavior of sawdust was studied by using a thermogravimetric
analyzer (TGA Q500, TA Instruments) [16]. One biochar (BC) and five
types of activated carbons were synthetized via thermal treatment in a
horizontal tubular furnace (Carbolite, Sheffield). PS was carbonized at
600 °C under inert Ny atmosphere (10 mL/min) at a heating rate of 5
°C/min and held for 1 h before cooling to room temperature, and finally
was ground in a mortar.

2.3. Activation procedures

The obtained BC was mixed with KOH pellets by a dry procedure at a
weight ratio of 1:4 and two different temperatures, 850 °C and 600 °C
(ACPS850-K-4 and ACPS600-K-4) and at a weight ratio of 1:2 and 850 °C
(ACPS850-K-2). It has been reported that carbon porosity and surface
area are affected by the ratio of KOH to biomass and high surface area
and porosity were obtained for AC prepared from agricultural biomass
using a 1:4 ratio [4]. The samples were placed into the tubular furnace
under nitrogen atmosphere (10 mL/min) using a heating rate of 5
°C/min to reach the selected temperature and, finally, kept for 2h [17].

Also, another activating agent was employed, ZnCl, at a weight ratio
of 1:4, and the chemical activation was performed both by dry [16] and
wet methods at 850 °C. The ZnCl, activated carbons were called
ACPS850-Z-D and ACPS850-Z-W, respectively. For wet activation, after
carbonization a 25 % ZnCl; solution was mixed with the corresponding
biochar mass for 22 h and then dried at 105 °C for 2 h [18]. For dry
activation, the procedure was as previously explained for KOH. In both
cases, the activation conditions were as described above.

Finally, after activation, the samples were washed with 100 mL of
0.1 M HCI under stirring for 15 min, then with distilled water under
vacuum filtration and dried overnight at 105 °C [17].

The yield of each carbon was calculated following Eq. (1):

W mnal
Y (%) =251y 100 @

initial
where Y denotes the yield of biochar or AC obtained after washing, and

Winitiqt and Wac finat correspond to the initial weight of sawdust and final
weight of AC on dry basis, respectively.

2.4. Characterization

The morphology of the prepared materials was characterized by
scanning electron microscopy on a ZEISS EVO LS 15 microscope and by
transmission electron microscopy (TEM). TEM was carried out on a
JEOL JEM 2010 transmission electron microscope operated at 200 keV.
For TEM measurements, the samples were sonicated in ethanol to form a
homogeneous suspension, dropped on a 400 mesh copper TEM grid
coated with a thin amorphous carbon film, and then allowed to dry in
air.
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The specific surface areas were determined by the Brunauer-Emmett-
Teller (BET) equation through Ny adsorption-desorption isotherms at
— 196 °C and CO, adsorption at 0 °C in a Micromeritics ASAP 2020
sorption analyzer. Prior to measurements, the samples were degassed at
300 °C for 2 h. Total pore volume was determined from the amount of
nitrogen adsorbed at a relative pressure (P/Pg) equal to 0.99. To analyze
the pore size distribution of carbons the Barret-Joyner-Halenda (BJH)
method was applied. The total micropore (< 2 nm) volume was deter-
mined by subtracting mesopores (2-50 nm) volume from the total ob-
tained from the adsorption-desorption Ny isotherm. X-ray diffraction
(XRD) was used to analyze the crystalline structure of activated carbons
and the measurements were carried out at room temperature in Bragg-
Brentano geometry using a BRUKER D8 ADVANCE type X-ray diffrac-
tometer (40 kV, 40 mA, theta/theta) equipped with a sealed X-ray tube
(CuKal, A = 1.5406 1°\), and a LYNXEYE XE-T type detector. The dif-
fractograms were obtained in the angular range of 5 < 26 < 60° with a
step of 0.04° at 4 s per step. The samples were rotated during the mea-
surement to obtain the most optimal peak profile for the analysis, as well
as to minimize the effect of the preferred orientation. The BC and acti-
vated carbons were analyzed for carbon, nitrogen, hydrogen, sulfur and
oxygen (by difference) content using a Flash Smart CHNS Elemental
Analyzer (Thermo Scientific). The surface elemental composition and
surface functional groups of the materials were determined by X-ray
photoelectron spectroscopy (XPS) technique using a Thermo Scientific
NEXSA (XPS) instrument equipped with aluminum Ko mono-
chromatized radiation at 1486.6 eV X-ray source. Photoelectrons were
collected from a take-off angle of 90° relative to the sample surface. The
measurement was done in a Constant Analyser Energy mode (CAE) with
a 100 eV pass energy for survey spectra and 20 eV pass energy for high
resolution spectra. Charge referencing was done by setting the lower
binding energy Cls photo peak at 284.80 eV Cls hydrocarbon peak.
Surface elemental composition was determined using the standard
Scofield photoemission cross sections.

2.5. CO3 and N3 adsorption

The static CO5 and N3 adsorption were evaluated using the adsorp-
tion isotherms obtained by the volumetric system Micromeritics ASAP
2020 analyzer at the required temperatures (0, 25 and 50 °C) and a
pressure range between 0 and 760 mmHg. Prior to experiments, the
samples were degassed at 300 °C for 2 h under vacuum to eliminate
moisture and impurities. To maintain the targeted temperature, an ice
bath in a Dewar was used for experiments at 0 °C and a temperature-
controlled vessel using a Selecta Sensoterm sensor for other
temperatures.

Nj and CO, adsorption data at different temperatures were fitted to
Langmuir (Eq. (2)), Freundlich (Eq. (3)) and Toth (Eq. (4)) models:

Langmuir model:

Ny Kp-P
1+ KpP 2
Freundlich model:
Toth model:
m -Kr-P
T @

1
1

" {1+ (Kr-P)'}

where n (mmol/g) is the loading of adsorbate, P (mmHg) is the pressure
and ny, 1, (mmol/g), n, t (mmol/g), K;, (1/mmHg), Ky (mmol/ g-mmHgl/
nF), Kr (1/mmHg), ng and t are the corresponding isotherms’
parameters.

The experimental data corresponding to adsorption isotherms of
each gas were employed to calculate CO, over Ny apparent and IAST
selectivity values. The last one was estimated using GraphIAST software
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package based on Python module pyIAST [19].

2.6. Statistical analysis

For the activated carbons with ZnCly, due to the possible similarities,
the experiments regarding the specific surface areas were done in
quadruplicate and the values averaged. The existence of significant
differences among the results for surface areas was analyzed. Thus, the
one-way analysis of variance (ANOVA) was used, followed by
Brown-Forsythe test according to the significant level. All statistical
tests were performed at a 5 % significance level using IBM SPSS Statistics
28 software.

3. Results and discussion
3.1. Effect of experimental parameters on yield

The effect of activating agent, ratio of the carbon to activating agent
and activation temperature on the yield was evaluated and the results
are presented in Table 1. Carbonization temperature was 600°C for
biochar and all activated carbons.

Carbonization essentially involves the pyrolytic decomposition of
the precursor and non-carbon species removal [20]. Regarding BC, as
expected and observed by the yield percentage, a significant loss of
weight was found during the carbonization process as most of the
non-carbon elements are released while a carbon skeleton is produced.
This result was expected due to a higher mass loss occurred between 200
and 400 °C probably due to cellulose and hemicelluloses decomposition,
as well as loss of the leftover adsorbed water. Between 150 and 750 °C
lignin decomposition takes place which leads to a less significant
decrease on the weight [21,22]. Between 600 and 850 °C there was no
mass loss with the increase in the temperature [16]. Similar yields were
reported by Tomczyk et al. [23] for biochars produced from wood
wastes and sunflower husks.

