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ARTICLE INFO ABSTRACT

Keywords: Biomass-derived activated carbon (AC) is considered auspicious for alleviating various environmental pollutants.

CO? C'aPt.ure We reported the usage of a developed biomass-based AC as a potential adsorbent for CO, uptake applications to

FDIUIdIZat(‘j"n overcome global warming. In this paper, AC was successfully synthesized from a highly-used fruit in the middle
ate seeds

east, date seeds, and chemically activated by KOH to boost CO2 uptake activity. The fluidization behavior was
tested and improved through a dry-mixing route with fluidizable nanopowder. To assess the impact of utilizing
the chemical activator and easily-fluidizable compound, CO. capture efficiency and fluidity of the raw and
promoted adsorbent were evaluated and compared with commercial and other date-derived ACs. The original
and modified ACs were characterized via SEM, EDS, BET, FTIR, and TG analysis; the KOH-promoted AC
possessed a more fluffy-like configuration and a higher surface area of about 595.94 m2/g. Based on the TG
analyses, 94% and 67% higher average CO capture capacity was recorded for KOH-promoted ACs compared to
the original and commercial adsorbents. The KOH-promoted ACs and SiOz-covered counterparts fluidization’s
performance was assessed under 15 vol% CO; balanced with N5 gas. Fluidization experiments proved the pos-
itive effect of employing hydrophobic silica nanoparticles (NPs) to develop the fluidity of the synthesized acti-
vated carbon. After mixing with 2.5 wt% SiO NPs, the SiO,-decorated modified ACs presented a 45% higher bed
expansion ratio associated with a homogeneous and bubbleless fluidized regime.

Activated carbon
Biomass
Silica nanoparticles

1. Introduction

Our world has impetuously suffered from distasteful environmental
crises, mainly the shortage of drinkable water and particularly global
warming [1,2]. CO, gas as the most substantial anthropogenic green-
house gas leads to severe increases in global warming and climate
changes worldwide [3,4]. Hence, carbon capture for utilization and
storage (CCUS) technologies have been recognized as the most prom-
ising key to tackling the detrimental effects of released CO2 [5,6].
Currently, three principal COy capture technologies, pre-combustion,
oxy-fuel combustion, and post-combustion methods are widely exploi-
ted in several fields [7,8]. Among post-combustion capture COy tech-
nologies, including absorption [9], membrane separation [10,11],
calcium looping technology [12], cryogenic fractionation [13], ionic
liquid [14], and adsorption [15], solid-state adsorbents have grabbed
focus due to the ability to be retrofitted for short to medium term
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without encountering any significant technology risks or changes
[1,16,17]. There are numerous types of solid adsorbents, namely zeo-
lites [18], porous crystalline frameworks [19], fluffy-like polymers [20],
metal oxides [21,22], and carbon-based adsorbents [23]. Among the
mentioned solid adsorbents, environmentalists have put the focus on
low-cost activated carbon adsorbents due to their favorable features:
widely accessible, easily-preparation, reversibility in cycles at low
adsorption and desorption temperatures, hydrophobicity, promising
porosity, chemical resistivity to alkaline and acidic conditions, and
thermal and mechanical stability [24,25]. Nanostructured activated
carbons are usually prepared from the pyrolysis of carbonaceous mate-
rials in an Op-free atmosphere that leads to the removal of their volatile
compounds. It is worth noting that today, carbon-based nanoparticles
have many applications in industry and the environment, such as
improving transmission phenomena in power plants [26-28]. The
textural properties of the chosen carbon precursor, typically coal, peat,
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lignite, wood, wheat straw, rice husk, date seeds, waste bamboo, or fruit
bunch [29,30], the synthesis approach, activation method, and the type
of activating agent play a vital role in the capture performance of the
prepared activated carbon.

Physical and chemical activation methods have been employed as
two main approaches to boost the surface area, multi-channel pores, and
adsorption efficiency. [31,32]. It has been declared that chemical acti-
vation is preferable to physical activation due to several benefits,
including providing a suitable texture for the final product, less activa-
tion time, and higher yield [33]. During the chemical activation process,
starting materials are impregnated with a dehydrating agent such as
potassium hydroxide (KOH), sodium hydroxide (NaOH), phosphoric
acid (H3POy), sulfuric acid (H2SO4), and zinc chloride (ZnCl,) followed
by pyrolysis and activation stages to form the final product [31,32]. In
an interesting research, the activated carbon derived from bee-collected
pollens was chemically activated with KOH through the wet impreg-
nation technique, using a KOH/pollen mass ratio of 3:1. The novel
adsorbent showed a remarkable CO, sorption capacity of 3.42 mmol
CO,/g adsorbent at 298 K and 1 bar [34]. Serafin et al. [35] prepared the
activated carbon from Lumpy Bracket by KOH-activation to enhance its
sorption activity. The chemical KOH activation on the corresponding
activated carbon resulted in the high CO, uptake potentials of 4.62 and
7.15 mmol COy/g adsorbent under 1 bar and at 298 and 273 K,
respectively.

Phoenix dactylifera, commonly known as date palm, is a flowering
plant cultivated in arid and semi-arid regions such as northern Africa,
the Middle East, and South Asia. Date palm is cultivated for its edible
sweet fruit called dates, while the seeds are discarded as agricultural
wastes. Recently, palm date seeds have been utilized for making healthy
drinks and fabricating beneficial products like activated carbon [36,37].
Ogungbenro et al. [31] synthesized date-seed-obtained ACs via CO,
activation and pyrolysis. With the sample being pyrolyzed at 800 °C and
activated at 900 °C, its CO2 capture capacity increased by 32% at
ambient temperature. Another investigation conducted by Ogungbenro
et al. [32] screened the effect of HySO4-activation on the adsorption
capability of activated carbons synthesized from palm date seeds via the
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impregnation method by considering diverse activation temperatures
(600, 700, 800, and 900 °C) and impregnation ratios of 0.5:1, 1:1, and
2:1. Among the samples, the adsorbents developed at the activation
temperature of 700 and impregnation ratio of 1:1 presented the highest
CO4, capture capacity of 78.71 mg CO,/ g adsorbent at 20 °C. To confirm
the superior activity of date seeds to prepare ACs, Mumtaz et al. [38]
synthesized activated carbons utilizing five different waste biomass
materials using chemical activation. They demonstrated that the acti-
vated carbon from date seeds showed a superior capture capacity of
~5.8 mmol/g at 0 °C. The summary of conducted investigations on
developing chemically activated carbons from biomass materials for a
low-temperature CO; capture process is included in Table 1.

