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ARTICLE INFO ABSTRACT

Keywords: The significant increase in atmospheric CO2 concentration originated mainly from fossil fuels combustion has
CO, capture encouraged the development and improvement of CO, separation operations to reduce emissions and control
Adsorption

climate change and global warming. Therefore, this work is focused on the separation of CO from Ny in flue gas
streams under post-combustion conditions by developing low-cost adsorbents. Six carbons were fabricated from
biomass resources (olive stones and almond shells) to assess their influence on CO, adsorption capacity: One
carbonized and two KOH-activated carbons with carbon/KOH ratio of 1:2 and 1:4 (w/w) for each precursor. The
carbons were characterized by field emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), elemental analysis, nitrogen and carbon dioxide adsorption-desorption analysis, X-ray
diffraction (XRD), Fourier transform infrared (FTIR), X-ray photoelectron spectroscopy (XPS) and point of zero
charge determination. In addition, the equilibrium adsorption data of pure components for all adsorbents were
measured at 0, 25 and 50 °C between 0 and 760 mmHg and COy/N; selectivity was determined. Activated
carbons were found to have higher CO, adsorption capacity but with a reduction in apparent selectivity. Dy-
namic binary adsorption simulations performed in a fixed-bed column demonstrated that the activated carbon
produced from olive stones with a carbon/KOH ratio of 1:4 (w/w) can separate a mixture of 14 % CO and 86 %
N3 at 25 and 50 °C with the highest selectivity, CO, adsorption capacity, CO, purity and N5 recovery factor.
Reducing flow rate, the breakthrough time increased. Moreover, the breakthrough time was reduced by
increasing the temperature from 25 to 50 °C owing to the exothermic nature of adsorption process.

Biomass carbons
CO4/N, selectivity
Fixed-bed simulation

1. Introduction

The burning of fossil fuels releases greenhouse gases, especially
carbon dioxide (CO53), into the atmosphere, which contributes to global
warming and climate change [1-3]. Therefore, it is necessary to develop
technologies at the industrial level for COy capture for utilization and
storage (CCUS) to drastically reduce greenhouse gas emissions and
protect the environment [4-8]. There are variety of strategies to reduce
the amount of CO2 emissions in the atmosphere, including: a)
Substituting fossil fuels for sustainable energy sources like wind, solar,
biomass, and geothermal, b) enhancing fuel energy efficiency, c) cutting
down on the need for energy, d) changing technologies to utilize low-
carbon energy sources like natural gas, and e) pre-, post-, and oxy-
combustion CO, capture scenarios [9,10]. Post-combustion CO, cap-
ture, which is used to retrofit both newly designed and existing facilities
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and units and is extensively considered as a durable option to reduce
CO4 emissions quickly and noticeably in the mid-term, allows CO3 to be
separated from flue gas streams produced by large stationary sources,
such as fossil fuel-based power plants, cement kilns, steel or iron in-
dustries, and oil refineries, after combustion. The collected CO, can
either be stored in abandoned or depleted oil and gas reservoirs to be
used in miscible and immiscible CO3 floodings for enhanced oil recovery
(EOR) procedures or in deep ocean locations [11-13] or be used as an
advantageous feedstock to convert into useful chemicals and fuels
[14-16]. The principal difficulties of CO5 capture under post-
combustion conditions are the low partial pressure of COy (0.03-0.2
bar) and then the low CO; concentration (4-15 %) in the flue gas, which
weaken the driving force for COy [17-21].

In recent years, chemical absorption-based aqueous amine scrubbing
has been commonly applied for post-combustion CO, capture in a large
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scale using monoethanolamine (MEA), diethanolamine (DEA), and
methyldiethanolamine (MDEA) solutions [22-24]. However, despite its
high effectiveness in capturing COo, this process requires a significant
amount of energy to regenerate the absorbent and recover CO5, and this
energy penalty can raise both capital and operating expenses. Moreover,
the corrosive nature of amine solutions and the amine loss experienced
throughout the operation owing to evaporation and degradation are two
significant flaws of this process that create environmental issues and
restrict its widespread application [25]. Adsorption process offers a
viable substitute for the aqueous amine scrubbing technique with the
ability to minimize the amount of energy needed for regeneration and
boost the capacity and selectivity towards CO, based on the develop-
ment of adsorbents [12,26-28].

Carbon-based adsorbents fabricated from biomass precursors are
attractive for post-combustion CO, capture by adsorption due to wide-
spread availability, low cost and the probability of reaching high CO,
uptake and selectivity [29]. Furthermore, carbon materials show high
surface area and pore volume, particularly micropores, and, as a result,
have a high capacity for CO, adsorption [30,31]. In comparison to ze-
olites and metal-organic framework materials (MOFs), carbon adsor-
bents are easily regenerable, and they are also hydrophobic and possess
high stability in the presence of water [32]. These characteristics and the
possibility of carrying out modifications in the porous structure (by
physical and chemical methods) allow to improve the separation degree
[33,34].

Typically, carbon adsorbents fabricated from biomass precursors fall
into one of two categories: i) Only carbonization, and ii) carbonization
followed by physical or chemical activation. Physical activation involves
carbonizing biomass first and then activating them employing oxidizing
gases such as COq, air and steam, whereas in chemical activation
carbonaceous materials are impregnated with chemical agents such as
KOH, NaOH, ZnCl,, and FeCls. The great micropore volume and large
surface area are the key benefits of chemical activation over physical
activation. So far, some studies have been performed on the preparation
of activated carbons fabricated from biomass resources such as olive
stones and almond shells using a physical activation, especially with
COo, and investigation of their performance on CO» selectivity under
post-combustion conditions [35-38]. However, a review of the litera-
ture demonstrates that no studies have been conducted on the fabrica-
tion of chemically activated carbon adsorbents using these renewable
biomass precursors to investigate how an activating agent affects the
selectivity of CO3 over N3 in a post-combustion stream.

Therefore, in this work, carbon-based adsorbents fabricated from
olive stones and almond shells including carbonized and chemically
activated carbons using potassium hydroxide (KOH) with different
carbon/KOH ratios were applied to evaluate their performance on the
CO9/Ny selectivity and the adsorption capacity of COy under post-
combustion conditions. Moreover, the impact of feed stream tempera-
ture and flow rate on the selectivity and adsorption capacity towards
CO4 was assessed using binary dynamic adsorption simulations in Aspen
Adsorption V10 by analyzing the breakthrough curves, Ny recovery
factor and purity of gases. The multi-component adsorption equilibrium
has also been predicted using the isotherm experimental data of pure
components and the ideal adsorption solution theory (IAST). In addi-
tion, this work is focused on the combination of experimental adsorption
equilibrium data corresponding to pure gases and a commercial simu-
lation tool that allows to take a step further on screening and analysis of
adsorbents for their use in industrial processes evaluating equilibrium
and mass transfer characteristics.

2. Materials and methods
2.1. Materials

Olive stones and almond shells supplied by Fertinez Company (Jaén,
Spain) and Biogramasa Company (Granada, Spain), respectively, were
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used as precursors for the carbons fabricated in the present research
work. Both raw materials were previously milled and sieved, and the
particles with size lower than 3 (for olive stones) and 5 mm (for almond
shells) were used for further treatment.

Potassium hydroxide (KOH 85 %, Probus) was employed as acti-
vating agent. Hydrochloric acid (HCl 37 %, Sigma Aldrich) and sodium
hydroxide (NaOH 98 %, Sigma Aldrich) were used to remove the excess
of potassium hydroxide after activation and for the point of zero charge
determination.

2.2. Carbon fabrication procedure

Six carbons have been fabricated using almond shells (A) and olive
stones (O) under the different conditions shown in Table 1. The pre-
cursors (30 g of olive stones and 25 g of almond shells, approximately)
employed to produce the adsorbents were carbonized at 600 °C for 1 h
under nitrogen atmosphere (34 L h™1) in an oven (Nabertherm GmbH-
Germany) and using a temperature ramp of 5 °C min~! up to target
temperature. An initial inertization step with the same nitrogen flow
rate was carried out for 30 min.

Activation procedure consisted of a mixing step by milling the carbon
with different amounts of KOH to reach carbon/KOH ratios of 1:2 and
1:4 (w/w). Then, these mixtures were activated in the oven using a
procedure similar to that for the carbonization step but at 850 °C for 2 h.
The same temperature ramp (5 °C min~1) and nitrogen flow rate (34 L
h~1) were used. After cooling down, the materials were washed with HCI
aqueous solutions (0.1 M), followed by double distilled water until
constant pH were reached. The activated carbons were then dried
overnight at 105 °C. This procedure was based on previous works [39]
selecting a temperature of 850 °C as it maximized surface area main-
taining a high microporosity degree.

The overall yield of carbons was calculated using Eq. (1):

Y(%) = {M] x 100 )
My initial

where Y refers to the overall yield of carbon obtained, and m,, finq and

My, initial are the final mass of carbon after washing and drying (g) and the

initial mass of biomass precursor (g) on dry basis, respectively.

2.3. Adsorbent characterization

The adsorbents employed in the present work have been character-
ized using different techniques that allow to analyze experimental gas
adsorption data. Surface textural properties (mainly surface area and
pore volume) were obtained using an ASAP 2020 sorption analyzer
(Micromeritics). Nitrogen adsorption and desorption data at —196.15 °C
and carbon dioxide adsorption data at 0 °C were used to obtain infor-
mation for this type of characterization. Samples were outgassed under
vacuum at 300 °C using a temperature ramp of 10 °C min~* for 2 h that
allowed to reach a suitable degas operation. BET equation was used to
determine surface area using both CO2 and Ny adsorption data which

Table 1
Carbons fabricated from biomass precursors for CO5/N, sep-
aration using adsorption.