For the activated carbons, a significant loss in the yield (around 50
%) took place using KOH, while the loss with ZnCl, was negligible in
comparison with BC. This can be due to the fact that during activation
with ZnCly, a polymerization occurs which leads to the creation of a
small number of large-ring aromatic compounds. Likewise, ZnCl, in-
hibits the volatile matter loss, stabilizing it and eventually increasing the
yield in comparison with KOH which typically produces yield losses
between 10 % and 40 % [20,24]. However, KOH has been extensively
used, as AC with high surface area and porosity is produced due to cavity
formation by KOH evaporation from places previously occupied by it.
Probably, this fact is due to a mechanism in which the alkali metal in-
terposes in the carbon matrix acting as an electron donor that ignites the
reaction during gasification. Also, the presence of oxygen could remove
the carbon atoms cross-linking in the crystallites. The release of

Table 1
Effect of experimental parameters on yield of carbon samples.
Type of Activating Carbon to Activation Yield
carbon agent activating agent temperature (°C) (%)
ratio
BC - - - 20.1
+ 1.1
ACPS850- KOH 1:4 850 10.1
K-4 +1.1
ACPS600- KOH 1:4 600 14.6
K-4 + 1.2
ACPS850- KOH 1:2 850 12.4
K-2 + 0.6
ACPS850- ZnCl, 1:4 850 19.3
Z-D + 1.3
[16]
ACPS850- ZnCl, 1:4 850 17.2
Z-W + 1.5
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potassium at elevated temperature interposes and forces a part of the
separate lamellae of the crystallite. Moreover, the use of this chemical
has advantages such as lower environmental pollution, less corrosive-
ness and lower cost [20,24].

Additionally, it can be observed that activation temperature strongly
influenced yield with KOH activation since when temperature was
reduced from 850 to 600 °C the yield increased. On the other hand, the
effect of the biochar/activating agent ratio on yield was less significant.
The influence of these variables on the yield of carbons prepared from
sawdust was also reported in literature [25]. As a comparison, Table 2
illustrates results obtained in previous investigations for activated car-
bons prepared from various agricultural and industrial biomass wastes
activated with KOH and ZnCl, with some similar values to the obtained
in this work.

3.2. Structural characterization

To have a comprehensive characterization of the structure and
qualitatively analyze the morphology of the prepared carbons SEM
analysis was performed. Fig. 1 illustrates the SEM images of biochar and
activated carbons derived from pine sawdust. SEM revealed that the
biochar and activated carbons particles have a honey-comb structure
and an arrangement of uniform holes distributed around the surface
typically from lignocellulosic materials [32,33].

The carbonized pine sawdust (Fig. 1a) presented few pores in the
walls, and this can be ascribed to the decomposition of the pine sawdust
natural compounds, such as cellulose, hemicellulose and lignin, during
the carbonization process. This initial porosity can facilitate the acti-
vating agents access into the carbonized material. After activation with
KOH and ZnCly the carbonized material maintained the structure,
however, the carbon activated with KOH at highest ratio (Figs. 1b and
1c) showed more modifications in the structure which can be due to the
strong activation under these conditions. The rupture caused by this
agent could explain the obtention of a high specific surface area for these
carbons. For carbons with ZnCl, activation the presence of pores is less
evident (Fig. le and f) due to the high percentage of microporosity, as
will be seen later, that plays a fundamental role in CO, adsorption [6].

Furthermore, TEM analysis was implemented to disclose the
morphology of the carbons since can provide more information about
micropores. The results are illustrated by Fig. 2.

It is possible to observe an abundant disorderly wormhole-like
micropore structure on the surface of the materials, which is due to
the stacking of graphene layers and indicates a significant amount of
microporosity as supported by the textural characterization by Ny

Table 2
Comparison of yield of activated carbon prepared from various agricultural
wastes and an industrial by-product (Slash pine wood) using ZnCl, and KOH.

Precursor Activating Carbon to Activation Yield References
agent activating temperature (%)
agent ratio (°C)
(w/w)
Safflower ZnCly 1:4 900 26.0 [26]
biochar
Waste ZnCl, 1:1.5 600 29.2 [27]
potato
residue
Vine ZnCl, 1:1.3 700 18.2 [28]
shoots
Cane pith KOH 1:5 780 8.2 [29]
Rice straw KOH 1:4 800 13.5 [30]
Maize KOH 1:0.75 700 13.1 [31]
stalks
Slash pine  KOH 1:4 580 24.5" [18]
wood
Slash pine ZnCl, 1:1 580 26.8" [18]
wood

# Normalized yield calculated from biochar.
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adsorption isotherms. The randomly distributed micropores throughout
the carbon skeleton without any pattern indicate the amorphous feature
of these adsorbents as inferred by the XRD results (Fig. 3). Besides, the
results show that a morphological improvement occurred after the
activation process both with KOH or ZnCl, in agreement with SEM
analysis.

As above mentioned, the crystallographic structure of BC and acti-
vated carbons was evaluated from the XRD data, which is shown in
Fig. 3. As can be seen, the materials show different degrees of graphi-
tization. The samples activated at higher temperature (850 °C) with
KOH as activated agent show a similar behavior practically without
peaks in the diffractograms, while the other ones presented broad
diffraction peaks at different ranges (Table 3).

In this way, the weak broad peaks in ACPS850-K-4 and ACPS850-K-2
indicate that these carbons have an amorphous structure with a very low
graphitization degree [8]. The other materials show a different degree of
amorphous behavior with broad peaks at similar ranges, except for BC.
The weak and broad peaks at 26 values of around 23° and 43° corre-
spond to the (002) and (100) diffraction of graphite carbon, respec-
tively. Their weak intensities indicate a low crystallinity degree or a
partially graphitic crystal structure. The fact that the X-ray diffraction
spectrum did not show well-defined peaks, in any case, indicates that no
discrete mineral phase was detected. The humps in the 26 range
(Table 3) are related to the high degree of disorder of carbonaceous
materials [34,35]. Thus, ACPS600-K-4 presented the highest graphiti-
zation order while the lowest one corresponds to ACPS850-K-4. A
possible explanation can be that the activation with KOH at high tem-
perature destroys the atomic arrangement of the samples, as the increase
in porosity demonstrates. Concerning the different behavior for the BC,
previous studies reported that the microcrystalline structure in biochars
can be created due to the superposition of multiple aromatic layers. The
diffraction peak at 23.2° characterizes the degree of spatial paralleliza-
tion and azimuthal orientation of the aromatic layer in the microcrys-
talline structure. Similar results were reported by Quan et al. [14] for a
biochar produced from pine sawdust at 700 °C. Moreover, the high and
narrow peak indicates a better orientation. Additionally, the diffraction
peak (100) depicts the size of the aromatic layer. If the peak is high and
narrow, this indicates that the diameter of the aromatic layer is large,
which means that the degree of aromatic nuclear polymerization is high
[14]. As can be observed by Fig. 3 all materials revealed a marked peak
at 43° (100), except the carbons activated with KOH at 850 °C.