The appropriate fluidity of the fine particles plays a crucial role in the
industrialization of the CO4 capture process, commonly performed in
fluidized bed reactors [39]. Activated carbon powders that belong to the
Geldart C classification have a very cohesive nature showing inappro-
priate fluidization behavior [40]. Strong interactions between activated
carbon fine particles lead to the formation of numerous compact ag-
glomerates, usually stable and nondisruptive to gas flow [45]. The
heterogeneous fluidization behavior of fine powder particles, arising
from interparticle adhesion forces, causes the appearance of permanent
gas channels and slugs, leading to the non-uniform flow gas distribution
through the bed, inefficient particles-gas contact, and reduced CO;
capture efficiency [41,42]. Thus, homogeneous fluidity is required to
hinder bubble-forming across the bed and boost the gas-solid contact
efficiency [43,44]. Based on the findings, among all improvement
methods, the physical mixing of easily-fluidizable particles with hard-to-
fluidized fine particles resulted in more improvement in the fluidization
quality. Valverde et al. [45] evaluated the effect of merging easy-
fluidizable SiO2 nanoparticles (NPs) with hard-to-fluidize Ca(OH), fine
particles on their fluidization quality and COy capture activity. The
considered modification method served to significantly reduce the
interparticle cohesion forces between Ca(OH); nanoparticles leading to
the homogeneous fluidization behavior and boosting the CO, capture
capacity of Ca(OH); in fluidized bed reactors. Amjadi et al. [46] added
Aerosil R972 nanoparticles onto the surface of Ca(OH), particles to

Table 1
Summary of the performance of chemically activated carbon adsorbents applied in the CO, capture process in recent literature.
Raw material Activation SBET Vr Adsorption conditions Sorption Ref
2 3 .
(source) Time T Chemical Washing Activator/ (m™/g) (em™/ T Pcoa(bar) CO, capacity
(h) ©QC) activator agent precursor (wt%) 8 °Q) vol% (mmol/g)
Talsi];ji[(’f“ﬁc ome 9 Jan 600  KOH ;Ifli/OH 1.5:1 1317 0.64 25 1 100 5.39 [471
Starch 0.17 700 KOH HCl/H,0 04:01 1636 0.51 25 1 100 3.84 [48]
Pomegranate peels 1 700 KOH HCIl/H,0 01:01 585 0.28 25 1 100 4.11 [49]
Piptoporus 1 700  KOH HCI/H,0  01:01 1267 0.45 25 1 100 3.53 [49]
betulinus

Tr(a;l)esz;'ersmlor 1 700  KOH HCI/H,0 01:01 1346 0.57 25 1 100 3.29 [49]
Mistletoe branches 1 700 KOH HCI/H,0 01:01 1111 0.55 25 1 100 2.54 [49]
Carrot peels 1 700 KOH HCl/H,0 01:01 1379 0.58 25 1 100 4.18 [49]
Kiwi fruit peels 1 700 KOH HCI/H,0 01:01 1381 0.62 25 1 100 2.8 [49]
Fern leaves 1 700 KOH HCI/H,0 01:01 1593 0.74 25 1 100 4.12 [49]
Sugar, beet pulp 1 700 KOH HCl/H,0 01:01 1263 0.62 25 1 100 2.88 [49]
Glucose 1.5 800 KOH HCIl/H,0 01:01 862 0.44 25 1 100 4.3 [50]
Rice husk char 1 900 CO, H,0 - 1097 0.83 25 1.013 100 3.1 [51]
Starch 1 700 KOH HCl/H,0 03:01 1283 0.686 25 1 100 4.24 [52]
Tea seed shell 2 700 KOH HCI/H,0 04:01 1503.2 0.64 25 1 100 3.15 [53]
Black locust 1.5 830 KOH HCl/H0 06:01 2064 0.98 25 1 100 3.75 [54]
Sugarcane bagasse 0.5-1 600 KOH HCl/H,0 02:01 1113 0.508 25 1 100 4.8 [55]
Bamboo 1.5 600 KOH HCl/H,0 03:01 - - 25 1 100 4.5 [56]
Agaricus (fungus) 1 700 KOH - 01:01 1600 0.72 25 1 100 3.5 [57]
Potato starch 1 700 KOH HCI/H,0 04:01 2190 1.01 25 1.013 100 3.5 [58]
Cellulose 1 700 KOH HCl/H,0 04:01 2370 1.08 25 1.013 100 3.5 [58]
Eucalyptus sawdust 1 650 KOH HCl/H,0 02:01 1380 0.67 25 1.013 100 4.7 [58]
Empty fruit bunch 0.5 800 KOH HCI/H,0 05:01 2510 1.05 25 1 100 3.71 [59]
Jujun grass 1 700 KOH HCl/H,0 04:01 3144 1.56 25 1 100 4.1 [60]
Camellia japonica 1 700 KOH HCl/H,0 02:01 1150 0.56 25 1 100 5 [60]
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enhance their fluidizability, and scrutinized the effect of three param-
eters, Ca(OH), powder sieved size, silica NPs sieved size, and SiO5
weight percentage, on the fluidization quality. They indicated that the
sieve size of the CaO-based adsorbents does not have an appreciable
impact on the bed expansion ratio in contrast to silica NPs sieved size
and SiO, weight percentage.