Carbon Conditions

ocC Non-activated

OAC1 Carbon/KOH = 1:4 (w/w)
OAC2 Carbon/KOH = 1:2 (w/w)
AC Non-activated

AAC1 Carbon/KOH = 1:4 (w/w)
AAC2 Carbon/KOH = 1:2 (w/w)

OC: olive stones carbon; OAC: olive stones activated carbon;
AC: almond shells carbon; AAC: almond shells activated
carbon
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were carried out in duplicate. Total pore volume was determined using
the amount of nitrogen adsorbed at a relative pressure of 0.99. Micro-
pore (<2 nm) volume was obtained by the difference between the total
meso (2-50 nm) and macropore (>50 nm) volumes. Moreover, the two-
dimensional non-local density functional theory (2D-NLDFT) model was
used to determine pore size distribution of the carbons from simulta-
neous analysis of both CO; and N adsorption data.

Point of zero charge (pHp;c) of the materials was determined as
proposed by Carabineiro et al. [40]. Several flasks were filled with
aqueous solutions (10 mL) of 0.01 M NacCl at different pH values (be-
tween 2 and 12) by adding different amounts of NaOH and HCI solutions
(0.1-2 M). Once pH was adjusted, the material was added (10 mg) to
each flask and shaken at 350 rpm and 25 °C using an orbital shaker for
48 h to reach adsorption equilibrium. After this period, the final pH was
measured and the point of zero charge was determined as the crossing
point of the curve generated by the final and initial pH data, with the
line corresponding to initial pH = final pH.

The morphological and structural features of the different carbons
were obtained by using field emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM). TEM analysis
was performed using a transmission electron microscope (JEOL JEM
2010) operating at 200 keV. To carry out TEM measurements, the
samples were homogenized in ethanol using sonication, placed on a 400
mesh copper TEM grid covered with a thin layer of amorphous carbon,
and then dried in the air. The surface chemical composition analysis was
performed using a Zeiss Fesem Ultra Plus with EDX. Moreover, a CHNS
elemental analyzer (Thermo Scientific) was used to determine the con-
tent of carbon (C), hydrogen (H), nitrogen (N), sulfur (S) and oxygen (O)
(by difference).

X-ray diffraction (XRD) analysis was carried out to investigate the
crystalline structure of the carbons using a X-ray diffractometer (Bruker
D8 Advance) in Bragg-Brentano geometry. The XRD instrument was
equipped with a Cu x-ray tube sealed (CuKal, A = 1.5406 A) and a
LYNXEYE XE-T type detector, operating at 40 kV and 40 mA in theta/
theta configuration. The diffractograms were generated within the
angular range of 3 < 20 < 75° with a 0.02° step at 2 s per step. The
software used in the mathematical analysis of the diffractograms was
PANAlytical-HighScore-Plus.

The surface functional groups of the carbons were identified using
Fourier transform infrared (FTIR) spectra (VARIAN FTIR 670 spec-
trometer) and X-ray photoelectron spectroscopy (XPS) (Thermo Scien-
tific NEXSA). For FTIR analysis, sample pellets were prepared by
grounding 0.4 mg of carbon with 600 mg of potassium bromide salt
(KBr). The spectra were obtained over the wave number range of
400-4000 cm'. Regarding the XPS technique which is also used to
determine the surface elemental composition of the carbons, the in-
strument was outfitted with a 1486.6 eV X-ray source using aluminum
Ka monochromatized radiation. Photoelectrons were gathered at a 90°
take-off angle relative to the surface of the sample. The analysis was
conducted in a Constant Analyzer Energy mode (CAE), employing a pass
energy of 100 eV for survey spectra and 20 eV for high-resolution
spectra. Charge referencing was achieved by aligning the lower bind-
ing energy Cls photo peak at 284.80 eV, corresponding to the Cls hy-
drocarbon peak. The surface elemental composition of the carbons was
identified by employing the established photoemission cross sections
developed by Scofield.

The solid density of carbons was determined by helium pycnometry
using an Accupyc II 1345 apparatus (Micromeritics), being the average
value of 10 measurements. Before analysis, the different samples were
dried at 105 °C for 24 h.

2.4. Pure components adsorption isotherms
The evaluation of gas separation characteristics of the carbons was

carried out on the basis of pure gas (CO5 and N») adsorption isotherms at
different temperatures. To obtain these data, the static volumetric
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apparatus (ASAP 2020 analyzer, Micromeritics) has been employed. A
suitable degasification step (previously described in section 2.3) was
carried out before adsorption experiments. CO, and N5 adsorption iso-
therms were determined at different pressures (0-760 mmHg) and
temperatures (0-50 °C). Experiments at 0 °C were carried out using an
ice-bath in a Dewar, and a water bath and a temperature controller
(Selecta Sensoterm) were employed to perform experiments at the other
temperatures. All the experiments were conducted in duplicate.

The evaluation of models for fitting experimental data has a high
importance to be employed in other types of calculations and simula-
tions. In the present work, an appropriate fitting of adsorption isotherms
has a high interest to reach suitable simulation results for steady state
CO4 separation by fixed-bed adsorption. For this purpose, the experi-
mental data corresponding to the adsorption isotherms of pure CO, and
Ny obtained at 0 °C, 25 °C, and 50 °C between 0 and 760 mmHg for all
the adsorbents were fitted using three well-known isotherm models,
Langmuir, Freundlich, and Langmuir-Freundlich (Sips) equations, as
shown in Table 2.

The non-linear regression analysis in the Microsoft Excel Solver tool
was performed to determine the isotherm parameters of CO, and N3 (g,
i» by, kgi, ng; and ng) by minimizing the sum of squared residuals (SSR)
between the experimental and predicted data:

N

SSR = Z (qi‘exp - qi.mmle[)z )

1

where gj exp and g mode are the amounts of adsorbed gas experimentally
and predicted by the model, respectively, and N is the total number of
experimental data.

The coefficient of determination (R2) and the mean relative absolute
deviation (MRAD) were considered as goodness of fit measures to assess
how well the data matched the regression model:

N
SST = Z (qi_exp - ZI[,('xp)z (6)
1
2 _SSR

R=1 SST @
1 & |qi.exp - qi.nwdel|

MRAD = = >~ [ 20 5 100% (8)
N 1 qi.mp

where SST is the total sum of squares, and Gjex is the mean of the
experimental data, which is defined as Gjep = I%,lev Qiexp-

2.5. Kinetic experiments and CO, mass transfer coefficient determination

Describing the adsorption kinetics has great importance for the
simulation of gas separation processes. In this work, the linear and
quadratic driving force models (Egs. (9) and (10)) were used to fit the
experimental data obtained for the adsorption kinetics of CO at 25 °C

Table 2
Adsorption isotherm equations used to model the equilibrium data of pure
components.

Langmuir o bip 2)
qi = Qm.rl LbP,
Freundlich @i = kf.iPil/nl' 3
Langmuir-Freundlich (Sips) (biP;) /™t 4
G =qmit—
1+ (bPy) '™

g;, the amount adsorbed of component i (kmol kg™') under equilibrium tem-
perature (T) and pressure (P), q,; is the maximum amount adsorbed of
component i (kmol kg’l), b; is the affinity constant (bar™), kg is the Freundlich
constant (kmol bar” kg™1), and ng; and n,; are variables that describe the sys-
tem’s heterogeneity between component i and the surface of the adsorbent.
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and 50 °C, and a pressure of 0.8 bar to determine the CO, mass transfer
coefficients corresponding to the carbons.

0

qactoz = kco, (Qe.coz - QCOZ) (C)]
94co, ‘15.002 - qzcoz
o kco, T (10)

where ¢, co, and qco, are the amount adsorbed of COy (kmol kg’l) at
equilibrium and a given time, t (s), respectively, and k¢o, is the CO2 mass
transfer coefficient (s_l). The non-linear regression analysis described in
section 2.4 was used to determine the CO; kinetic parameters (g co, and
kco,)-

The experimental data were obtained using Rubotherm Metal mag-
netic suspension balance with a resolution of 10 pg and outfitted with
jacketed chamber thermostated by water circulating from a Huber
Ministat 230 thermostatic bath that provided temperature control with a
0.5 °C degree of uncertainty. For each experiment, the sample bucket
was initially filled with approximately 1-1.5 g of adsorbent before being
positioned inside the measurement chamber. After the chamber has
been vacuumed and fluxed with helium gas (Nippon Gases, Spain,
99.999 %) several times, it was allowed to degas the sample by condi-
tioning it under vacuum (absolute pressure less than 0.05 bar) for at
least 6 h at roughly 70 °C.

2.6. Fixed-column dynamic adsorption simulations

A simulation process using a fixed-bed column adsorption model in
Aspen Adsorption V10 was applied to evaluate the CO5 adsorption ca-
pacity under post-combustion conditions of carbon-based adsorbents
fabricated from olive stones and almond shells. The column used in the
dynamic simulations with an inner diameter of 1.86 cm and an effective
height of 13 cm (based on a glass laboratory column) was fed with a
mixture of 14 % CO5 and 86 % N». Breakthrough curves were simulated
at atmospheric pressure and temperatures of 25 °C and 50 °C and
different flow rates of 60, 120, 180 and 240 sccm (standard cm® min™1)
under the following assumptions:

a) The Peng-Robinson equation of state was used as a viable ther-
modynamic model to describe the behavior of gases.

b) The Upwind Differencing Scheme 1 (UDS1) was used to discretize
partial differential equations (PDEs) due to its relatively high accuracy
and low computation time for dynamic simulations.