Elemental analysis was also performed, and the results are listed in
Table 4. The high carbon content determines the highly carbonaceous
nature of the adsorbents, that is an important factor to produce high
porosity and hence high CO5 uptake [36]. ACPS850-K-4 is the sample
with the highest carbon content (90.3 %), which may enhance the
inter-particle force between the CO2 molecules and the adsorbent [37].

It seems that after KOH activation at higher temperature, indepen-
dently of KOH ratio used, the hydrogen content decreased since BC goes
through dehydrogenation and intermolecular dehydration during acti-
vation process. On the contrary, at lower temperature (600 °C) the
hydrogen content increased. The content of hydrogen also decreased
after activation with ZnCly, as expected due to dehydrogenation, but it
was less significant [24]. The content of nitrogen was maintained except
for the carbon activated with ZnCly by the dry method in which it
increased, possibly due to a changes in the nitrogen functional groups.

Oxygen content varied from 9.4 % to 46.2 % which can explain a
different behavior of carbons on the CO, adsorption, although really the
effect of oxygen is controversial since some studies reported that the
surface oxygen complexes influence CO2 adsorption, but others showed
that oxygen heteroatoms in hydroxyl and carboxyl functional groups
may enhance CO; uptake [37]. The high oxygen content for
ACPS600-K-4 may be attributed to gasification reactions and formation
of oxygen groups during activation process at lower temperature in the
presence of KOH, which in the present study possibly enhanced CO2
uptake. At high temperature more decomposition reactions occur which
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Fig. 1. SEM images of (a) BC, (b) ACPS850-K-4, (c) ACPS600-K-4, (d) ACPS850-K-2, (e) ACPS850-Z-D and (f) ACPS850-Z-W.

can lead to a decrease in oxygen content [38]. The decrease in oxygen
content for the carbons activated with ZnCl, could be due to the cata-
lytic dehydration caused by ZnCly [39].

Moreover, as seen in Table 4, for KOH activated carbons, hydrogen
and oxygen content decreased with increasing the activation tempera-
ture to 850 °C. Also, an increase in aromaticity for these activated car-
bons was observed due to the H/C ratio decrease, although for ACPS850-
K-4 and ACPS850-K-2 the H/C ratio was very similar. Activation with
ZnCl, produced changes respect to BC reducing the H/C ratio but in less
proportion than KOH. On the other hand, the H/C ratio decreased as a
result of activation, except for ACPS600-K-4, which showed the highest
H/C and O/C ratios indicating a low degree of carbonization and
aromaticity and a high polarity [40,41].

In addition, wide XPS spectra analysis has allowed to determine the
elemental composition of the carbons’ surface and the results are pre-
sented in Fig. S1 and Table 5. As seen previously, C and O are the two
main components as confirmed by the Ols and Cls peaks (Fig. S1)
appearing at 285-287 and 532.5 eV, respectively. A weak feature
around 400 eV belongs to N1s photoelectrons, revealing a very low
atomic percentage (at%) of nitrogen in almost all samples. These results
were consistent with the elemental analysis results (Table 4). Other el-
ements were detected such as silicon, potassium, chlorine, calcium, and
sulfur, all in very low concentrations. Traces of inorganic fractions (i.e.,
Si, Ca...) detected in XPS analysis can come from ashes or from the
activated carbon precursors [42].

To obtain further insight on the type of bonding of these elements
high resolution spectra for Cls, N1s and Ols were analyzed, and the
results are shown in Table 6.

Five peaks were observed in the C1s high resolution spectra and four
contributions per carbon. The most abundant contribution was that at
284.8 eV that is usually assigned to C-C, C=C or C-H bonds. In addition,
in the Cls spectrum of the sample ACPS600-K-4, the K2p3/2 and K2p1/
2 contributions from the spin-orbit splitting of the 2p orbital was clearly
observed (Fig. S2) and can be attributed to potassium cations and oxides
which means that probably potassium ions bind to remaining oxygen
atoms or are intercalated within carbon [43]. On the other hand, the
carbons activated with KOH at high temperature had a lower C-C con-
tent which can be due to the interaction between KOH and carbon that
caused partial degradation of graphite layer destroying the matrix
structure [14]. These results are in agreement with XRD results in which
ACPS850-K-4 and ACPS850-K-2 presented a very low degree of graph-
itization. Regarding N1s high resolution spectra, they were fitted with
only one component, pyrrolic-N, except for ACPS850-K-4. According to
previous studies [44], pyrrole/pyridine-N group can contribute to COy
adsorption due to its strong interaction with CO2 molecules. The Ols
high resolution spectra were fitted with two, three or four components
depending on the carbon. The binding energy peaks between 532.6 and
533 eV can be assigned to non-carboxyl oxygen (ether structures) in
esters and anhydrides and those between 533.1 and 534.0 to oxygen
atoms in carboxyl groups (-COOH and ~-COOR) [45]. The most abundant
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Fig. 2. TEM images of (a) BC, (b) ACPS850-K-4, (c) ACPS600-K-4, (d) ACPS850-K-2, (e) ACPS850-Z-D and (f) ACPS850-Z-W.

18000 Table 3
Be Diffraction peaks of biochar and activated carbons.
16000 ——ACPS850-K-4
——— ACPS600-K-4 Material 26 (degree)
14000 TTTACPSSS0-K-2 BC 16.8 23.2 42.9 49.5
TTACPSSS0-ZD ACPS850-K-4 44.2 50.2
12000 ——ACPS850-Z-W ACPS600-K-4 16.8 25.1 42.3 52.1 55.9
’i ACPS850-K-2 22.8 43.7 48.8
£ 10000 ACPS850-Z-D 17.6 23.2 43.7 49.0
%‘ ACPS850-Z-W 18.2 23.4 43.7 49.5
§ 8000
6000
Table 4
4000 CHNS elemental analysis of BC and activated carbons.
2000 Sample Elemental analysis (wt%)
C H N o~ H/C o/C
0 5 15 25 35 45 55 BC 83.71 2.40 0.14 13.75 0.029 0.16
ACPS850-K-4 90.27 0.17 0.081 9.48 0.0022 0.10
26 (degree) ACPS600-K-4 50.61 3.12 0.13 46.14  0.061 0.91
. . ) . ACPS850-K-2 88.02 0.20 0.14 11.64 0.0022 0.13
Fig. 3. XRD diffractograms of biochar and activated carbons. ACPS850-Z-D 80.05 118 0.38 18.39 0.015 0.23
ACPS850-Z-W 84.05 0.97 0.14 14.84 0.012 0.18

peak was that at 532.6-533 eV for most carbons, but it was not detected
for those activated with KOH at the highest ratio. XPS analysis demon-
strated the presence of various functional groups in the carbons that
suggest that although physical adsorption can be dominant as revealed
the CO2/Nj selectivity and the isosteric heat of adsorption (see Sections

" by difference
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Table 5
Elemental composition of the carbons’ surface by XPS analysis. _
Material Elemental composition (at%) E
C o] N Si Ca K cl S 3 §
BC 88.65  9.29 047 091 068 - - g% g‘ ~ o 9 T
ACPS850-K-4  91.62  6.07 - 110 048 049 0.23 e I R A N
ACPS600-K-4  79.99 1651 1.08 094 - 120 0.28
ACPS850-K-2 8893 844 058 125 0.80 - -
ACPS850-Z-D  93.10 422 156 0.57 - - 0.30 0.25
ACPS850-Z-W 9486  3.82 059 059 - - 0.14 I~
i
3.4.4 and 3.5), chemical adsorption can co-exist in the CO; separation g § oo < -
process [44]. S@lT® @ &
S8 |82 & 3
3.3. Specific surface area and porosity
.3