Due to the comprehensively reviewed investigations, most research
activities demonstrated the high CO, sorption capability of biomass-
derived ACs and announced the positive effect of KOH activation on
their sorption activity. To the best of our knowledge, no consideration
has been paid to developing easily-fluidizable ACs derived from date
seeds for the CO; capture process. On the other hand, the fluidization
quality of ACs is the most determinant parameter for the industrializa-
tion of CO; adsorbents in fluidized beds, but it is not well understood as
yet. This investigation addresses, for the first time, the flowability of the
most efficient KOH-activated AC. It was evaluated in a purposely
designed lab-scale fluidized bed system and enhanced with easily flu-
idizable SiO, NPs as innovative additives.

The carbon-based adsorbent was prepared through pyrolysis of cost-
effective and widely available date seeds. Then, the abovementioned
adsorbent was chemically activated by the KOH solution. In addition to
multicyclic CO, uptake performance during different cycles, the impact
of adsorption temperature and CO, concentration of inlet gas on the
ultimate uptake potential of the adsorbents was assessed thoroughly.
The synthesized AC was mixed with 2.5 wt% SiO, and its fluidization
and adsorptive behavior were evaluated in the lab-scale fluidized-bed
system. It is worth noting that the CO, capture performance of fluid-
izable ACs has not been previously studied in the literature. As a novel
finding, highly efficient and fluidizable SiO2-merged ACs derived from
date seeds were developed.

2. Experimental
2.1. Materials

Local date seeds were utilized as the starting material for the fabri-
cation of the activated carbon adsorbents. Commercial activated carbon
(CAC) was also purchased (from Arman Sina, Iran) to compare with the
activated carbon synthesized in this work. Potassium hydroxide (KOH
from Merck, Germany) was purchased as the chemical activating re-
agent. Distilled water (H20 from Arman Sina, Iran) and hydrochloric
acid (HCl from Arman Sina, Iran) were utilized for washing the com-
pounds and solubilization within synthetic processes. Hydrophobic
nanostructured amorphous fumed silica (Aerosil® R972 from Evonik,
Germany), which possesses a BET surface area of 110 + 20 m?/g, pri-
mary particle size of 16 nm, and particle density of 1200 kg/m?, was
employed as an auxiliary substance with the aim of enhancing the flu-
idizability of the synthesized activated carbon.

2.2. Preparation

Characteristics of the commercial and synthesized activated carbons
are presented in Table 2. Chemical activation reagent was added to the
carbon-based adsorbents with a 1:1 weight ratio. The obtained ACs from
the pyrolysis of date seeds, chemically modified ACs with KOH, and
physically modified KOH-promoted ACs with 2.5 wt% SiO2 NPs were

Table 2
Speciation of prepared carbon-based adsorbents.
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denoted as D, Dgoy, and Sz sDgon, respectively.

2.2.1. Preparation of activated carbon from waste biomass materials

Firstly, date seeds were washed with distilled water to remove the
excess elements. Secondly, these seeds were dried in an oven at 600 °C
for 2 h. Dried seeds were crushed and sieved to obtain particles with the
size in the range of 1-3 mm. A 3 mol/L solution of KOH was employed
separately in the impregnation of the proper amount of obtained sieved
particles (10 g) at 30 °C for 24 h. 10 g of resulting sieved particles were
impregnated with a fixed ratio of KOH. Impregnated samples were dried
in airflow at 85 °C for 24 h and then were put into a muffle furnace at
600 °C for 2 h to carry out carbonization and complete the activation.
The prepared samples were washed with 0.1 mol/L HCl and distilled
water to remove surplus chemical activating reagent. Washed samples
were dried at 100 °C for 24 h and then were sieved to obtain the final
products. Schematic of the activated carbon production process is pre-
sented in Fig. 1.

2.2.2. Physical mixing with additives

At first, auxiliary silica powder was sieved using a 150 pm sieve
placed on a shaker to eliminate excessively large agglomerates. Sec-
ondly, synthesized adsorbents and auxiliary materials were mixed for
30 min in dry conditions to prepare the enhanced adsorbents. The easily
fluidizable silica nanopowders serve as dispersants and carriers of the
cohesive adsorbent particles, enhancing the gas-solids contact efficiency
between the adsorbents and the fluidizing gas. We have employed ad-
ditive nanopowders in a low weight percentage of 2.5 for our experi-
ments to alleviate the flowability of non-fluidizable ACs without
decreasing their CO uptake.

2.3. Apparatus

Fluidization experiments of fabricated adsorbents were carried out in
a glass-made fluidized bed illustrated in Fig. 2. In each test, 4 g of
adsorbent were placed in a vertically oriented cylindrical fluidized bed
with 26 mm ID and 800 mm height. The fluidized bed was vibrated to
remove the narrow voids between fine particles. Aiming to fluidize the
synthesized adsorbents, a controlled flow containing 15 vol% COs
balanced with pure nitrogen (99.99%) passed the bed through a sintered
porous plate distributor. The gas distributor ensured the homogeneous
gas velocity through the fluidized bed. A cyclone and a high-efficiency
gas filter were embedded at the end of the column to collect entrained
particles of the leaving gas flow and avoid fine particles into the envi-
ronment. Bed expansion ratio (H/Hy) clarified the fluidization quality of
the examined adsorbents, where Hy and H correspond to the bed height
at zero and a certain superficial gas velocity, respectively [61]. To
provide higher accuracy, better consistency and reproducibility in the
evaluated bed expansion ratios all tested samples were initially fluidized
at high gas velocities that were gradually decreased in small steps. It
should be noted that all fluidization tests were performed at ambient
temperature and atmospheric pressure.