¢) The pressure drop along the column was calculated based on the
Ergun equation which is applicable to both laminar and turbulent flows.

d) Owing to the low dimensions of the column, the radial mixing and
axial dispersion were considered negligible to be modeled as a system in
plug flow.

e) The extended model of Langmuir equation and Ideal Adsorbed
Solution (IAS) theory were used to estimate the equilibrium of
competitive adsorption after identifying the best isotherm models for
each adsorbent.

f) The kinetics and mass transfer of the gases were predicted using
the lumped resistance and quadratic driving force models.

g) It was assumed that the adsorption column functions under
isothermal conditions so that the temperature of the gases and solid
were kept constant and equal during the experiment.

h) The column porosity was considered constant throughout the
column, and the adsorbent particles were supposed to be uniformly
shaped as spheres.

3. Results and discussion
3.1. Characterization of carbons

The carbons prepared from olive stones and almond shells have been
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characterized with various analytical techniques. The overall yield of
these porous carbons varied from 16.4 to 28.4 % and from 4.5 to 14.7 %
for olive stones and almond shells precursors, respectively, depending
on the preparation conditions (Table S1). The significantly lower yield of
carbons fabricated from almond shells compared to those of olive stone-
based carbons could be related to differences in the chemical composi-
tion of precursors [41]. Figs. 1 and 2 show some SEM images for the
activated and non-activated carbons. For both precursors, the non-
activated carbons show an important presence of micropores in the
external surface. The activation process with different amounts of KOH
causes certain modifications in the material surface and in the small-size
pores. Thus, porous structure seems more irregular, but the activated
carbons maintain an important presence of pores in the range of
microporosity.

SEM characterization was completed with EDX analysis, and the data
are shown in Table 3 to analyze the surface chemistry. The experimental
data indicated relatively similar characteristics of carbons from both
precursors. The activation process with a carbon/KOH ratio of 1:2
produced small changes with a slight decrease in the percentage of
carbon by an increase in oxygen (AAC2) and potassium (OAC2 and
AAC2). When the activation treatment is carried out with a high carbon/
KOH ratio (1:4), a higher decrease in the percentage of carbon with an
important increase in potassium was observed.

Moreover, TEM analysis was carried out to reveal the morphological
structure of carbon materials, as it can offer additional insights into
micropores and the results obtained are displayed in Fig. 3. As seen,
wormhole-like micropores are dispersed randomly throughout the car-
bon’s framework, which is attributed to the stacking of graphene layers
[42], evidencing a substantial presence of microporosity. This distri-
bution of micropores with no discernible pattern could be related to the
amorphous nature of these carbons [42] as deduced from the XRD re-
sults (Fig. 4). Non-activated carbons (Fig. 3A and D) exhibit a higher
degree of organization compared to activated carbons (Fig. 3B, C, E and
F). As activation occurs, there is a rise in the disordering of carbon
structure causing a decrease in the observed structural organization.
Thus, the morphology and structure of these carbons improved, which is
consistent with SEM analysis. These findings are in agreement with the
results of Lillo- Rodenas et al. [43], that suggested that activation is
associated with a reaction involving carbon and potassium hydroxide.

The phase and crystalline structure of the carbons was analyzed from
XRD diffractograms, which are illustrated in Fig. 4. Two basic contri-
butions are observed from the diffractograms obtained for non-activated
carbons (Fig. 4A): a) Two broad bands at roughly 23° and 43° due to the
presence of poorly crystalline phases [44] that confirm the presence of
the (002) and (100) crystal planes in carbon materials, respectively, b)
The appearance of narrow peaks that are assigned to phases with a
higher degree of crystallinity. However, in the case of activated carbons
(Fig. 4B), the diffractograms obtained show a small amount of amor-
phous components with a low degree of graphitization. It can be due to
the KOH activation at high temperature that destroys the atomic
arrangement of the carbons [39].

Elemental analysis was also performed to evaluate the content of C,
H, N, S and O in carbons and the results obtained are given in Table 4. As
seen, after the activation treatment, the oxygen content of OAC1 and
OAC2 increased from 13.75 % to 35.08 % and 33.00 %, respectively,
compared to OC, and from 14.42 % to 18.96 % and 31.90 % for AAC1
and AAC2 compared to AC, respectively. The activated carbon produced
from olive stones with a carbon/KOH ratio of 1:4 (OAC1) was found to
have the highest oxygen content, which can confirm the presence of
more oxygen-containing functional groups on the surface of the carbon
in comparison to the other activated carbons.

FTIR analysis was carried out to assess the surface chemistry of the
carbons and the corresponding spectra are presented in Fig. S1. As seen,
the strong band observed at 1099 cm™* could be contributed to C-O
stretching of ether and alcohol which indicates the presence of hydroxyl
functional groups. The peaks at 472 and 796 cm ™! show the generation
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EHT = 300kV
WD = 35mm

Brightness = 509 % Brightness = 512%

Contrast= 393 %

Fig. 1. SEM images of adsorbents fabricated from olive stones with different magnifications: A)- OC x 1000 B)- OAC1 x 1000 C)- OAC2 x 1000 D)- OC x 5000 E)-

OAC1 x 5000 F)- OAC2 x 5000.

EHT = 300KV
WD = 32mm Mag =

Signal A= SE2 Brightness = 49.9 %
100K X Contrast = 42.1 %

- £
5 . -
Brightness = 503 %

Contrast= 439 %

EHT = 3.00kV
WD = 34 mm

EHT = 300KV Signal A= SE2
WD = 33mm Mag= 500KX
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1.00KX 7% WD = 33mm

Signal A= InLens
Mag= 500KX

Brightness = 50.4 %
Contrast = 46.1 %

EHT = 3.00kV

Brightness = 49.8 %
Contrast = 308%

EHT = 300KV Signal A= InLens.
WD = 32mm Mag= 500KX

Brightness = 49.8 %
Contrast = 308 %

Fig. 2. SEM images of adsorbents fabricated from almond shells with different magnifications: A)- AC x 1000 B)- AAC1 x 1000 C)- AAC2 x 1000 D)- AC x 5000 E)-

AAC1 x 5000 F)- AAC2 x 5000.

of C-H groups and the peak at 1400 cm™! can be assigned to C-N
stretching. A weak peak was observed at 1726 cm™! confirming the
presence of carboxylic and carbonyl groups (C = O stretching). More-
over, the peaks at 2850 and 2920 cm ™' may be due to stretching vi-
brations in G-H and N-H bonds and the peak at 3419 cm ™! corresponds
to the existence of hydroxyl (~OH stretching) and amine groups (-NH
stretching).

The survey XPS spectra have allowed to determine the surface

elemental composition analysis of the carbons, and the results are
depicted in Fig. S2. As observed earlier, C and O emerge as the primary
constituents, corroborated by the presence of Cls and Ols peaks
(Fig. S2) at 285-287 and 532.5 eV, respectively. A weak peak observed
at around 399.8-400 eV is attributed to N1s photoelectrons, indicating a
very low amount of nitrogen in nearly all the carbons. These findings
align with the results obtained from elemental analysis (Table 4).

To analyze the surface chemical state of carbons using XPS
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Table 3
Surface chemical composition of the carbons (C) and activated carbons (AC)
fabricated from olive stones (O) and almond shells (A) using EDX analysis.

Carbon % C % O % K % Ca % Fe
oC 89.1 9.5 0.7 0.6 -
OAC1 82.8 10.4 4.8 0.2 0.9
OAC2 88.9 8.8 1.4 0.2 0.4
AC 90.8 8.0 0.7 0.4 -
AAC1 91.0 7.2 0.7 0.4 0.4
AAC2 86.8 8.8 3.3 0.7 0.2
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technique, Cl1s, N1s and O1s high-resolution spectra were also obtained
and the results are presented in Tables 5 and 6. Five peaks are detected
in the Cls spectra (Table 5). The peak at 284.8 eV is associated with the
presence of C-C, C=C or C-H bonds and the peak around 286 eV is
assigned to C-OH and C-O-C groups [39]. The peaks at about 288 and
289 eV are assigned to carbonyl (C=0) and ester (O-C=0) functional
groups, respectively [39]. Finally, a peak was observed at around 290
eV, corresponding to carbonate groups [39], for olive stone activated
carbons.

Moreover, in the Cls spectrum of three carbons (OAC1, OAC2 and
AAC2), distinct contributions from the spin-orbit splitting of the 2p

Fig. 3. TEM images of carbons fabricated from olive stones and almond shells: A)- OC B)- OAC1 C)- OAC2 D)- AC E)- AAC1 F)- AAC2.

4500

(A)

4000 —ocC
3500 AC

3000

2500

2000

Intensity (cts)

1500

1000

500 A

0 T T T T T T T

3 13 23 33 43 53 63 73
209

16000
(B)
0AC2 AAC2

——O0ACl1 ——AACI

14000
12000
10000

8000

6000

Intensity (cts)

4000

2000

i .

0 - T T T T T T f
3 13 23 33 43 53 63 73

20(°)

Fig. 4. XRD diffractograms of A)- non-activated carbons and B)- activated carbons fabricated from olive stones (O) and almond shells (A).
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Table 4
CHNS elemental analysis of the carbons (C) and activated carbons (AC) fabri-
cated from olive stones (O) and almond shells (A).