To assess the surface area and porosity of the synthesized materials s e
this study recorded gas sorption-desorption Ny isotherms at — 196 °C % §
(Fig. 4) and pore size distribution (Fig. 5). go g ey o N9

The N isotherms of all carbons are essentially reversible Type I 58|g g 3 g
isotherms, according to the IUPAC classification that agrees with some
previous studies using biomass as raw material [9,35]. The sharp uptake
at low relative pressure (P/Py < 0.1) suggests that the synthetized ma- z
terials are fundamentally microporous with pores highly accessible to 2 ®
the gas molecules and maybe with small mesopores [1]. When the g g $ Ne 6 4w o
amount adsorbed reaches the limited uptake a monolayer is formed with 2|z 7l S % 3 2
strong adsorbent-adsorbate interactions in the narrow micropores. Type ele=jaw ~ = = &
I isotherms can be subdivided in isotherm type I (a) and type I (b). From
Fig. 4 it is possible to conclude that ACPS850-K-4, ACPS850-K-2 and <
ACPS600-K-4 present type I (b) isotherms which characterize materials o
with a pore size distribution of wider micropores and narrow mesopores z §
(< 2.5 nm). In this case, a slight curvature is present in Fig. 4 which g % i
implies a wide relative pressure range in which the presence of a knee = E, 3|8 g 8 8 8
can be observed. This behavior implies that apart from the monolayer
formed before reaching the highest value of nitrogen adsorption, a ~
multilayer formation occurs. This is usually observed for large micro- E
pores size that allow multilayer formation into the pores. However, the S § 5 5 8 8 2
BC and the carbons activated with ZnCl, (ACPS850-Z-D and © = R
ACPS850-Z-W) show type I (a) isotherm corresponding to microporous
materials with primarily narrow micropores (< 1 nm) [46]. On the other P~
hand, the amount of adsorbed nitrogen reveals that biochar activated <|-|J 8;0? )
with KOH substantially develops its morphology. o8| a

Indeed, Fig. 5 indicates that for all the carbons the amount of pores
with size higher than 10 nm is negligible. For those activated with KOH, N
the volume of available pores in the porous structure increases signifi- "
cantly with small changes in their size, mainly for pore diameters lower §
than 7 nm. Particularly, for that activated at 850 °C with a KOH ratio of “ ﬁ @ % é § E E E
1:4 (w/w) pores with higher size were detected which is in agreement ba) S - = =
with its lower microporosity percentage. The behavior is different for =
the BC and the carbons activated with ZnCl, in which both pore volume ; _
and size were lower. In general, the pore size distribution indicates that z 2
the porosity of the materials consists mainly of micropores and a few é’ 5 g
mesopores. 8 )

The textural parameters of the prepared adsorbents calculated from 9 g g|l=d = 8 & &
Ny adsorption isotherms at — 196 °C and CO; adsorption isotherms at ;% 08|82 & 5 =2 2
0 °C are shown in Table 7. g

Previous results confirm the activation process efficiency since BET % F:
surface area and pore volume increased significantly for all activated A (”) By
carbons. The activating agent is directly related to the specific surface % gle 2lgy e = g %
area of the material, determined with Nj adsorption, as for the ones Slgd|38|ed & 5 @ &
activated with KOH the specific surface area is considerably superior to 8
that of those activated with ZnCl,. For instance, ACPS850-K-4 has a 2 . S B & & o
surface area 83.5 % and 80.9 % higher than those of ACPS850-Z-D and © % g 8.8.8.8,8 =
ACPS850-Z-W, respectively. This evidence confirms the results shown in _':‘; E‘ § 0 g M' § M' g M' § N § N
the SEM images which revealed that activation with KOH caused major &3 =
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Fig. 5. Pore size distributions for biochar and activated carbons.

changes in the structure and consequently surface area and porosity
increased.

Regarding the carbons activated with KOH, it can be observed that
an increase in the activation temperature from 600 to 850°C increased
the specific surface area determined with N adsorption by around 17%.
On the other hand, the rise in the activating agent mass ratio from

Table 7

Journal of Environmental Chemical Engineering 11 (2023) 111378

1:2-1:4 (w/w) increased the surface area by around 26%. These results
show that both activation temperature and activating agent mass ratio
are important process parameters influencing the magnitude of the
surface area. On the other hand, in all carbons activated with KOH the
surface area calculated with N adsorption was higher than 2000 m?/g,
however, the highest surface area calculated with CO, was for ACPS600-
K-4 with the highest CO, uptake followed by ACPS850-K-4. Neverthe-
less, ACPS850-K-2 with low surface area showed higher COy uptake,
revealing the importance of micropore presence. Therefore, the mild
experimental conditions (ACPS600-K-4 and ACPS850-K-2) are better for
CO4 adsorption than extreme conditions. Concerning ZnCly, the differ-
ence for the specific surface area determined with Ny of the carbons
prepared by both activation methods was lower than 7%, therefore the
dry method was the one selected for being a more environmentally
friendly option.

The total pore volume was higher for the KOH activation, mostly for
the one activated with the highest BC/KOH ratio which confirms that a
higher ratio favors the formation of pores with higher diameters, which
is also in agreement with the surface area values [9]. Another interesting
finding is that the use of ZnCly (mainly for dry activation) leads to an
increase in the N3 and CO; surface areas maintaining the microporosity
percentage in comparison with BC, which is very important since several
research stand out the importance of small micropores for CO adsorp-
tion [2,6,47]. CO4 uptake is more closely related to the micropore vol-
ume rather than to surface area since the minimum uptake occurred for
ACPS850-K-4 with the lowest microporosity percentage and the highest
surface area.

To obtain a greater insight regarding the porosity of the carbons
produced, CO5 adsorption isotherms at 0 °C were used to provide a good
estimation of surface area provided by the carbon ultra-microporosity
(lower than 0.7 nm) [9,48]. Fig. 6 shows the COy adsorption iso-
therms of the carbon samples prepared. The experimental data show a
monotonic increase in the adsorbed amount of gas without reaching a
plateau due to the low relative pressure values employed in this char-
acterization technique.

Interestingly, the adsorption isotherms indicate that for P/P, values
above 0.01, BC exhibits the lowest CO, uptake and the carbons activated
with KOH the highest ones, with distinction for ACPS600-K-4 that pre-
sented the highest value reaching 5.8 mmol/g at 0.03. Such differences
can be related to their BET surface areas (with N, and CO,) and
microporosity. On the other hand, a different behavior is observed for
pressure values below 0.01, at which ACPS600-K-4 is still maintaining
the highest CO, uptake but without considerable differences among all
carbons. Furthermore, BC reaches a higher CO, uptake than the acti-
vated carbons. This can be due to the key role of ultra-micropores in the
CO,, adsorption at low partial pressures as previously stated by Hao et al.
[7]. Moreover, at 0°C CO5 adsorption occurs via the pore filling
mechanism being critical the pore size [2]. Apart from that, since BC is
only carbonized at 600 °C some functional groups based on lignin frac-
tion that can participate in CO5 adsorption were better preserved [49].

Textural characterization by N, adsorption isotherms at — 196°C and CO, adsorption isotherms at 0°C.