2.4. Characterization

The morphology of the synthesized adsorbents (raw and activated
carbon-based adsorbents) and also the mixing quality of the adsorbent

Sample Biomass Chemical activating Activating to precursor Activation BET surface area BJH pore volume Pore diameter
precursor reagent weight ratio temperature (m?/g) (em®/g) (nm)

CAC - - - - 264.4 0.093 2.895

D Date seeds - - - 359.6 0.141 2.885

Dkon Date seeds KOH 1:1 600 595.94 0.475 2.217

SasDkon  Date seeds KOH 1:1 600 545.95 0.364 2.279
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Fig. 1. Schematic for preparation of the chemically activated carbon from local date seeds.
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Fig. 2. Sketch of the experimental set up used for the fluidization experiments.
1: Mixing chamber, 2: Gas distributor chamber, 3: Quartz reactor, 4: Cyclone,
and 5: Particulate filter.

with auxiliary materials was assessed via scanning electron microscopy
(SEM) using a 6301F HOEL (United States) microscope. The BET surface
area of all the adsorbents was measured by Ny physisorption at 77 K in a
BELSORP MINI II instrument. Before the measurements, the samples
were degassed under vacuum at 120 °C for 2 h. In-situ Fourier transform
infrared (FTIR) spectra were performed to further analyzed the syn-
thesized samples and identify the functional groups’ present on the
samples’ surface [62].

2.5. COy capture performance

The CO, uptakes of the synthesized adsorbents and their stability
were evaluated through thermogravimetric analysis (TGA) in a TGA/

DSC1 STARe system from Mettler Toledo over multiple adsorption/
desorption cycles. About 10 mg of each adsorbent were employed in
each experiment. Prior to each test, the samples were conditioned for 60
min at 120 °C in Ny to remove physisorbed moisture and other gases
such as CO. The CO; capture steps were performed at 25 and 50 °C in
CO9/N; flow with different gas compositions (10, 30, 50, and 90 vol%
CO,, N3 balance) for 60 min. Desorption and regeneration of the tested
samples were carried out by increasing the temperature to 120 °C with a
heating rate of 10 °C/min until complete regeneration. Desorption
temperature was set at 120 °C according to the samples’ stability and
degassing temperature in BET analysis. After complete desorption, the
chamber was cooled to the adsorption temperature, and the cycle was
repeated. It is worth noting that the gas flow rate was set to a small value
(50 cm®/min) to neglect external mass transfer effects. Stability exper-
iments of the selected adsorbents were performed at 25 °C in a flow gas
containing 15 vol% CO; in Ny. The CO4 concentration was selected to
reproduce relevant post-combustion capture conditions from point sta-
tionary sources (e.g., coal power plant). The obtained results were pre-
sented in terms of the CO; capture capacity (mmol CO, captured per g of
adsorbent, Cy) for each cycle, deactivation, and durability as follows:

m, —my 1000
— X

C = —_— (@)
mg Mco,
Deactivation (%) = % x 100 2)
1
- C,
Durability (%) = C. x 100 3)
1

where m,, refers to the mass of the sample at the end of the adsorption
step in the n® cycle, and my is the mass of the sample at the end of the
desorption step at 120 °C (cycle n-1). Moz is the molecular weight of
CO3 (44 g/mol).

3. Results and discussions
3.1. Characterization results
3.1.1. BET surface area and porosity analysis

The BET surface area and textural porosity characterization of the
developed samples, namely pore volume and diameter, are presented in
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Table 2. According to the findings, the carbon derived from date seeds
indicated higher morphological and textural porosity, and the KOH-
activation avenue raised the pore volume and surface area. The recor-
ded pore volumes of 0.093, 0.141, and 0.475 cm®/g, and average pore
diameters of 2.895, 2.885, and 2.217 nm for CAC, D, and Dkoy, revealed
the mesoporosity of the samples. Pore diameter measurement depicts
that the activated sample possesses smaller pore diameters due to the
formation of narrower porosity upon activation. Based on the recorded
data, applying the activation process to biomass waste results in
developing highly porous materials, so the surface area and pore volume
of D increase from 359.6 m?/g and 0.141 cm®/g to 595.54 m%/g and
0.475 crns/g in Dgon.

3.1.2. Scanning electron microscopy (SEM) analysis

SEM images of the samples are illustrated in Error! Reference source
not found.. The SEM picture of CAC exhibits a compact and non-porous
morphology associated with hardly-visible narrow channels due to the
blockage by fine particles. Moreover, sample D represents the dense and
indiscrete morphology. The surface-resident particles appear like com-
pressed aggregates, including a few narrow channels serving CO»
diffusion into the adsorbent’s porosity. On the other hand, Dgop
adsorbent consists of more morphological pores and accessible surface
area than D. There is high conformity between BET and BJH values with
SEM micrographs; Dgon adsorbent with higher surface area and pore
volume shows more surface-resident porous zones than CAC and D.

In addition, EDS analysis was carried out on the fresh samples to
study the quality of components distribution on the surface, and the
acquired data are reported in Table 3. The appearance of different
components reveals the distribution of the surface-located elements and
the completeness of the synthesis method. According to the presence of
minor potassium content, 0.09 wt%, on the Dgoy surface, it can be
concluded that the chemical activating reagent was well removed during
the preparation process. The slight difference in the carbon and oxygen
contents between the synthesized and commercial ACs can be attributed
to the carbon precursor (See Table 3).