Carbon % C % H % N % O*
oC 83.82 2.21 0.22 13.75
0AC1 62.55 2.20 0.17 35.08
OAC2 64.16 2.56 0.28 33.00
AC 83.42 1.92 0.24 14.42
AAC1 80.24 0.39 0.41 18.96
AAC2 65.22 2.00 0.88 31.90

" Calculated by difference.

orbital, namely K2p3/2 and K2p1/2, were observed (Fig. S3). These
contributions suggest that potassium ions may either bind to remaining
oxygen atoms or become intercalated within the carbon structure [45].
Concerning the high-resolution spectra of N1s (Table 6), which were
fitted for all carbons with the pyrrolic-N groups, it is observed that for
OAC1, OAC2 and AAC2 an additional component appeared within the
range of 406 to 407 eV, corresponding to -O-NO; (nitro-oxy) groups,
whose relative percentage increased for olive stone-based carbons as the
activation treatment intensifies. Regarding O1s high-resolution spectra
(Table 6), which were fitted with two or three components, depending
on the carbon, the peaks in binding energy ranging from 531.9 to 532.5
eV are attributed to oxygen in non-carbonyl structures, such as ether
formations in esters and anhydrides and the peaks falling within the
range of 533.1 to 533.9 eV are associated with oxygen atoms in car-
boxylic functional groups (-COOH and —~COOR) [46]. The amount of
oxygen can be a good indicator for assessing the proportion of carbon-
—-oxygen functional groups present on the surface of the samples
(Table 5). It is possible to observe that activated carbons (OAC1, OAC2
and AAC2), apart from AAC1, showed significant high oxygen contents,
which are in agreement with the results obtained from the elemental
analysis (Table 4). XPS analysis revealed the existence of different sur-
face functional groups in the carbons as previously confirmed by FTIR
spectra (Fig. S1). The results obtained from O1s spectra (Table 6) also
demonstrated that the main oxygen-containing functional groups in
olive stone activated carbons (OAC1 and OAC2), non-activated carbons
(OC and AC) and AAC1, and AAC2 were carboxyl, ethers and hydroxyl
groups, respectively, which can be favorable for CO, adsorption [39].
In addition, the point of zero charge (pH,,.) was determined for each
material and the results are shown in Table 7. The pHy,. data allowed to
know the basic/acidic character of the materials. Considering that basic

Table 5
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adsorbents may be suitable for adsorbing acidic gases, the order for basic
character is OC ~ AC < AAC1 ~ AAC2 < OAC1 < OAC2. These data
allowed to conclude that the activation treatment leads to the produc-
tion of more alkaline materials than the non-activated ones. This
behaviour is probably due to the generation of hydroxyl functional
groups in the carbon surface caused by the presence of KOH during
activation. Previous studies have concluded that the basic functional-
ities present in some materials explain their behavior in relation to a
higher amount of adsorbed gas [47] as CO is considered as a Lewis acid.
In either way, some studies have given a higher importance to other
characteristics mainly the pore size distribution upon the amount of CO,
adsorbed [48,49].

Among the most important studies for solid characterization are the
nitrogen adsorption—desorption isotherms that allow to determine sur-
face characteristics and specifically the surface area and pore size dis-
tribution. In the present work, gas adsorption isotherms have been
determined using Nj at —196.15 °C (Fig. 5). In addition, the adsorption
isotherms of CO5 at 0 °C were obtained (Fig. 6) to carry out a wider
evaluation of surface characteristics of these materials as previous
studies recommend [50].

Fig. 5 shows the influence of the treatment carried out for both
precursors upon the magnitude and shape of nitrogen adsorp-
tion—desorption isotherms. All isotherms (for activated and non-
activated materials) show the shape of a type I isotherm that is
compatible with materials with a high microporosity. This conclusion is
in agreement with the previous observations using the SEM images.

Although all isotherms can be classified as IUPAC type I, for the
activated carbons, a slight change in the shape of the isotherm is
observed that allows to assign type Ia for the non-activated and type Ib
for the activated ones. Isotherms Ib show the presence of the knee in a

Table 7
Point of zero charge of carbons fabricated
from biomass precursors.

Carbon PHpze
ocC 7.7
OAC1 8.8
OAC2 9.4
AC 7.7
AAC1 7.8
AAC2 7.8

Components and their relative proportions corresponding to C1s high-resolution spectra (%) for carbons.

Carbon C-C, C=C, CHx C-0-C, C-OH Cc=0 0=C-0 CO3 Carbon-Oxygen functional groups
(284.8 eV) (286.1-286.5 eV) (287.8-288.3 eV) (289 eV) (290.3 eV)
ocC 75.39 17.96 3.48 3.17 - 24.61
0AC1 68.29 15.27 8.67 - 7.77 31.71
OAC2 68.24 14.27 9.23 - 8.27 31.77
AC 83.16 11.20 5.65 - - 16.85
AAC1 83.19 13.22 3.60 7.50 - 16.82
AAC2 70.72 16.00 5.78 - - 29.28
Table 6

Components and their relative proportions corresponding to N1s and O1s high-resolution spectra for carbons.

N1s high-resolution spectra (%)

O1s high-resolution spectra (%)

Carbon Pyrrolic-N -O-N; (Nitro-oxy) OH-groups Organic bonds Organic bonds Water adsorbed
(400-400.5 eV) (406-407 eV) (530.8-531.8 eV) (531.9-532.5 eV) (533.1-533.9 V) (534.3 eV)

ocC 100.00 - 9.80 48.13 42.07 -

OAC1 37.97 62.03 36.93 - 45.50 17.57

OAC2 65.33 34.67 22.51 34.67 42.82 -

AC 100.00 - 12.06 47.84 40.11 -

AAC1 100.00 - - 84.15 - 15.85

AAC2 72.96 27.04 69.34 - 30.66 -
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Fig. 5. Nitrogen adsorption—desorption isotherms at —196.15 °C for the carbons prepared from biomass precursors. (A)- Olive stone-based carbons (B)- Almond

shell-based carbons.

wider range of relative pressures. This change could be related to (i) an
increase in the pore diameter in the microporosity range and/or (ii) the
generation of narrow mesopores [51].

Analyzing the magnitude of the amount of nitrogen adsorbed by each
material (Fig. 5), an important increase was observed after carbon
activation, and especially using the higher carbon/KOH ratio. This
behavior is usually attributed to an increase in the specific surface area
that is caused by the activation [44] though this conclusion is subse-
quently confirmed by determining its value using BET equation.

As previously indicated, BET equation has been used to fit the
experimental data of nitrogen adsorption and then to determine the
specific surface area of each material. Table 8 includes the values
determined for the different parameters related to the porous structure
of the carbons. In relation to the specific surface area, a clear increase in
its value is observed with carbon activation obtaining the highest sur-
face area for a carbon/KOH ratio of 1:4 (w/w). The increase in surface
area produced by activation at a ratio of 1:2 (w/w) was very important
(411 % for olive stone and 569 % for almond shell), however, increasing
the ratio to 1:4 (w/w) did not significantly enhance the generation of
surface area (469 % for olive stone and 653 % for almond shell).

These data have been also used to determine other parameters that
allow to characterize the materials. The data included in Table 8 cor-
responding to the pore volume are in agreement with the previous dis-
cussion about the shape and classification of nitrogen isotherms. When
activation is used, the pore size increases losing microporous structure
(% of microporosity). Thus, the non-activated carbons reached a 90 % of
the volume generated by the microporosity. On the contrary, the acti-
vated carbons showed a decrease in microporosity until values close to
75 % by an increase in pore size, also in agreement with SEM images
(Figs. 1 and 2).

The analysis of carbons porous structure has been completed using
experimental data corresponding to carbon dioxide adsorption iso-
therms at 0 °C (Fig. 6). Manya et al. [52] have analyzed the information
obtained with this type of experiments and concluded that it allows to
evaluate the surface area generated by the pores with diameters lower
than 0.7 nm (ultramicropores). Serafin et al. [53] have concluded that
the presence of small pores in the range of ultramicroporosity can in-
crease the amount of CO5 adsorbed. The calculated data (Table 8) show
the high importance of this type of pores (ultramicropores) reaching
high surface areas. Activation, especially at high temperature, also
causes an increase in both surface area determined with CO, and

microporosity, increasing the accessibility of gas to the porous structure
of materials [54,55]. However, an increase in the carbon/KOH ratio
(from 1:2 to 1:4 w/w) used does not enhance the development of
ultramicropores. Specifically, for carbons produced from olive stones, an
important decrease in surface area for OACl1 was observed. This
behavior is explained as previously discussed considering that high KOH
dose produces modifications in pores increasing their size and then
decreasing the ultramicroporosity.

A more detailed analysis about the porosity of carbons has been
carried out based on pore size distribution (PSD), which is shown in
Fig. 7. Non-activated carbons produced from both precursors show a
PSD centred on ultramicropores range showing two different groups of
ultramicropores at 3.6 A and 5.4 A, approximately.

Considering the activated materials, almond shell-based carbons
show a clear influence of carbon/KOH ratio. Thus, an increase in this
ratio causes a decrease in low-size ultramicropores and an increase in
the pores with larger diameters. For carbon prepared with 1:2 ratio, an
increase in large-size ultramicropores and supramicropores is observed
while the use of 1:4 ratio enhances mesopores formation. This behavior
agrees with the values of microporosity degree included in Table 8.