Adsorption Isotherm N, at — 196 °C

Adsorption Isotherm CO, at 0°C

Sample SgET Total Pore Volume Mesopore Volume Micropore Volume Microporosity SBET CO, uptake’
(m?/g) (cm®/g) (cm®/g) (cm®/g) (%) (m*/g) (mmol/g)
BC 293.3+7.7 0.19 0.02 0.18 90.7 254.8 +1.3 1.17 £ 0.12
ACPS850-K-4 2864.5 + 0.9 1.46 0.47 0.99 67.8 677.2+ 0.2 1.03 £ 0.16
ACPS600-K-4 2437.2+5.6 1.09 0.12 0.97 89.0 1354.2 + 21.8 1.65 +0.21
ACPS850-K-2 2270.5 £ 22.5 1.02 0.15 0.87 85.0 588.1 + 25.9 1.33+0.19
ACPS850-Z-D* 471.4 + 18.4" 0.26 0.02 0.23 90.6 319.5 + 3.9° 1.41 £ 0.15
ACPS850-Z-W 501.1 + 41.6" 0.26 0.03 0.23 88.9 382.1 + 34.6" 1.56 + 0.15

ldetermined at 105 mmHg; CO»/N, mixture (15 % volume CO5)

*[16]

2 different letters indicate significant differences (p < 0.05) between samples



C.H. Pimentel et al.

6 ]
5 L °
o0’
s ]
]
]
4 o
) o2 *®
3 os® 3% y
g3t oo oot st
g X S
o’ ° 9 ')
2 ®eq® b
= 8
2 L °®
2 3
o
e
* 3‘! ° BC ® ACPS850-K-4
Lr 82 » ACPS600-K-4  ® ACPS850-K-2
% 4 ®ACPSS50-Z-D @ ACPSS50-Z-W
0 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03
P/P,

Fig. 6. CO, adsorption isotherms at 0°C for BC and AC prepared.

On the other hand, CO; uptake was higher for those AC with higher
microporosity  percentage  (ACPS600-K-4, ACPS850-Z-D  and
ACPS850-Z-W) as shown in Table 7.

3.4. Adsorption experiments

3.4.1. N, and CO3 adsorption isotherms at 25 °C

The N3 and CO; adsorption capacities of the carbons prepared from
pine sawdust were examined. Fig. 7 presents the N, and CO, adsorption
isotherms of samples at 25 °C. All carbons presented greater adsorption
capacity for CO, than for N5 over the entire pressure range. Besides, CO5
adsorption isotherms can be classified as Type I which are typical of
stronger adsorbate-adsorbent interactions [47].

Regarding Ny adsorption, there are no substantial differences at low
pressures despite differences among surface areas (Table 7). On the
contrary, in the range of high pressures, other aspects such as chemical
interactions or adsorption kinetics can influence and, thus, some slight
differences in Ny adsorption capacity among carbons were found [9].

Regarding CO; adsorption, particularly for the low-pressure region,
the BC adsorption capacity is similar to that of the activated carbons due
to the preservation of the chemical surface and the importance of the
microporosity. On the other hand, for the high-pressure region the
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Fig. 7. N5 and CO; adsorption isotherms at 25°C (right plot is a zoom at the low-pressure range). @ and

O: ACPS850-K-2; ® and O: ACPS850-Z-D; @ and O: ACPS850-Z-W.
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smaller CO, uptake on BC is due to its low surface area and probably to
micropore filling. Although ACPS850-K-4 presented the highest surface
area had lower CO, uptake than the carbons activated with KOH at
lower temperature and BC/KOH ratio. Thus, ACPS600-K-4 showed the
largest CO, uptake (3.59 mmol/g) which can be related not only to its
high CO, BET surface area generated by the ultramicroporosity, but also
to its high microporosity which largely favors CO; capture [1]. These
results are also in agreement with elemental analysis and XPS in which
the high oxygen content can favor the CO5 uptake (Table 4). Conversely,
in the low-pressure region the trend is not the same, since ACPS600-K-4
showed the best results followed by the carbons activated with ZnCl,.
This can be explained considering that at low pressures the presence of
ultra-micropores is responsible for most of CO5 uptake and these carbons
presented the higher microporosity percentages (Table 7) [9]. Addi-
tionally, as ZnCl; activation is less aggressive, surface changes are minor
which allows a higher affinity between adsorbent and adsorbate. In
general, it is possible to infer that a large surface area (mainly due to
low-size pores) and high micropore volume are mandatory requirements
in CO4 uptake as stated in previous investigations [8].

Thus, since all carbons presented higher uptake for CO, than for Ny
this makes them possible candidates in separation/purification of
gaseous streams.

3.4.2. Influence of temperature on CO2 and N3 adsorption

CO- adsorption isotherms at three different temperatures (0 °C, 25 °C
and 50 °C) were also collected to study in detail the dependence of CO4
adsorption on temperature. Fig. 8 displays the adsorbed amount of CO4
as a function of both temperature and pressure for all carbons prepared.

It is observed that all materials present the same tendency, thereby
the amount of COy adsorbed decreases with increasing temperature
which is in agreement with previous studies [6,47]. This behavior in-
dicates that the capture of CO5 by the carbons is a physisorption process
[8].

As previously mentioned, for the low-pressure region the carbons
activated with ZnCl; and ACPS600-K-4 presented higher amounts of CO4
adsorbed which could be indicative of a higher affinity for the material
and evidence the influence of the ultra-microporosity on the CO5 cap-
ture. Also, other authors mentioned that the ultra-micropores respon-
sible for CO4 adsorption are dependent on the adsorption temperature.
For instance, at 75 °C they found that only the ultra-micropores in the
range of 0.33-0.40 nm were effective [6,9] which can explain the worst
behavior with increasing temperature in this work.

Regarding Ny adsorption, the same behavior with respect to the
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Fig. 8. Adsorption isotherms of CO, at different temperature (0 °C, 25 °C and 50 °C) for BC (a) and AC with KOH (b) and ZnCl; (c).

influence of temperature was observed as for CO, adsorption, i.e., a
decrease in the amount adsorbed with increasing temperature, being the
decrease of N adsorbed more remarkable than for CO,.

Table 8 lists the COy adsorption capacity of different materials re-
ported in literature. It is noticeable that the pine sawdust derived acti-
vated carbon prepared in this study presented a high CO; uptake.

Table 8
CO, adsorption capacity of different materials reported in literature.
Precursor/ BET Surface Adsorption T P Reference
Material area (m?%/g) capacity (°C) (bar)
(mmol/g)
Pine nut shell 459-2207 7.7-5.0 0/ 1 [6]
25
Pine nut shell 459-2207 3.3-2.0 0/ 0.15 [6]
25
Pine cone shells 1246-3931 7.6-2.0 0/ 1 [50]
25/
45
Pine cone shells 1246-3931 2.4-0.6 0/ 0.15 [50]
25/
45
Water chestnut 864-2421 4.5-6.9 25/ 1 [51]
shell 0
Potassium 557-1217 3.6-5.2 25/ 1 [52]
bitartrate 0
Petroleum coke 1278 4.2-5.6 25/ 1 [53]
0
Commercial 1658 5.0-3.3 0/ 1 [54]
melamine 25
formaldehyde
resin
Pine sawdust 293-2437 5.8-2.5 0/ 1 This work
25/
50

10

Usually, CO, adsorption capacity on activated carbons is closely related
to their precursors and activating agents. Sawdust is favorable for the
preparation of activated carbons since its ordered hollow channels
formed after carbonization facilitate the activating agent impregnation
and penetration on the pore walls [6].