3.1.3. Fourier transform infrared spectroscopy (FTIR analysis)

According to the literature, in addition to the textural properties, the
surface chemistry composition affects the CO5 adsorption of activated
carbon. In this regard, the FTIR technique was used to determine func-
tional groups on the surfaces of D and Dkop, plotted in Fig. 4. Com-
parison of the synthesized samples reveals that more functional groups,
particularly volatile chemicals, were found for D compared to Doy due
to the thermal treatment of Dgoy. Furthermore, the presented figures for
D and Dgon apparently demonstrate the disappearance of several peaks
in ACs after the carbonization process. The broad absorbance peak in the
3600-3200 cm ™! region is related to moisture-induced O—H stretching
and hydroxyl (-OH) groups in both samples, sensitive to activated car-
bons. In addition to the hydroxyl, oxygen-infused functional groups,
such as carbonyl or carboxyl, are detected on the ACs surface with the
peak at around 1719 cm™!. With two distinct peaks at 2918 and 2853
em~! on the surface of D and Dyon, respectively, the presence of
aliphatic C—H bonds can be deduced. Accompanied by determined
peaks at 1546 and 1739 cm ™! for the activated adsorbent and also at
1554 and 1793 cm™! for the raw sample, that correspond to the C=C
bonds [63].
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3.2. COg capture and stability

3.2.1. Determining operational conditions

To set the optimum experimental conditions such as temperature and
CO4, partial pressure in the inlet gas flow, the CO, capture performance
of Dgou was firstly analyzed in the TGA over three consecutive
adsorption/desorption cycles at 25 and 50 °C under 10, 30, 50 and 90
vol% CO,, for the adsorption stage, and 120 °C for the desorption stage,
and thier performance was reported in Table 4. The mass gain during the
process (i.e., versus time) and ultimate CO, uptake are presented in
Figs. 5 and 6, respectively. Under 10 vol% CO; and at 25 °C, Dgoy shows
an average CO» uptake of 1.21 mmol/g, increasing up to 1.72, 2.09, and
2.7 mmol/g with the COy concentration from 30, 50, to 90 vol%,
respectively. As expected, the CO, capture increases by raising the CO,
partial pressure in the feed stream. Consequently, the increment in
adsorption temperature leads to a decrease in CO, uptake, so that 29%
decrease in the CO5 capture level of Dgoy under 90 vol% CO, was re-
ported by increasing the adsorption temperature from 25 °C to 50 °C.
Therefore, CO, uptake values of 0.67, 1.06, and 1.41 mmol/g were
achieved for Dgoy exposed to 10, 30, and 50 vol% CO, at 50 °C,
respectively. The Langmuir adsorption isotherm model thoroughly de-
scribes the effectiveness of CO5 adsorption on carbon-based adsorbents
at low temperature and high CO5 partial pressure. Raising the COq
concentration in the inlet gas increases the interaction between CO, and
the adsorbent particles, resulting in enhanced CO, adsorption. More-
over, due to the exothermic nature of the physisorption process, the
decrease in the amount of captured CO, ensues from the increase in
adsorption temperature. According to the higher CO, uptake of Dgoy at
25 °C and under 90 vol% of COo, these conditions were selected to
further analyze the capture performance of the samples upon cycling.

3.2.2. Comparison of COz capture activity of the samples

Fig. 7 presents the mass gain (wt%) for CAC, D, and Dgoy during
three adsorption/desorption cycles under the aforementioned experi-
mental conditions (T = 25 °C and 90 vol% CO,). The synthesized
adsorbent activated by KOH showed superior CO uptake values in each
cycle compared to the other two samples. A better CO, uptake potential
was reported for the raw D sample than for the commercial AC. During
three consecutive cycles, an average CO5 uptake of 1.37 and 1.59 mmol/
g were acquired for CAC and D respectively, indicating approximately
16% better performance of D sample from produced from date seeds.
The Dgopy adsorbent captured CO, reaching an average capacity of 2.66
mmol/g, leading to a 94 and 67.2% enhancement in the average CO2
capture capacity compared to CAC and D, respectively. Accordingly,
both synthesized adsorbents, raw and activated samples, indicated
higher CO5 capture than CAC. Among the date seeds-derived samples, D
and Dkop, the superior adsorption capacity was acquired for the KOH-
promoted sample. The utilization of chemical modification results in a
67.3% increase in average uptake potential. Based on the reported CO5
uptake activity and textural features (pore volume and surface area) for
CAC, D, and Dkop, it can be noted that there is a high conformity be-
tween their porosity and uptake capacity, in which; the more porous

Table 4

TGA results for samples CAC, D, and Dkoy within three cycles at adsorption
temperature of 25 °C and desorption temperature of 120 °C and 90 vol% CO,
concentration in the feed gas.

Table 3 Sample Uptake CO,, adsorption capacity
Elemental analysis of the experimental samples. Cycle 1 Cycle 2 Cycle 3 Average
Sample Elements (wt%) CAC wt% 6.038 6.013 6.029 6.03
c N o Ca Al 7r Na K mmol/g 1.372 1.367 1.37 1.37
D wt% 7.136 6.997 6.851 7.00
CAC 78.38 5.22 14.71 0.47 0.52 0.33 0.37 - mmol/g 1.622 1.59 1.557 1.59
D 74.73 5.87 19.4 - - - - - D wt% 11.749 11.653 11.7 11.70
Dkon 76.47 638  17.06 - - - - 0.09 Kon mmol/g 2.67 2.648 2.659 2.66
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texture of Dgoy compared to CAC and D increased to accessible
adsorptive sites and enhancement in the amount of captured CO,. Based
on the TGA cyclic experiments, Dxoy maintained 99.5% of the initial
CO4, uptake after three cycles.

3.3. Fluidization assessment

The agglomeration of nanoparticles adversely affects the efficiency
of chemical processes [64-66]. CO4 capture through solid adsorbents
requires an aggregate-free and homogeneous stream of nanoparticles to
enhance the efficiency of solid adsorbents. TGA analysis cannot address
the gas-solid contact and the heat/mass transfer quality between the gas
and solid particles, the main parameters affecting the CO; capture effi-
ciency in fluidized bed reactors. In addition to improving CO5 sorption
potential, boosting the fluidity of ACs is required to industrialize them
for pilot-scale applications. Pointing to the utilization of fluidized bed
reactors for CO, capture purposes the fluidization behavior of the ACs
was evaluated at room temperature. Even though fluidized bed reactors
operate under the fast fluidization regime in realistic conditions,
assessing the fluidization behavior of ACs in a lab-scale fluidized bed at
low gas velocities (of the order of cm/s) is highly beneficial to deter-
mining their fluidity quality and the effectiveness of the considered
improvement method.