In relation to the materials fabricated using olive stones as precursor,
the behavior shows that an increase in the amount of KOH causes an
enhancement in supramicropores and mesopores as almond shell car-
bons. However, a difference was found in the analysis of ultra-
micropores. For this size range, an increase in carbon/KOH ratio caused
an increase in the low-size ultramigropores (Dpo< 4.5 f\) and a decrease
in large-size ultramicropores (4.5 A < D, <7 A).

3.2. Pure components adsorption isotherms

The evaluation of the carbons prepared in relation to their use in gas
separation process for post-combustion streams was initially performed
using the experimental data of pure components adsorption isotherms.
The influence of pressure and temperature on the amount of CO5 and N,
adsorbed was determined. Fig. 6 shows the adsorption isotherms ob-
tained for pure CO, and N3 at 0 °C, 25 °C, and 50 °C using the different
carbons fabricated from almond shells and olive stones as precursors.

As it is observed in Fig. 6, the shape of the CO5 adsorption isotherms
is different for non-activated materials in comparison with the activated
ones, which could be indicative of the effect caused by the activation
procedure on CO5 adsorption. When pressure increases, the isotherms
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AAC2 at 0 °C, 25 °C, and 50 °C.

for non-activated carbons tend to reach a relatively constant value. On
the contrary, the behavior for CO, adsorption using activated carbons
shows a continuous increase in the adsorbed amount of this gas.
Furthermore, the carbon dioxide adsorption isotherm for AC carbon
(Fig. 6D) shows that the amounts of adsorbed carbon dioxide at pressure

lower than 0.15 bar are higher than expected in comparison to those for
the activated carbons (Fig. 6E and F), being almost of the same order for
OC carbon. However, this behavior is opposite at atmospheric pressure.
The activated carbon produced from olive stones with a carbon/KOH
ratio of 1:2 w/w (OAC2) demonstrates the highest CO5 adsorption
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Table 8
Textural characteristics of the carbons prepared from biomass precursors.
Carbon  Spgr” SRt Viotal Vimeso Vimicro microporosity
(m2 (m2 (cm3 (cm3 (cm3 (%)
g™h g™ gh gh g
oC 450.2 296.6 0.1836 0.0186 0.165 89.9
OAC2 2302.7 1013.0 1.0394 0.1634 0.876 84.3
OAC1 2561.3 814.5 1.2630 0.3144 0.949 75.1
AC 339.7 300.5 0.1720 0.0170 0.155 90.0
AAC2 2271.6 1016.7 1.1280 0.2440 0.884 78.4
AAC1 2556.7 1090.5 1.2770 0.3250 0.952 74.5

2 Determined at —196.15 °C with Na; P Determined at 0 °C with COy; ©

Determined at P/P, = 0.99.

capacity of 6.07, 3.82 and 2.44 mmol g~! at 0 °C, 25 °C and 50 °C,
respectively (Fig. 6C), which could be related to its higher microporosity
than that for other activated carbons. Table 9 shows CO, adsorption
capacity of activated carbons derived from biomass precursors at 1 bar
as reported in the literature. It is noticeable that the values obtained in
the present work are among the greatest for activated carbons fabricated
from biomass waste in the conditions studied. Moreover, CO»-activated
carbons fabricated from olive stones and almond shells [38] show less
CO4, adsorption capacity compared to KOH-activated carbons produced
in this study (Table 9).

Based on surface areas (see Table 8), this is not the expected behavior
because a large surface area tends to increase the possibilities of mole-
cules adsorption. In fact, when pressure increases, the importance of
surface area is observed and a clear enhancement in the amount of
adsorbed gas is reached. At low pressures, however, the behavior found,
especially for almond-shell carbon, can be explained based on the
characteristics of both carbons: (i) the absence of activation (therefore,
avoiding the use of higher temperatures and presence of KOH) allows to
maintain a higher amount of functional groups [63] that can interact
with CO, molecules enhancing their adsorption; and (ii) the presence of
pores with a lower diameter for non-activated carbon permits to stablish
a suitable environment for CO, adsorption [64]. In this way, at low
partial pressures (e.g. post-combustion streams) the non-activated car-
bons are competitive with activated ones avoiding the cost associated to
activation process (mainly the use of chemicals and high temperatures),
and, especially, the almond shell-based carbon with higher adsorption in
this range of pressures, since at high pressure (in the range studied) the
amount of adsorbed CO; for both non-activated carbons is similar. More
suitable surface chemistry could be produced in the almond shell-based
carbons, although the surface area and pore size are similar for both non-
activated carbons.

Analyzing the effect of the carbon/KOH ratio, Fig. 6 shows that the
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Table 9
CO,, adsorption capacity of activated carbons produced from biomass precursors
at 1 bar.

Precursor Activating BET surface CO, Reference
agent area (m? g 1) adsorption
capacity
(mmol g’l)
0°C 25
°C
Chestnut shell KOH 1255 523 3.57 [44]
Coffee grounds KOH 840 4.70  3.00 [56]
Palm fruit bunch KOH 2510 5.23 3.71 [57]
Jujun grass KOH 2957 - 2.80 [58]
Camellia japonica KOH 3537 - 2.80 [58]
Waste tobacco Methanol 1104 3.56 2.69 [59]
Enteromorpha KOH 418 2.39 1.40 [60]
prolifera
Poplar anthers KOH 3322 - 2.04 [61]
Mesua ferrea L. Calcination 184.1 - 2.63 [62]
seed cake
Pomegranate KOH 585 6.03 4.11 [53]
peels
Carrot peels KOH 1379 5.64 4.18 [53]
Fern leaves KOH 1593 4.52 4.12 [53]
Olive stone CO, 1113 - 3.00 [38]
Almond shell CO, 822 - 2.70 [38]
Olive stone KOH 2303 6.07 3.82 This work
Almond shell KOH 2272 5.87 3.51 This work

use of high ratio causes a decrease in CO5 adsorption though the surface
areas for AAC1 and OAC1 are the highest (Table 8). Activation with a 1:4
(w/w) ratio causes a higher increase in pore size and generates a more
homogeneous surface that does not enhance carbon dioxide adsorption,
as seen above.

In relation to activated carbons, both materials reached higher
values for CO, adsorption than non-activated ones over the entire
pressure range. In the case of olive stones activated carbons, these show
similar adsorption behavior at pressure lower than 0.3 bar. This trend is
different from the previously shown in Fig. 6E and F for carbons from
almond shells. This different behavior for olive stone-based activated
carbons was also observed in the values of the point of zero charge that
were higher for olive stones carbons (see Table 7) suggesting a more
basic surface that could enhance CO5 adsorption at low surface coverage
(low relative pressure range).

N adsorption isotherms present a different behavior compared to
those for COs. Thus, the amount of nitrogen adsorbed in the carbons
show a good correlation with the surface area, which is in agreement
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with a physical adsorption for this gas. The presence or absence of
functional groups in the carbon surface does not influence Ny adsorp-
tion. For the activated carbons, nitrogen adsorption shows the same
behavior as for carbon dioxide adsorption caused by a higher presence of
microporosity in the carbons activated with 1:2 ratio.

Comparing CO; and N isotherms using non-activated and activated
carbons from both precursors (Fig. 6), it can be observed that the
adsorption capacity of CO; is considerably higher than that of N». This
behavior is considered a mandatory characteristic of these materials to
be used for gas separation processes under post-combustion conditions.

Even though, as previously commented, the non-activated carbons
do not reach CO; adsorption values at low pressures like those obtained
for the activated carbons, the difference between the adsorbed amounts
of CO4 and Ny, is still high mainly at typical post-combustion CO3 partial
pressures, and for this reason it is important to consider these carbons
for further analysis.

The experimental equilibrium data for pure CO5 and N, were fitted to
the Langmuir, Freundlich, and Langmuir-Freundlich (Sips) models by
performing non-linear regression analysis, and the best-fitting model
was selected for each carbon. According to Fig. 6, the isotherm models of
Langmuir, Freundlich, and Sips were chosen to describe the adsorption
equilibrium between pure components and carbonized olive stones and
almond shells (OC and AC), activated olive stones and almond shells
carbons with a carbon/KOH ratio of 1:4 w/w (OAC1 and AAC1), and

Separation and Purification Technology 344 (2024) 127110

activated carbons with a carbon/KOH ratio of 1:2 w/w (OAC2 and
AAC2), respectively.

The corresponding fitting parameters, the coefficient of determina-
tion (RZ), and the mean relative absolute deviations (MRAD) for all the
carbons at 0 °C, 25 °C, and 50 °C are listed in Table 10. As can be seen
from Table 10, R? alone is not able to identify the best-fitting models as
roughly the same R? values were obtained with changing MRAD values.
Therefore, both R? and MRAD were used to analyze how well the data fit
the non-linear regression model. It is worth highlighting that this work is
reasonably more focused on fitting the adsorption equilibrium data
corresponding to CO; due to significantly higher amount of CO5
adsorbed in comparison with Nj. Table 10 indicates a suitable or good fit
for OAC1 (Freundlich equation), OAC2 (Sips equation), and AAC2 (Sips
equation) with a MRAD lower than 0.5 %, as well as for AAC1
(Freundlich equation) with a MRAD of approximately 1 % for CO; at 25
°C, and 50 °C. Moreover, a reasonable fit was observed for OC and AC
using the Langmuir isotherm model with a MRAD below 3.7 % for CO.