3.4.3. N2 and CO adsorption isotherms at different temperatures

To better understand and obtain information about the carbon sur-
face properties and their affinity towards both gases, carbon dioxide and
nitrogen adsorption experimental data at 0, 25 and 50 °C were fitted to
Langmuir (Eq. (2)), Freundlich (Eq. (3)) and Toth (Eq. (4)) models by
means of the Solver tool of Microsoft Excel [55]. Error Sum of Squares
(ESS) was employed to assess the performance of the models [1].

Table 9 lists the isotherms parameters for CO, adsorption for all
carbons at different temperatures and the respective error sum of
squares (ESS). Fig. 9 demonstrates, as an example, how the experimental
data corresponding to CO5 adsorption on BC and ACPS850-K-2 fit to
Langmuir, Freundlich and Toth models. Toth isotherm best fitted the
experimental data for both materials over the entire pressure range for
all carbon samples as demonstrate the low ESS values. This model allows
to describe the degree of heterogeneity of the multilayer adsorption
process.

The t parameter is related to the degree of surface heterogeneity and
t values tending to 1 mean that the surface is homogeneous. If t is equal
to 1 the Toth model reduces to Langmuir isotherm and if t deviates from
1, the gas-solid system is energetically heterogeneous [9,56]. In this
case, t values are between 0.40 and 0.66, therefore, it can be assumed
that the surface of all carbons is heterogeneous [1]. In general, an in-
crease in temperature causes a decrease in the adsorption capacity.

Previous investigations suggested that Freundlich model may not be
used to describe pure CO5 adsorption since at high pressures the model
cannot explain the sorption behavior [57]. This can be observed in Fig. 9
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Table 9
Isotherms parameters for CO, adsorption.
Langmuir Freundlich Toth

T N Ky, ESS;, ng Kp ESSy Din,1 Kr t ESSt
BC
0 2.99 6.11.1073 0.069 2.16 0.127 0.038 4.47 8.95.1073 0.53 1.83-.107*
25 2.56 3.57.107° 0.025 1.82 0.053 0.098 4.61 3.56-107° 0.53 1.45.10°°
50 2.09 2.00-1073 7.1.1072 1.47 0.015 0.035 3.85 1.40-107° 0.61 1.22.107*
ACPS850-K-4
0 11.66 9.17.107* 0.24 1.23 0.023 0.063 34.69 3.21.10°* 0.63 0.023
25 5.33 1.69-1072 0.22 1.49 0.037 1.79-1072 35.27 4.15.1072 0.39 0.027
50 3.72 1.31.1072 0.062 1.37 0.016 1.47-107* 28.53 2.45.107* 0.41 5.97.1073
ACPS600-K-4
0 8.86 2181073 0.91 1.55 0.082 0.040 20.39 1.15.107° 0.57 0.16
25 5.98 1.74.1072 0.20 1.47 0.039 0.013 17.34 7.77-10~* 0.53 0.032
50 4.26 1.28:107° 0.057 1.34 0.016 8.07.1073 13.63 4.68107* 0.56 9.11.1073
ACPS850-K-2
0 9.64 1.51.107% 0.37 1.36 0.042 0.21 4211 4.77.107* 0.46 0.014
25 7.34 1.13.10°° 0.086 1.30 0.022 0.039 18.27 5.05.107% 0.63 0.010
50 5.44 7.91.107* 0.019 1.21 0.009 0.011 14.31 3.17-10* 0.66 1.86:107°
ACPS850-Z-D
0 4.17 4.85.107° 0.183 1.99 0.129 0.42 9.19 6.81.107° 0.41 8.90-107°
25 3.53 3.45.1073 0.062 1.81 0.071 0.14 9.64 3.37.10°3 0.40 8.69-10°*
50 2.85 2.08-1073 0.016 1.49 0.022 0.064 6.04 1.38.107° 0.56 1.36:10°*
ACPS850-Z-W
0 4.42 4531073 0.174 1.96 0.126 0.42 9.94 6.281073 0.41 6.13.107*
25 3.60 3.36:107° 0.051 1.79 0.069 0.14 3.24 3.11.107° 0.42 1.75-107*
50 2.90 2.05.1073 0.018 1.49 0.022 0.064 6.07 1.36-107° 0.57 2.48.107*

T (°C); ny 1, and ny, 7 (mmol/g); K, (1/mmHg), K¢ (mmol/g-mmHg"/""), K1 (1/mmHg), ng, t and ESS are dimensionless parameters
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Fig. 9. Experimental CO; adsorption data at 25 °C for BC and ACPS850-K-2 and
the corresponding fitting curves to Langmuir, Freundlich and Toth models.

especially for BC as above 600 mmHg Freundlich model deviates from
the experimental data. However, Freundlich model best fitted
ACPS600-K-4 equilibrium data at all temperatures essayed and those for
ACPS850-K-4 at 25 and 50 °C.

Similarly, Table 10 shows for all carbons the isotherms parameters
for N, adsorption at different temperatures and the respective error sum
of squares (ESS).

The behavior is similar to that of CO5 adsorption with a better fit to
the Toth isotherm model in most cases, however, as expected the
maximum adsorption capacity values are lower for Ny adsorption due to
the less affinity for this gas explained previously.

Regarding t parameter, a high variability among carbons and with
changing temperature was found. The good fit to the Toth model shows
that in general N, molecules were adsorbed in multimolecular layers
because of adsorbent surface heterogeneity (t#1), also when t> 1
lateral interactions between the adsorbed molecules are greater than the

11

adsorptive potential [58]. However, for 0°C the behavior of BC,
ACPS600-K-4, ACPS850-Z-D and ACPS850-Z-W carbons changed, t
parameter is close to the unity, which means low heterogeneity and may
be influenced by the poorer interactions between the N5 and the surface
[56].

3.4.4. CO2/N; selectivity

The great CO5 uptake ability of carbons previously found promotes
the further assessment of their potential application in post combustion
CO4 capture. COy/N; selectivity is a very important parameter for
adsorbent evaluation, and this was determined using single-component
gas adsorption isotherms. From the obtained data, interesting informa-
tion can be extracted regarding the apparent selectivity, or CO3/Ny
selectivity, which was calculated as follows:

Naaco, / Pco,
Taan, | P,

(5)

Sco,my =

where n,co, and nyy, are the uptake capacities (mmol/g) of CO, and
Ng, respectively, obtained from the isotherm that best fit experimental
data at 0 °C. Pco, and Py, are the partial pressure of each component at a
total pressure of 760 mmHg for a mixture CO2/N3 (15 % vol. CO5).

As mentioned before, a preliminary estimation of the selectivity
could be performed using the pure component equilibrium data for CO/
Ny separation. Nevertheless, it should be emphasized that the apparent
selectivity calculated according to Eq. (5) can lead to conservative es-
timations since they are determined from the dynamic adsorption of
pure components. According to Gonzalez et al. [59] in a multicompo-
nent system the adsorption of the weak adsorbate, this is nitrogen, could
be considerably lower than when it is measured for a pure gas [9].