3.3.1. Fluidity of pure adsorbents

The bed expansion ratios of D and Dgop during the fluidization tests
under a gas velocity ranging from 1 to 4 cm/s are plotted in Fig. 8. There
is an identical bed expansion trend for D and Dgoy characterized by
agglomerate bubbling fluidization (ABF) due to the formation of several
bubbles across the bed during their fluidization. Based on the visual
observation, exerting a higher downward-flowing gas velocity that, in
turn, applies more drag force could not overcome the formation of gas
bubbles and channels for these sorbents. As presented in Fig. 8, the bed
expansion ratio of Dgoy increased from 1.45 to 2.44 with a slighter slope
when the gas velocity increased from 1 to 3.9 cm/s. The increment in gas
velocity leads to an increase in the applied drag force by inlet gas, which
can reduce the inter-particle adhesion forces to homogenize the
fluidizability.

To validate the visual conclusion about the fluidization quality of
date seeds-derived ACs, the Richardson-Zaki eq. (R-Z) was utilized. This
equation establishes a linear relation between the inlet gas velocity (Uy),
the terminal velocity (Uy), and the bed voidage (ep) for nanoparticle
agglomerates as follows:

Log Uy = Log U, +n Log &, @

n is the R-Z’s index that interprets the fluidity quality. e}, is determined
as follows:

(1 —Ebo) (5)

where Hy and H are addressed to the bed heights at zero and the
considered gas velocity, respectively. Based on the presented data in
[16,671, an initial bed voidage (ep,) value of 0.25 was chosen for the
AGCs-derived adsorbents in this research. With Log U, being plotted
against Log €} in Fig. 8, the n index of D and Doy were acquired and are
summarized in Table 5. The n index of 5 distinguishes two regions in the

Table 5
Fluidity characteristics of D, Dxon, and Sz sDkon-

Sorbent H/H, (at Ug of ~ 4 cm/s) n index Fluidization quality
D 2.22 2.55 ABF
Dkon 2.5 3.96 ABF
S2.5Dkon 3.62 6.76 APF
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fluidity behaviors: agglomerate bubbling fluidization (ABF) shows n
index <5 whereas values of n index >5 correspond to agglomerate
particulate fluidization (APF), characterized by a uniform and bubbles-
less flowability regime.

Based on the optical visualization (see Fig. 9), the ACs adsorbents
showed bubble- and channel-containing fluidization regimes associated
with the fluctuated surface, hindering the expansion of particles exposed
to the gas velocity of ~3.5 cm/s. It is worth noting that the higher bed
expansion of ACs at gas velocities above 3 cm/s can be attributed to
partial fluidization. Additionally, the elutriation of particles was
observed in agreement with the calculated fluidization parameters. It
corroborates the ACs belonging to the Geldart C category. As a result,
according to the tabulated data presented in Table 5, D and Dgoy
showed ABF behavior, revealing the necessity of improving their fluidity
performance toward industrialization.

3.3.2. Fluidity of physically modified adsorbents

As previously mentioned, inter-particle forces cause adherence of the
fine particles to each other, leading to a sensitive decrease in gas-solid
contact surface area, bed expansion during fluidization, and conse-
quently, CO, uptake. The physical mixing of cohesive particles with
fluidizable auxiliary materials to significantly diminish internal forces
between particles has been recognized as an efficient approach. In the
current study, Dxon was mixed with 2.5 wt% hydrophobic nano silica
via the dry hand-mixing method, aiming to improve the fluidity per-
formance of Dgon. SEM images of the silica-coated ACs (Sz.sDkon) and
Dyou are illustrated in Fig. 3c and d, respectively. The added SiO5 NPs
well distributed on the Dgoy surface, demonstrating the high quality of
the physical modification of the adsorbent. A comparison of these two
adsorbents indicates the reduction in surface-located accessible AC
particles to capture COy molecules and a decrease in morphological
porosity. As reported in Table 2, a BET surface area value of 545.95 m2/g
for Sy sDkon was approximately 8% lower than that of Dgoy (595.94 m?/
g). Moreover, a 23.32% decrease in pore volume ensued from coating
Dgou With 2.5 wt% SiOy NPs. The coverage of accessible surfaces and the
occlusion of textural pores with added SiO; NPs are the reasons behind
the abovementioned reductions in free surface area and pore volume,
respectively. On the other hand, mixing the Dgop particles with SiO3 NPs
hinders the particles’ agglomeration during fluidization by diminishing
the inter-particle cohesion. Accordingly, it is expected that the physical
mixing of Dgoy with hydrophobic SiO5 NPs affects both the fluidizability
and CO; capture performance of Dgoy.

Regarding our previous studies, we found that removing dense ag-
glomerates of SiO, NPs and reducing their sizes results in more contact
interaction between the surface of the host (sorbent) and guest particles
(SiOy). In turn, it leads to the homogenous mixing of the particles and
appropriate fluidization behavior [68]. According to our investigations,
reducing the size of SiO, particles as auxiliary additives decreases the
van der Waals adhesion forces between cohesive sorbent particles
[16,42,69]. Hence, in the present study, hydrophobic SiOy NPs were
sieved to particle sizes of ~150 pm. The fluidization of Sy sDxon under
different gas velocities was analyzed and is depicted in Fig. 8. There is a
considerable enhancement in bed expansion of Sy sDgoy compared to
Dxou- As reported in Table 1, in the presence of 2.5 wt% SiOy NPs, the
bed expansion of Dgoy increased ~45% at a gas velocity of ~4 cm/s.
The plotted R-Z equation indicated an n index of 6.76 for S sDkon,
which corroborates its APF quality (see Fig. 8b). Having reduced the
inter-particle adhesion noticeably, the added 2.5 wt% SiO, NPs showed
great effectiveness on the flowability of Dxoy particles, resulting in an
excellent bed expansion value of 3.6 at a gas velocity of ~4 cm/s. For a
better perception, a snapshot of Sy sDgoy during fluidization at 3.5 cm/s
is presented in Fig. 9. The image illustrates more particle expansion in
the case of SpsDgoy during fluidization compared to Dgoy, which
matches the data reported in Fig. 8. Based on the visual observation and
Fig. 9, the fluidized regime of S;sDkon consists in a bubble-less ho-
mogenous bed without formation of gas channels where bed expansion
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is significantly enhanced.