The parameters ns and ng of Freundlich and Sips models provide in-
formation about the heterogeneity of carbons surface [65]. Analyzing
the values obtained (Table 10), it is possible to observe that for CO,
adsorption these parameters take the highest values for OC and AC
carbons (1.62-2.50 and 1.71-2.70 for ns and 1.67-2.40 and 1.68-2.62
for ng, respectively). This fact is in agreement with previous results that
concluded a more heterogeneous surface for carbons without activation.

Table 10
Adsorption equilibrium parameters of isotherm models for CO, and N, on olive stone and almond shell carbons at 0 °C, 25 °C, and 50 °C.
Langmuir Freundlich Sips

Gas T m b R? MRAD k¢ ng R? MRAD  qn b ng R? MRAD
(°C)  (kmolkg™")  (bar™!) - - (kmol bar" kg™!) - - - (kmol kg™")  (bar ) - - -

oC

CO, 0 2.953 x 102 4.136 0.9950 3.54 2.500 x 102 2.50 0.9905 5.03 3.479 x 1072 0.0021 2.40 0.9917 4.77
25 2.535 x 1072 2.398 0.9970 2.78 1.870 x 1073 2.01 0.9950 3.80 4.354 x 1072 0.0019 2.00 0.9955 3.69
50 2.043 x 1072 1.441 0.9983 2.24 1.261 x 1072 1.62 0.9974 3.68 2.624 x 1072 0.0067 1.67 0.9963 4.67

Ny 0 7.667 x 1074 0.600 0.9996 0.72 2,989 x 104 1.25 0.9977 3.77 3.000 x 1072 0.0032 1.25 0.9979 3.77
25 2.292 x 1074 1.440 0.9947 3.86 1.400 x 1074 1.67 0.9768 10.78 1.975 x 1072 0.0009 1.43 0.9661 8.33
50 7.695 x 1075 3.262 0.9491 9.73 6.238 x 107° 2.17 0.9010 16.41 2.170 x 1072 0.0009 2.00 0.8995 15.17

OAC1

CO, 0 8.363 x 1072 1.376 0.9879 7.43 4.967 x 1072 1.70 0.9997 1.25 8.807 x 1072 0.0101 1.64 0.9995 1.61
25 5.086 x 1072 1.620 0.9889 5.90 3.254 x 1072 1.77 1.0000 0.23 7.011 x 1072 0.0052 1.73 0.9999 0.50
50 3.582 x 1072 1.441 0.9916 5.31 2.205 x 1072 1.64 1.0000 0.18 4.694 x 1072 0.0077 1.61 0.9999 0.50

Ny 0 2.745 x 1073 0.300 0.9999 0.60 6.394 x 1074 1.18 0.9994 2.92 3.400 x 1072 0.0097 1.17 0.9994 2.90
25 1.079 x 1073 0.470 0.9996 0.73 3.508 x 1074 1.25 0.9972 4.45 9.042 x 1072 0.0179 1.25 0.9977 4.76
50 2.860 x 1072 1.000 0.9975 2.54 1.487 x 1074 1.43 0.9862 7.56 2.840 x 1072 0.0006 1.43 0.9864 7.59

OAC2

CO, 0 1.063 x 1072 1.193 0.9941 6.08 5.925 x 1072 1.61 1.0000 0.39 7.401 x 1072 0.0240 1.53 1.0000 0.24
25 7.290 x 1072 1.029 0.9955 4.78 3.798 x 1072 1.52 1.0000 0.41 7.562 x 1072 0.0124 1.48 1.0000 0.05
50 5.834 x 1072 0.700 0.9969 4.60 2.435 x 1072 1.41 0.9999 0.51 4.313 x 1072 0.0216 1.36 1.0000 0.18

Ny 0 3.283 x 1072 0.300 0.9996 1.31 7.677 x 1074 1.16 0.9991 2.50 6.890 x 1072 0.0062 1.14 0.9988 2.30
25 2.106 x 102 0.300 0.9996 0.43 4.920 x 104 1.16 0.9994 2.80 5.000 x 1072 0.0053 1.14 0.9995 2.22
50 1.283 x 1073 0.300 0.9998 0.80 2.980 x 1074 1.19 0.9988 3.71 3.091 x 1072 0.0040 1.19 0.9988 3.83

AC

CO, 0 3.006 x 1072 4.800 0.9933 3.68 2.614 x 102 2.70 0.9905 4.57 5.642 x 1072 0.0004 2.62 0.9912 4.39
25 2.569 x 1072 2.747 0.9963 2.95 1.972 x 1072 2.12 0.9949 3.47 6.141 x 1072 0.0008 2.09 0.9954 3.31
50 2.206 x 1073 1.450 0.9980 2.98 1.346 x 1072 1.71 0.9971 3.54 5.373 x 1072 0.0021 1.68 0.9974 3.39

N 0 9.267 x 1074 0.600 1.0000 0.23 3.597 x 1074 1.25 0.9964 3.75 3.977 x 102 0.0028 1.25 0.9967 3.70
25 2.150 x 1074 2.000 0.9908 6.00 1.467 x 1074 2.00 0.9610 15.21 1.700 x 1072 0.0004 1.67 0.9675 10.51
50 6.800 x 10°° 5.000 0.8442 14.36 6.272 x 107° 2.00 0.6550 19.39 8.011 x 1072 0.00006 2.00 0.6554 19.28

AAC1

CO, 0 1.209 x 1072 0.626 0.9981 4.47 4.728 x 1072 1.35 0.9999 0.84 9.735 x 1072 0.0205 1.30 1.0000 0.34
25 8.992 x 1073 0.449 0.9989 3.34 2.816 x 102 1.27 0.9999 0.91 5.925 x 1072 0.0231 1.25 0.9999 0.90
50 6.970 x 1072 0.330 0.9993 2.85 1.742 x 1073 1.21 0.9999 0.98 3.684 x 1072 0.0265 1.20 0.9997 1.71

Ny 0 2.257 x 1072 0.350 1.0000 0.42 5.973 x 1074 1.16 0.9990 2.83 3.074 x 1072 0.0098 1.18 0.9992 3.29
25 8.833 x 1074 0.600 0.9996 1.37 3.447 x 1074 1.25 0.9965 4.43 8.893 x 1072 0.0179 1.25 0.9973 4.65
50 4,402 x 1074 0.820 0.9989 1.56 2.026 x 1074 1.43 0.9921 7.35 4.294 x 103 0.0184 1.33 0.9924 5.95

AAC2

CO, 0 1.107 x 1072 1.023 0.9953 5.81 5.722 x 1072 1.53 1.0000 0.38 9.640 x 1072 0.0169 1.47 1.0000 0.13
25 7.376 x 102 0.860 0.9967 4.42 3.492 x 1073 1.45 1.0000 0.50 1.031 x 107! 0.0084 1.42 1.0000 0.24
50 6.602 x 1072 0.490 0.9960 5.46 2.168 x 102 1.36 0.9999 0.64 4.946 x 1072 0.0170 1.32 1.0000 0.31

Ny 0 2.867 x 1072 0.300 0.9995 1.46 6.673 x 104 1.18 0.9988 2.94 9.003 x 1072 0.0031 1.18 0.9989 2.94
25 1.442 x 1073 0.400 0.9999 0.37 4.154 x 1074 1.25 0.9981 4.85 4.296 x 1072 0.0038 1.20 0.9984 3.70
50 8.500 x 10~* 0.400 0.9979 2.53 2.448 x 1074 1.25 0.9965 4.43 1.240 x 1072 0.0071 1.27 0.9970 4.92

11
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In addition, nf and ng values obtained for activated carbons vary between
1 and 2 (1.64-1.77, 1.41-1.61, 1.21-1.35 and 1.36-1.53 for nf and
1.61-1.73, 1.36-1.53, 1.20-1.30 and 1.32-1.47 for ng corresponding to
OAC1, OAC2, AAC1 and AAC2, respectively), demonstrating that the
CO,, adsorption is a physisorption and favourable. Also, the values of 1/
n¢ and 1/ng were all found to be lower than 1 at various temperatures,
offering a satisfactory adsorption intensity [65]. For Ny adsorption, the
values of nf and ng are similar, independently of the carbon used,
showing low influence of surface characteristics upon the adsorption of
this gas. Considering the Freundlich model, the values of k¢ for all car-
bons and both gases decreased with increasing temperature showing
again a physisorption behavior. The reduction of COz and N3 adsorption
capacities is contributed to favourability of endothermic desorption
process at high temperatures. In general, the maximum CO2 and Ny
adsorption capacities (qn) determined by the Langmuir equation
decreased with increasing temperature, which confirms the exothermic
nature of the adsorption process as reported in literature [65-68]. With
respect to the parameter b for CO; adsorption, in general, higher values
were found at 0 °C indicating that at this temperature the gas molecules
are more attracted to the carbon’s surface, in accordance to the higher
adsorption capacities at this temperature [69].

3.3. CO2/N; selectivity

Several studies [50,70] have estimated the selectivity reached in a
gas separation operation using pure compounds adsorption data as
shown in Fig. 6. Selectivity is considered a very important parameter in
separation operations that allows to reach at least one stream with a
high purity. A typical composition of a post-combustion stream gener-
ally shows a low CO5 concentration, and it can be considered 14 % CO5
and 86 % Nj [38]. Then, the partial pressure of each gas can be calcu-
lated, and the amount of each gas adsorbed in the solid can be estimated.
These values were used to calculate the apparent selectivity of each
material to remove CO2 by using Eq. (11) and the results obtained are
listed in Table 11.