Table 11 summarizes the results obtained for the CO2/N3 selectivity
determined by Eq. (5) and adsorption data obtained using the model that
best fits the data based on the results shown in Tables 9 and 10, being BC
and ACPS600-K-4 the carbons with higher selectivity. Table 12 shows
the influence of temperature on selectivity for both materials, showing
that selectivity increased with increasing temperature. Both CO3 and Nj
uptake decreased with increasing temperature, which could be related
with a physisorption process, as it was indicated above.

Since the apparent selectivity calculated represents a conservative
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Table 10
Isotherms parameters for N, adsorption.
Langmuir Freundlich Toth

T N L Ky, ESS;, np Ke ESSg N Kr t ESSt
BC
0 0.82 7.99-107* 1.39:107° 1.18 1191072 2.12.1073 0.82 8.12.107* 0.99 9.18107°
25 0.27 1.61-103 2.13.107* 1.31 1.07-1073 2.181072 0.16 2.19-1073 2.07 1.36-10°°
50 0.08 4.15.1073 3.58.10~* 1.59 1.12:107° 1.35.107° 0.06 3.39.107° 4.56 7.64.107°
ACPS850-K-4
0 2.17 4.78107* 1.93.10°° 1.11 1.56-1072 3.91.10°2 13.7 9.21.10°° 0.48 2.38107*
25 0.71 9.06-10~* 1.85.107* 1.19 1.25107° 3.49.1072 12.7 1.06-107* 0.31 6.71.107*
50 0.25 1.81.107° 5.38.107* 1.35 1.20-107° 3.34.1073 13.9 3.79-107* 0.18 5.98.107°
ACPS600-K-4
0 2.18 471074 2.02:107° 1.11 1531073 3.92.1072 1.70 5.93.107* 1.15 1.10-10°°
25 0.79 7.91.10~* 7.41.107° 1.17 1.12:107° 2.37.1073 1.18 5.89.107* 0.75 1.20-107*
50 0.30 1.48-107° 2.80-107* 1.29 1.02:1072 2.92.1073 0.96 8.55.107* 0.44 5.73107*
ACPS850-K-2
0 2.84 4.38.107* 1.39:10°° 1.10 1.81.107° 4.69-1072 8.09 1.69-107* 0.63 1.12.107*
25 1.27 6.22.107* 9.12.107° 1.14 1.30-1072 3.57.1073 1.76 43107 1.22 1.92.10°°
50 0.54 1.00-103 2.02:1073 1.21 9.86:107* 2.02:1072 1.47 4.52.107* 0.55 2.381072
ACPS850-Z-D
0 1.45 9.20-10~* 1.34.107° 1.21 2.67.1073 8.33.1072 1.55 8.61.10~* 0.96 1.44.107°
25 0.83 9.70-10~* 1.06-10°* 1.22 1631072 4.431073 0.67 1.15.10°° 1.17 6.86:107°
50 0.38 1.23-103 2.04-107* 1.26 1.03-1073 2.51.1072 0.22 1.81:103 1.92 1.38.10°°
ACPS850-Z-W
0 1.43 1.01-10732 7.9107° 1.23 3.08-107° 1.09-1072 1.40 1.03-1073 1.02 6.21.107*
25 0.73 1.20-103 3.11-107* 1.26 1.94.1073 7.03.1072 0.48 1.63-103 1.57 2.17.107°
50 0.31 1.60-1072 4.32.107* 1.32 1.25.107° 3.54.1072 0.19 2.19-1073 2.35 3.80-107°

T (°C); ny 1, and ny, 7 (mmol/g); K, (1/mmHg), K¢ (mmol/g-mmHg"/""), K1 (1/mmHg); ng, t and ESS are dimensionless parameters

Table 11 1000

Calculated adsorption data of CO and N, determined by the isotherm that best I»;\S‘PS(SOO " 252223}2:)

fit experimental data at 0°C and the corresponding values of apparent selectivity ——ACPSSS0K 2  —— ACPSSS0-Z.W

calculated for all carbons for a CO5:N, (0.15:0.85) mixture.
Sample Nadco, (mmol/g) Raq N, (Mmol/g) Sco, /N,
BC 1.22 (T) 0.28 (T) 24.92 100 | -
ACPS850-K-4 1.05 (T) 0.51 (L) 11.66 o
ACPS600-K-4 1.74 (F) 0.51 (T) 19.44 g
ACPS850-K-2 1.38 (T) 0.63 (L) 12.49 S
ACPS850-Z-D 1.51 (T) 0.54 (T) 15.87 =2
ACPS850-Z-W 1.50 (T) 0.56 (L) 15.19 »n

F: Freundlich; T: Toth; L: Langmuir. 10 ¢

Table 12

Apparent CO2/N, selectivity, CO, and N, uptake capacity and IAST selectivity

determined by the isotherm that best fit experimental data at 0°C for BC and 1 . L "

ACPS600-K-4 carbons for a CO2:N; (0.15:0.85) mixture. 0 200 400 600 800

Sample Temperature Nud,CO, Nad N, Sco, /N, Siast
(°C) (mmol/g) (mmol/g)

BC 0 1.22 (T) 0.28 (T) 24.92 562.03
25 0.75 (T) 0.13 (1) 32.26 296.50
50 0.39 (T) 0.06 (T) 36.74 34.46

ACPS600- 0 1.67 (F) 0.51 (T) 19.44 132.87

K-4

25 0.97 (F) 0.37 (L) 20.74 39.73
50 0.53 (F) 0.14 (L) 26.40 34.65

F: Freundlich; T: Toth; L: Langmuir.

approximation, adsorption selectivity was determined also using the
ideal adsorbed solution theory (IAST) and is represented in Fig. 10. IAST
is a widely used method for predicting the adsorption equilibrium for
components in a mixture using only single component adsorption data at
the same temperature and with the same adsorbent. This theory is based
on three assumptions: (1) the same surface area is accessible to all ad-
sorbates; (2) the adsorbent is inert; (3) the multicomponent mixture acts
as an ideal solution (the strength of interaction is equal between all
molecules) at a constant spreading pressure, usually defined as the
negative value of the surface tension, and temperature [60,61].

12

Pressure (mmHg)

Fig. 10. IAST adsorption selectivity of CO, over N calculated at 0 °C for a
binary mixture with 15 % CO., for all carbons prepared.

From the values of selectivity estimated, it can be confirmed that in
all cases CO; is preferentially adsorbed over Nj as reported by Chowd-
hury & Balasubramanian [56] for other activated carbons derived from
biomass, although higher selectivity values were obtained in the present
work for carbons based on pine sawdust.

Fig. 10 shows the effect of pressure on COy/N> selectivity. All ma-
terials presented the same trend, however, the effect of pressure on
selectivity was more significant for the biochar than for the activated
carbons. At higher pressure more CO, and N are present, therefore, the
competition for adsorption sites intensifies. However, the selectivity
significantly raised for the non-activated carbon due to a higher affinity
for CO, that can be explained by the presence of more functional groups
compared to activated carbons, which showed a more homogeneous
surface from a chemical point of view, and therefore only a slight in-
crease in selectivity [62].

Moreover, the fundamental role of microporosity on selectivity was
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demonstrated as observed in Fig. 11 as an increase in microporosity
percentage (%) led to a significant selectivity increase.

Additionally, a considerable decrease in selectivity was observed for
those materials with higher surface areas (Fig. 12), which is also related
to the previous results. Thus, the activation process with both activated
agents, ZnCly and KOH, led to an increase in the surface area (and also in
the amount of CO adsorbed) but to the loss of surface functional groups
and microporosity (mainly in the ultramicroporosity range).