3.4. COgz capture activity Of Dgopn and S, 5sDxon

Dxou adsorbent was analyzed over 25 consecutive adsorption/
desorption cycles to evaluate its large-scale implementation efficiency at
relevant industrial conditions. The adsorption stage was performed
under a gas flow containing 15 vol% CO5 balanced with N5 for 60 min at
25 °C, and the temperature was increased to 120 °C during the
desorption stage. The test was carried out twice to ensure the experi-
ment’s reproducibility, and the average uptake was calculated and is
illustrated in Fig. 10. The initial CO; uptake of Dgoy increased from
1.251 to 1.28 after three cycles and then progressively reduces to reach
1.259 mmol/g in the fifth cycle. Overall, the CO, uptake keeps stable
upon cycling, with a standard deviation between cycles of <0.0119
mmol/g. A durability of 100% during 25 successive adsorption-
desorption cycles for Dgop corroborates the effectiveness of chemical
activation of D, comparable with other synthesized samples reported in
the literature. For instance, synthesized ACs derived from oil sands coke
retained 86% of its primary sorption potential within 15 consecutive
cycles at 50 °C under 66.6 vol% CO». Compared with our previous work,
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Fig. 5. TGA profiles for Dxoy at adsorption temperatures of 25 and 50 °C and desorption temperature of 120 °C in the presence of 10, 30, 50, and 90 vol% CO,,
N, balance.
adsorbent with silica nanoparticles may jeopardize the access of the CO4
3.00 molecules; however, it mitigates inter-particle adhesion forces and in-
® Dyow 25°C hibits the agglomeration of adsorbent particles improving gas-solid
@ 250 B Dyoms 50°C contact area. On the other hand, both Dkoy and Sz sDgon showed high
E CO;, uptakes and outstanding cyclic sorption durability after 25 cycles,
E 200 i demonstrating the formation of highly thermal-robust carbon-based and
% ' easy-fluidizable adsorbents for the CO; capture process. It is worth
s 150 o noting that the assessment of SiO influence on cyclic performance
Lo: 1.06 should be conducted in fluidized bed systems for an engineering-based
= 1.00 comparison, and it is considered the main target of our forthcoming
R 067 research.
0.50
3.5. Benchmarking with available literature
0-00° (10/90) (30/70) (50/50) (90/10) L
CON, () The CO uptake of Dgoy and Sy 5Dgoy adsorbents developed in this

Fig. 6. Average CO, uptake of Dgopy within three cycles at adsorption tem-
peratures of 25 and 50 °C and desorption temperature of 120 °C in the presence
of 10, 30, 50, and 90 vol% CO,, N, balance.

Dgon also demonstrated superior stability to a synthesized carbon
nanotube (CNT) [16,70], which endured 9% deactivation under the
same experimental conditions applied in this work.

Although wusing silica nanoparticles improved the fluidization
behavior of Dgop, addressing their effect on the CO5 uptake of the final
adsorbent is also a key issue. To investigate the effect of mixed 2.5 wt%
SiO4 on the cyclic activity of Dgon, S2.5Dxon was also analyzed in the
TGA tests over 25 consecutive adsorption/desorption cycles in the
presence of 15 vol% CO; balanced with N3 at 25 °C. The cyclic activities
are summarized in Table 6. The measured CO, capture capacities of
Dygou and Sa sDxon depicted in Fig. 10. There is a slight decrease in CO4
uptake and cyclic durability of Sy sDxon compared to Dxoy. When Dgoy
is mixed with 2.5 wt% SiOs, the CO uptake reduced from approximately
1.26 mmol COy/ g adsorbent to around 1.16 mmol CO,/ g adsorbent
which accounts for an 8% reduction. There is an adverse influence of the
addition of fluidizable SiO, NPs on the morphological porosity of the
sample. Considering the reported surface and pore volume data in
Table 2, Sy sDgon presents lower surface area (545.95 mz/g) and pore
volume (0.364 cmg/g) compared to Doy (595.94 m2/g and 0.475 cm3/
g, respectively). It can be concluded that mixing the synthesized

work are summarized and compared with data available in the literature
for ACs-based adsorbents tested under similar conditions (see Table 7).
This comparison obviously reveals that the developed KOH-promoted
ACs are among the best adsorbents for COy capture in terms of CO;
uptake compared with the state-of-the-art. A vital issue that should also
be addressed is related to the cost of the manufactured adsorbents. For
instance, even though slightly higher sorption potentials were reported
in the cases of glucose [50] and Camellia japonica [60], the KOH-
modified sorbents were prepared from the waste material with broad
availability in the Middle East. In light of this, it can be stated that the
developed adsorbents from date seeds can be labeled as environmentally
friendly and economical. As a result, considering the environmental
aspects of engineering, Dxoy seems more suitable according to the
simplicity of the productive properties. On the other hand, the fabrica-
tion of a fluidizable sorbent at the expense of a reduction in CO5 uptake
still needs to be addressed in representative conditions to trade off the
substantial improvement in fluidity quality and CO; capture perfor-
mance. As previously mentioned, all data gathered in Table 7 corre-
spond to studies analyzing the adsorbents in TGA tests, but the CO5
capture process in fluidized-bed systems needs the development of
uniform fluidization to realistically assess the behavior of the CO4 ad-
sorbents. According to the homogeneous fluidity quality of Sz sDxon and
its CO, uptake in the TGA tests, it is expected that the novel developed
adsorbent (Sz 5Dkxon) demonstrates superior CO, uptake in a fluidized-
bed system. In sum, the development of carbon-based adsorbent
derived from waste-based date seeds and easy-to-fluidized SiO, NPs
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leads to novel nanocomposites with substantial adsorption potential in
TG analysis and homogeneous fluidization behavior. The next step in
our investigation is the scaling-up of the fluidizable AC adsorbent syn-
thesized in the current study and evaluation in a fluidized-bed system
under industrially relevant conditions. According to the facile prepara-
tion route of ACs and low-cost materials employed in this work, we do

Fig. 9. Snapshots of (a) Dxon, and (b) Sz sDxon during fluidization at 3.5 cm/s
of gas velocity.