1o, /Pco,

Sco, /v, = an

nNZ/PNz

where n and P refer to the number of moles and partial pressure of
carbon dioxide and nitrogen in the CO5/N; stream, respectively.

These selectivity values are suitable for gas separation but this pro-
cedure for selectivity determination using pure component adsorption
data must be considered as a conservative estimation [38] because the
presence of both gases in contact with the solid tends to increase
selectivity due to the competitive behavior for adsorption sites. Thus,
the adsorbed CO3/Nj; ratio is expected to increase due to the higher
affinity of CO, for the adsorbent surface.

Moreover, based on apparent selectivity data, the porous structure
characteristics are also important for the separation of these gases. A
clear increase in selectivity is observed for almond shell-based carbons
with the higher percentage of microporosity. For olive stone-based
carbons, a different behavior is observed mainly for the activated car-
bon with a carbon/KOH ratio of 1:4 w/w with an enhancement in CO5
separation in comparison with the almond shell carbon prepared with

Table 11
Selectivity values for CO2/N; at 25 °C for a typical post-combustion stream (14
% CO and 86 % Ny).

Waste Material Apparent selectivity
Olive stones ocC 33.1

OAC2 14.6

OAC1 21.1
Almond Shells AC 33.2

AAC2 14.5

AAC1 11.7
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the same procedure. This enhancement is in agreement with the higher
CO; adsorption found at low pressure (as the CO, partial pressure in
post-combustion stream) for this material (Fig. 6).

The analysis of the selectivity of the carbons prepared to be used in
CO9/N, separation operations by gas-solid adsorption has been
completed by using the ideal adsorption solution theory (IAST) that is
commonly used for this type of evaluation and considered useful for
pressure swing adsorption operation design [71,72]. The use of this
theory involves several assumptions [73,74] but it allows to estimate
separation selectivity considering the influence of the presence of other
gases upon the adsorption capacity of each component. This type of
calculation has been carried out using the software package GraphIAST
[75].

Fig. 8 shows the estimated values of gas selectivity using IAST. These
data allow to confirm that olive stone activated carbon with a carbon/
KOH ratio of 1:4 w/w (OAC1) shows the highest value for CO; selec-
tivity and is influenced by binary feed stream on account of its high CO,
adsorption capacity. The most important difference of this carbon in
relation with the others is the large amount of oxygen (see Tables 3 and
4) after activation that could generate an important presence of oxygen-
containing functional groups such as carboxylic and hydroxyl groups
that enhances CO; adsorption [76]. Non-activated carbons also indicate
high CO, selectivity which is in agreement to the values obtained for
apparent selectivity (Table 11) corresponding to these materials. The
activated carbons for both raw materials with a carbon/KOH ratio of 1:2
w/w (AAC2 and OAC2) show a similar behaviour with relatively low
selectivity values. On the other hand, the activated carbon fabricated
from almond shells with a carbon/KOH ratio of 1:4 w/w (AAC1) shows
the lowest value for IAST selectivity like that included in Table 11. These
data confirm that the type of precursor employed to fabricate the carbon
can generate important differences that are explained based on the
different shape of CO, adsorption isotherms previously analyzed (see
Fig. 6).

Taking into account the conclusions achieved in previous studies
[52,53] about the great importance of low-size pores in the adsorption of
specific gases such as carbon dioxide, an analysis of PSD influence upon
CO4, selectivity has been carried out. The overall analysis of these data
allows to point out the important role of low-size ultramicropores (Dp <
4.5 A) upon CO; selectivity in adsorption of CO2/N gaseous streams.
This type of influence can be observed in Fig. S4 showing an increase in
CO; selectivity with the amount of volume generated by low-size
ultramicropores.

10000
oC —AC
——O0ACI1 AACI
—0AC2 AAC2
1000 A
ey
Z
E
$ 100 A
Z
S ‘/_//
O
10 A
1 T T T
0 200 400 600 800

Pressure (mmHg)

Fig. 8. IAST selectivity estimation for a post-combustion stream (14% CO, and
86% Ny) using the materials developed in the present work.
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3.4. Effect of temperature - heat of adsorption

As seen from Fig. 6, the influence of temperature on CO, and Ny
adsorption is similar for all the carbons fabricated, showing a decrease in
the amount of gas adsorbed with increasing temperature, which is in
agreement with the presence of weak interactions between gases and
carbon surface [77] that would allow to reach a suitable carbon
regeneration, that is an important part of the overall separation opera-
tion. In all cases, the amount of CO5 adsorbed at each pressure is much
higher than for N5 that allows to use these materials for the separation of
these gases at different temperatures and avoiding the necessity of a
strict temperature conditioning step. Anyway, a lower temperature al-
lows to enhance carbon dioxide adsorption, which confirms that this
variable must be analyzed to perform a suitable gas separation by
adsorption.

The experimental data for CO; and Ng adsorption isotherms at
different temperatures have been used to determine the isosteric heat of
adsorption involved on the mass transfer process, which is one of the
most crucial factors in designing and developing a gas separation pro-
cess by adsorption. Heat of adsorption has been computed for the car-
bons with the better CO; selectivity values and this parameter was
calculated at different amounts of adsorbed gas (see Fig. 9) based on the
Clausius-Clapeyron equation (Eq. (12)).

_ 7Qxl 1
nP = (T) T +C 12)

where Q is the isosteric heat of adsorption (kJ mol 1) which is calcu-
lated from the slope of the plot of InP versus 1/T, R is the universal gas
constant (8.314 J mol K’l), T is the temperature (K), P refers to the
pressure of the gas, and C is a constant which can be determined from
the intercept value.

In general, Fig. 9 shows that CO2 adsorption involves higher heat of
adsorption values than Ny adsorption. This behavior agrees with pre-
vious studies [78] that conclude a higher affinity of carbons for COy
involving stronger interactions. Though larger values of heat of
adsorption were obtained for carbon dioxide adsorption compared to
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nitrogen, in general, these values are low for all carbons and both gases
that are compatible with a physical adsorption process, which is also in
agreement with previous conclusions reached in the adsorption iso-
therms, and a suitable behavior for its use for gas separation.

Analyzing the heat of adsorption associated with COs, it is observed
that the non-activated carbons showed higher values (between 25 and
30 kJ mol 1) than the activated ones (between 20 and 25 kJ mol~1). This
behavior can be explained by the reduction in functional groups in
carbon surface during the activation process which leads to a decrease in
the interaction’s intensity between adsorbate and adsorbent.

In addition, a higher amount of adsorbed CO, tends to produce a
slight decrease in the value of heat of adsorption. This behavior is
related to the higher affinity of CO, for the small size pores where in-
teractions are enhanced [79].

In relation to the heat of adsorption of Ny, a slight influence of the
type of carbon and gas adsorption was observed due to the presence of
low intensity interactions between the gas and carbon surface. The effect
of gas adsorption upon heat of adsorption for Ny shows the opposite
behaviour to that previously indicated for CO, since heat of adsorption
slightly increases with increasing the adsorbed amount, which can be
explained by the preferential interactions with the molecules previously
adsorbed on the carbon surface [80].

3.5. CO2 mass transfer coefficient

The mass transfer coefficient together with the adsorption isotherms
are the main factors for the simulation of CO; capture. After fitting the
experimental data corresponding to the CO, adsorption kinetics using
the linear and quadratic driving force models and performing the non-
linear regression analysis as shown in Figs. S5 (A-D) and S6 (A-D), the
quadratic model for all the carbons was found to be more slightly
appropriate according to the higher R? and lower MRAD values shown in
Table S2 and, therefore, this model was used for the simulation of binary
dynamic breakthrough experiments. The CO5 mass transfer coefficients
determined using the quadratic model for the carbons selected based on
selectivity was obtained as 0.0040, 0.0062, 0.0034, and 0.0062 s !at

N, uptake (mmolg!)
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Fig. 9. Effect of gas adsorption values
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25 °C and 0.0080, 0.0100, 0.0046, and 0.0092 s~! at 50 °C for AC, OC,
AAC2, and OAC1, respectively, as shown in Tables 12 and S2 together
with the amount adsorbed of CO, at equilibrium (0.0016, 0.0015,
0.0028, and 0.0022 kmol kg ! at 25 °C and 0.0010, 0.0010, 0.0017, and
0.0014 kmol kg_1 at 50 °C for AC, OC, AAC2, and OAC]1, respectively) as
fitting parameters (Table S2). A higher mass transfer coefficient in-
dicates faster adsorption rate between the CO, and carbon to reach
equilibrium. These values are significantly low in comparison with the
mass transfer coefficients determined using linear driving force model
for physically activated carbons fabricated from olive stones and almond
shells [38], which could be desirable for the fast-swing processes. In
addition, the values obtained in the present work are agreement with the
average value calculated by Jribi et al. [81] using activated carbon.

The best fitting results obtained for the quadratic model agree with
previous studies [82] that confirmed the suitability of this model for
materials with large microporosity for which the diffusion inside the
sorbent is considered the controlling stage. The behaviour observed for
the linear driving force model (Fig. S5) suggest that this model over-
estimates the adsorption data at short times and underestimates them at
large times [83].

In general, the mass transfer coefficients for activated carbons from
both precursors do not increase with activation because microporosity
increases (see Table 8) and gas diffusion in the porous structure de-
creases in the presence of micropores. Olive stone-based carbons (with
and without activation) reached higher values for mass transfer coeffi-
cient due to their lower microporosity.