Regarding the selectivity estimated by applying the IAST, an oppo-
site effect of temperature was observed (Table 12) as it decreased with
increasing temperature, indicating the importance of competitive
adsorption of CO2/Ny. This finding is in agreement with previous studies
employing other types of carbonaceous materials which concluded that
CO; adsorption is more temperature dependent than Ny adsorption [63].

3.5. Heat of adsorption

To better understand the behavior of the activated carbons prepared
in the separation of carbon dioxide from binary streams, the isosteric
heat of CO, adsorption (Qg;) was determined. The heat of adsorption is a
measure of the surface affinity toward CO; and indicates the strength of
interaction between molecules of the adsorbate and the surface of the
adsorbent.

It was calculated using different carbon dioxide loadings which
allowed the evaluation of changes in the adsorption mechanisms or in
the adsorption sites during the surface coverage process, and the
Clausius-Clapeyron equation (Eq. (6)) [1,2]:

2=z,

(6)
where Qg (kJ/mol) is the heat of adsorption, R is the ideal gas constant
(8.314-10 3 kJ/mol K), 0 is the COg surface coverage at a pressure P (Pa)
and temperature T (K). A plot of In P versus 1/T provides a straight line
with a slope of Qg. Also, Toth isotherm parameters were employed
(Table 9) since, in general and, as explained previously, this model
showed the best fit for the experimental equilibrium data.

Additionally, the results obtained allowed to analyze the influence of
the type of material and the amount of gas adsorbed on the CO2
adsorption isosteric heat as shown in Fig. 13.

It can be observed that, for all materials, the heats of adsorption were
low, in the range from 14 to 27 kJ/mol and depended little on the
amount of CO5 adsorbed. Then, it can be concluded that the interactions
between the materials and CO5 correspond to a physical adsorption
which implies that these carbons will require a low amount of energy for
regeneration which is of great relevance when applying these materials

80
70 b
60
50
Z BC
2
g 40
= ACPS600-K-4 ®
%3] 30 F
ACPSS50-ZD ® /g \cPs850-2.W
20 ACPS850-K-4 °
L] cn
10 b ACPS850-K-2
0 . . . .
50 60 70 80 90 100
Microporosity (%)

Fig. 11. Influence of the microporosity percentage on the selectivity deter-
mined at 0 °C and 75 mmHg.
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80

50 BC

4 r ACPS600-K-4
°

Selectivity

ACPS850-Z-D

20

ACPS850-Z-W ° :
ACPS850-K-2 ®
ACPS850-K-4

0 500 1000 1500 2000 2500 3000 3500

Surface area (m%/g)

Fig. 12. Influence of the surface area on the selectivity determined at 0 °C
and 75 mmHg.

30 +
~
-2 b
3 25
15
BC —— ACPS850-K-4
~— ACPS600-K-4 = ACPS850-K-2
10 ——ACPS850-Z-D ——ACPS850-Z-W
0 10 20 30 40 50

n,4(cm?3/g STP)

Fig. 13. Influence of amount adsorbed upon isosteric heat of adsorption for
CO, on the different carbons used.

for the continuous separation of CO, from gaseous streams since the
costs of the desorption stage will be lower.

On the other hand, the heat of adsorption of the carbons prepared are
of the same order than those reported by Manya et al. [9] for other
porous carbons. On the contrary, some previous studies [64,65] showed
higher values of the heat of adsorption at low surface coverage related
with the presence of active centers on the adsorbent surface that caused
a chemical adsorption. However, as mentioned before, for most of the
materials, except for the carbons activated with KOH at 1:4 (w/w), there
is a low influence of the amount adsorbed upon the heat of adsorption
(Fig. 13), which can be related to a low surface heterogeneity.

Among the carbons used, BC presented the highest heat of CO,
adsorption which is in agreement with the presence of more functional
groups on the surface since the activation step did not take place.
Regarding the other materials, the carbons activated with the highest
amount of KOH, ACPS850-K-4 and ACPS600-K-4, are those that showed
the lowest heat of adsorption due to a stronger activation (high tem-
perature and/or BC/KOH ratio) that led to a more homogeneous
adsorbent surface.

Besides, different trends of the isosteric heat with the amount of CO4
adsorbed were observed. For BC, ACPS850-K-2 and ACPS850-Z-D the
heat of adsorption decreased with increasing the amount adsorbed,
while for ACPS850-K-4 and ACPS600-K-4 increased, and ACPS-850-Z-W
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did not show changes. This variation in the trend indicates that small
size micropores in carbons are occupied first by CO5 molecules, which
indicates heterogeneous energetic properties of adsorption [8]. On the
other hand, the decrease in the isosteric heat can be attributed to the
heterogeneous characteristics of the carbon’s surface, which implies
strong interactions of CO2 with the carbon surface and negligible
intermolecular interaction between CO5 molecules on the carbon’s
surface can be assumed [1,66]. Previous studies presented a similar
behavior and reported that an increase in isosteric heat could be related
to the reinforced intermolecular interaction between the adsorbent and
the adsorbate. This behavior implies the multilayer adsorption of COy
over the adsorbent.

4. Conclusions

Pine sawdust derived biochar and activated carbons with good CO»
adsorption properties were successfully prepared through carbonization
and activation with KOH or ZnCl,. The experimental results demon-
strated that the activating agent had a substantial effect on carbon
porosity. All carbons presented an amorphous structure with different
degrees of graphitization, C and O as the main components and a branch
of functional groups. The microporosity percentage decreased in the
next order BC > ACPS850-Z-D > ACPS600-K-4 >ACPS850-Z-W
> ACPS850-K-2 >ACPS850-K-4, however, a high microporosity did not
imply a high BET surface area. For KOH activation CO5 uptake improved
at moderate conditions (600 °C). CO, uptake can be related with several
material characteristics such as micropore geometry and surface
chemistry. ACPS600-K-4 displayed the largest CO, uptake (5.79 mmol/g
at 0 °C and 3.43 mmol/g at 25 °C and 750 mmHg) due to the combi-
nation of a high microporosity (89 %) and a high surface area (2437 m?/
g). Moreover, all carbons showed preferential sorption for CO, over Ny
and there was a negative effect of temperature on CO5 adsorption ca-
pacity. Toth isotherm model fitted the adsorption experimental data
better than Langmuir and Freundlich models in most cases. Further-
more, apparent selectivity and IAST estimated values indicated that BC
followed by ACPS600-K-4 showed the best CO2/Nj selectivity allowing
to reach high purity gas stream. Regarding the heat of CO4 adsorption,
BC presented the highest value which is related with the presence of
more functional groups on the surface since the activation step did not
take place and in agreement with the high estimated selectivity for BC
though this material presents the lowest surface area. On the basis of the
results discussed in this work and taking into account various parame-
ters such as the amount of CO, adsorbed and the heat of adsorption,
ACPS600-K-4 exhibited the best performance since it allowed to reach
the highest carbon dioxide uptake, it has the second highest selectivity
value combined with the second lowest heat of adsorption. All these
findings make this material the most promising option with the appro-
priate characteristics to be used for CO; capture. The results obtained
are very promising for the selective separation of CO taking into ac-
count that the carbon precursor used is an industrial waste that must be
managed.
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