1.6
1.4
= [ Sameal 2 2 5 B oLt B B N BOE N EEEES ¥ R NS
o 1.2{ @ ° o
e 0000 0-g-"-0000-0-g 5 g9-0-0-00L8-g ¢
E ]
E
2
3 08
&
ON 0'6- = DKUH
@]
0.4
° SZ.SDKOH
0.2
(b)
0 - - - - -
0 5 10 15 20 25

Number of cycles

Fig. 10. TGA cyclic tests of Dxoy and Sz sDkon during 25 successive cycles at
an adsorption temperature of 25 °C and desorption temperature of 120 °C in 15
vol% CO,, N, balance in terms of CO, uptake.
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Table 6

Separation and Purification Technology 306 (2023) 122625

Cyclic activity of Dxon and So sDxon within 25 cycles at adsorption temperature of 25 °C and desorption temperature of 120 °C in 15 vol% CO, concentration.

Sample Amount of CO, uptake (mmol/g) Average CO, uptake (mmol/g) Sorption durability (%) Standard deviation (mmol/g)
1stcycle  8thcycle  15thcycle  20thcycle  25thcycle  For 5cycles  For 25 cycles For 5 cycles  For 25 cycles  For 25 cycles

Dkon 1.251 1.255 1.228 1.255 1.261 1.265 1.258 100 100 0.012

S25Dkon 1.19 1.149 1.112 1.143 1.161 1.158 1.148 96 98 0.018

Table 7
Comparison of the multi-cyclic performance of ACs tested for low-temperature low partial pressure CO» adsorption.
AC source Scheme CO,, capture conditions Average CO, uptake Ref.
1,
Temp. CO, concentration (vol (mmol/g)
(9] %)
Glucose ”fhse }:\C was activated by KOH with KOH:AC wt. ratio of 1:1 at 800 °C for 25 15 1.44 [50]
Black locust The AC was prepared from the pyrolysis at 650 °C for 3 h 25 15 0.75 [54]
Black locust ”fhse }:\C was activated by KOH with KOH:AC wt. ratio of 6:1 at 830 °C for 25 15 1.21 [54]
Jujun grass '{hsehAC was activated by KOH with KOH:AC wt. ratio of 4:1 at 800 °C for 25 15 0.9 [60]
Ca‘melllq The AC was activated by KOH with KOH:AC wt. ratio of 4:1 at 700 °C for 25 15 15 [60]
Jjaponica 15h
Phenolic resin The AC was activated by PVA at 800 °C for 1 h 30 15 0.73 [71]
Phenolic resin The AC was activated by HNO3 at 25 °C for 1 h 30 15 0.91 [71]
Date seed The AC was activated by KOH with KOH:AC wt. ratio of 4:1 at 800 °C for 20 15 1.96 This
1.5h study
Date seed The KOH-promoted AC was mixed with 2.5 wt% easy-fluidizable SiO, 25 15 1.19 :;}:lﬁy

not anticipate considerable issues related to industrialization and the
cost of the environmentally friendly date seeds-based ACs.

3.6. Outlooks

Despite the significant CO5 uptake activity of modified AC powders
reported by TGA analysis and their homogeneous fluidity behavior, the
elutriation and attrition of nanoparticles in fluidized beds performing
under realistic streams should be addressed as the most challenging
issue [72,73]. Improving the mechanical strength of adsorbents is
required to alleviate elutriation in fluidized-bed reactors. The granula-
tion of solid adsorbents through various techniques, including extrusion-
spheronization [74], rotation-pelletization [75], and extrusion [76],
have been proposed to boost the mechanical strength and anti-attrition
of solid adsorbents. Hence, the engineering aspects of applying the AC-
based adsorbent in an industrial plant necessitate significantly enriching
the anti-attrition properties and mechanical strength of AC-based
granules. Targeting to develop practical AC-based adsorbents, the
granulation of the novel fabricated AC-based adsorbent has been
considered as the next step.

4. Conclusions

In the present study, date seeds-derived activated carbons were
fabricated through pyrolysis at high temperatures and then activated via
the KOH-incorporating method. Commercial AC was also employed as a
benchmark sample for comparison and assessing the multicyclic sorp-
tion performance of the synthesized ACs. Performed analyses depicted
that the chemically AC sample had smaller pores with an average pore
diameter of 2.217 nm. Analyzed by the BET/BJH method, this sample
showed a surface area of 595.94 m2/g and pore volume of 0.475 cm>/g.
Superior CO, capture performance, including an average COy uptake
potential of 2.659 mmol/g in 90 vol% CO,, was reported for the KOH-
promoted AC during three consecutive adsorption-desorption cycles,
67.23 and 94% higher than pyrolyzed date kernel and commercial ACs.
The sorption stability of the KOH-promoted AC was evaluated in 25
consecutive adsorption-desorption cycles under 15 vol% COa,

10

reproducing industrial capture conditions. A remarkable sorption
endurance of up to 100% was recorded for the synthesized samples. Lab-
scale fluidization tests under low gas velocities, announced that
combining the developed AC with easily fluidizable SiO3 NPs is a highly
efficient strategy to boost its flowability. It was depicted that adding 2.5
wt% of SiO NPs to the KOH-promoted AC caused a 45% increase in the
bed expansion ratio at the gas velocity of 4 cm/s and completely ho-
mogenized its fluidization behavior, changing the fluidization regime
from ABF to APF.
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