3.6. Binary dynamic breakthrough simulations

Dynamic breakthrough simulations for the separation of a mixture of
14 % CO- and 86 % Ny were performed in a fixed-bed column using the
carbons with the higher CO5/Nj selectivity (see section 3.3) over a range
of temperatures and feed flow rates to evaluate the performance of the
carbons on the adsorption capacity of CO2 and achieve a high level of
purity and recovery for both gases. The breakthrough time was
considered at which the CO, concentration in the outlet stream is 0.1 %
molar and nitrogen is recovered with a high purity of 99.9 %. The main
characteristics of the adsorption column, adsorbents and operational
conditions used for the simulation of binary dynamic adsorption ex-
periments are given in Table 12.

Bed and particle porosities (@, and @p) and densities (p, and pp)
were calculated using Egs. (13-16), respectively.

_ Vi — (Vo + Vs)

v, 13

Dy

Table 12
Characteristics of adsorption column, adsorbents and operational conditions for
binary breakthrough simulations.

Characteristic ocC AC OAC1 AAC2

Bed porosity (%) 57.7 57.5 67.9 49.7

Particle porosity (%) 23.1 22.5 76.9 77.4

Bed density (kg m~>) 532 555 195 345

Solid density (kg m~%) 1636 1686 2643 3045

Particle density (kg m~%) 1258 1307 609 687

Mass of the adsorbent (g) 18.8 19.6 6.9 12.2

CO, mass transfer coefficient at  0.0062 0.0040 0.0062 0.0034
25°C (s

CO, mass transfer coefficient at 0.0100 0.0080 0.0092 0.0046
50°C (s

Isotherm model (-) Langmuir  Langmuir  Freundlich  Sips

Operational conditions

Adsorption pressure (bar) 1.013

Adsorption temperature (°C) 25 and 50

60, 120, 180 and 240
0.14 for CO, and 0.86 for Ny

Feed flow rate (sccm)
Feed stream composition
(molar fraction)
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Vp

= 14

Dp V1 Vs) a4

mp

_ 15

P Vs (15)
mp

_ 16

Pr (Ve + V) (16

where V7 is the total volume of the column (rn3), mp is the mass of
carbon particles packed in the column (kg), and Vp and Vs refer to the
pore and solid volumes of the particles (m®), respectively.

In real experiments, a primary stage of degasification is done on the
adsorbents packed in the column before running dynamic breakthrough
experiments to remove any oxygen and humidity. Therefore, it was
assumed that the adsorption column is full of helium at initial
conditions.

Fig. 10 shows the influence of the feed flow rate on the CO2/Ny
breakthrough curve of the adsorbents at 25 °C and 1.013 bar. As can be
seen, nitrogen reaches the outlet of the column immediately owing to its
very slow diffusion rate into the pores whereas the breakthrough time
for CO9 is much higher which is related to its greater adsorption capacity
and selectivity on the carbons fabricated compared to N». This difference
in the adsorption capacity and selectivity of gases in a binary dynamic
system agrees with the experimental data obtained from the pure
component adsorption isotherms previously discussed. A reduction in
the feed flow rate from 240 to 60 sccm led to increase the CO5 break-
through time from 95 to 1045 s for OC, 2990 to 13360 s for OAC1, 50 to
800 s for AC and 1790 to 9890 s for AAC2. This is because it takes much
longer time to saturate the adsorption column using a low feed flow rate
which can improve mass transfer between CO, and the adsorbents. In
addition, based on the shape of breakthrough curves, it is possible to
observe that low flow rates show a clear increase in the length of the
adsorption zone.

After reaching the breakthrough time, an additional time is needed
to reach the bed saturation. But, it is preferred to end the experiments at
the breakthrough time to obtain a high purity for Ny in the outlet,
although a little more CO; could be adsorbed on the adsorbents between
the breakthrough and saturation times. At the breakthrough time, the
CO4 adsorption efficiency was obtained as 99.8 % and 99.2 % for acti-
vated carbons and non-activated ones, respectively. The activated car-
bon fabricated from olive stones using a carbon/KOH of 1:4 w/w
(OAC1) was found to have a greater Ny recovery factor (96.8 %) fol-
lowed by AAC2 (92.7 %), OC (87.4 %) and AC (85.9 %). Moreover,
binary dynamic simulations demonstrated that OAC1 can adsorb CO,
with the highest purity (84.3 %) compared to 69.8 %, 59.1 %, 56.0 % for
AAC2, OC and AC, respectively. This can confirm the high selectivity of
OAC1 in a multicomponent system which is in agreement with the
selectivity data obtained using IAST as discussed above. In the case of
OC and AC, despite the high selectivity of CO5 obtained using the pure
component equilibrium adsorption data, these non-activated carbons
are affected by binary feed stream due to their low CO, adsorption ca-
pacity (0.33 mmol g ! for OC and 0.32 mmol g~! for AC) which resulted
in a reduction in the CO4 purity in comparison with the activated ones.
The CO, and N3 adsorption capacities for OAC1 were determined to be
1.05 and 0.15 mmol g}, respectively, which indicates a high selectivity
and purity of CO5. On the other hand, the adsorption capacities of CO5
and Ny for AAC2 were 0.86 and 0.25 mmol g~!. The higher selectivity of
OAC1 compared to AAC2 is related to its greater pore volume and sur-
face area (see Table 8).

Breakthrough curves for CO2 and N3 were also obtained at 50 °C,
which could be a feasible temperature for a flue gas stream in desul-
furization units, to evaluate the effect of temperature on the CO;
adsorption capacity and selectivity as can be seen in Fig. 11. An increase
in temperature led to a decrease in the breakthrough time of CO,. This is
because adsorption is an exothermic process and then, the CO
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Fig. 10. CO,/N, breakthrough curve of the carbons at various feed flow rates: (A)- OC, (B)- OACI, (C)- AC and (D)- AAC2. (T = 25 °Q).

adsorption capacity is reduced when temperature is increased. As ex-
pected, OAC1 was found to have the highest breakthrough time (8640 s)
and CO, adsorption capacity (0.67 mmol g~1). This carbon showed
better results than those found for a physically activated carbon based
on olive stones [38]. For the other materials analyzed, breakthrough
time and CO, adsorption capacity were 4540 s and 0.48 mmol g~* for
AAC2, 50 s and 0.10 mmol g~ ! for OC and 40 s and 0.08 mmol g~ for
AC. The results obtained also revealed that for activated carbons the CO4
purity at the breakthrough time (81.3 % for OAC1 and 64.6 % for AAC2)
is not significantly influenced by the rise in the temperature from 25 to
50 °C whereas its impact for non-activated ones was considerably high
(40.5 % for OC and 35.0 % for AC). The nitrogen recovery factor of
OAC1 was obtained as 96.7 % which was the greatest compared to the
other carbons at 50 °C (90.6, 70.7 and 62.9 % for AAC2, OC and AC,
respectively).

In summary, the chemically activated carbon fabricated from olive
stones as a cheap biomass waste using potassium hydroxide with a
carbon/KOH ratio of 1:4 (w/w) was found to be an efficient adsorbent to
separate CO; from Ny under post-combustion conditions possessing the
higher CO, adsorption capacity, CO2/N; selectivity, CO2 purity and Ny
recovery factor in comparison to the other carbons fabricated in the
present work.

4. Conclusions

The carbons fabricated from olive stones and almond shells as
biomass precursors with a low cost and high availability are able to
capture CO, from N, at atmospheric pressure from post-combustion
streams. Although the activation process using KOH resulted in
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modifications in the surface and small-size pores of the activated car-
bons, they could maintain a significant amount of pores in the micro-
porosity range. The equilibrium adsorption isotherms of pure CO; and
Nj revealed that the CO, adsorption capacity is significantly higher than
that of Nj. Furthermore, an increase in temperature from 0 to 50 °C led
to a reduction in the adsorption capacity of CO; for the carbons due to
the exothermic character of the adsorption process.

The non-activated carbons were found to have a higher COy/Ny
apparent selectivity obtained from pure components equilibrium data
than to the activated ones. The highest selectivity was obtained for AC
followed by OC, OAC1 and AAC2. However, the results obtained from
IAST selectivity calculations and dynamic breakthrough simulations at
25 °C demonstrated that non-activated carbons selectivity is remarkably
influenced by a binary stream fed to the column on account of their
significantly lower CO2 adsorption capacity in comparison with the
activated ones. Moreover, the highest CO2/Nj selectivity in the binary
system was obtained for OAC1 which was in agreement with the
selectivity data obtained from IAST that could be enhanced by the high
presence of low-size ultramicropores and oxygen-containing surface
functional groups. Reducing the feed flow rate from 240 to 60 sccm
resulted in an increase in the amount of CO, breakthrough time for the
adsorbents due to the longer time required for saturation of the
adsorption column applying a lower feed flow rate which can enhance
the mass transfer between CO- and the carbons. OAC1 was found to have
a higher CO;, breakthrough time compared to the other carbons. An
increase in the adsorption temperature from 25 to 50 °C led to a
reduction in the CO, breakthrough time and adsorption capacity in the
dynamic multicomponent system which was in agreement with the
equilibrium data obtained for pure components. OAC1 could be
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considered as the most promising adsorbent with the highest CO,
adsorption capacity and selectivity to separate CO2 (14 %) and N, (86
%) from a flue gas stream at 25 and 50 °C (a typical temperature for
desulfurization units) under post-combustion conditions. In addition to
these positive characteristics, this carbon shows the lowest heat of
adsorption that can improve the desorption stage necessary to imple-
ment the adsorption process at industrial scale.
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