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ARTICLE INFO ABSTRACT 

Paper Type:  Research Paper 
This study examined and compared the adsorption behavior and fluidity of two common 

adsorbents: activated carbon made from jujube seeds and titanium oxyhydroxide 

(TiO(OH)2) used in carbon dioxide capture. The activated carbon was produced through 

chemical activation with potassium hydroxide as the activating agent at a 2:1 weight ratio 

to the biomass. To assess the characteristics of the adsorbents, techniques such as SEM, 

BET, FTIR, and TGA were employed. The carbon dioxide adsorption capacity was tested 

at 25 and 50 °C. Regeneration was performed at 120 °C with a gas flow rate of 50 cm³/min. 

Adsorption was conducted for 1 hour, and desorption for 30 minutes, using 10% and 90% 

carbon dioxide concentrations in equilibrium with nitrogen. Results indicated that 

activated carbon had a significantly higher carbon dioxide adsorption capacity than 

TiO(OH)2 under the same conditions. To evaluate the fluidity of the different adsorbents, 

a gas-solid fluidized bed apparatus was used. Adding 5% by weight of hydrophobic silica 

nanoparticles to the adsorbents improved fluidity and increased bed expansion, due to 

reduced cohesive interactions between particles. The comparison of results highlights the 

considerable effectiveness of activated carbon as an efficient adsorbent for carbon dioxide 

capture. 
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1. Introduction 

The rising levels of CO2 emissions in the atmosphere have 

garnered significant attention due to their correlation with 

climate change (Heidari et al., 2021). Currently, post-

combustion carbon dioxide capture technologies encompass 

solvent absorption, adsorption, cryogenic methods, and 

membrane separation techniques (Heidari et al., 2023). Among 

these approaches, the use of solid adsorbents has garnered 

significant attention from researchers due to their advantages, 

including low corrosion rates, ease of operation, cost-

effectiveness, reduced energy requirements, and high carbon 

dioxide adsorption capacity (Heidari et al., 2024). Activated 

carbon (AC) is regarded as a highly effective solid adsorbent 

due to its exceptional thermal and chemical stability, extensive 

porosity and surface area, cost efficiency, and reusability over 

multiple cycles (Liu et al., 2020). In their study, Toprak et al., 

(2017) investigated the CO2 adsorption performance of AC 

adsorbents treated with various activating agents, including 

NaOH, KOH, and ZnCl2. The highest CO2 adsorption 

capacities recorded were 9.09 and 8.25 mmol/g, achieved 

under different activation conditions using KOH and NaOH at 

a temperature of 800 °C with a 4:1 ratio. Similarly, Athari et 

al., (2023) examined the CO2 adsorption capabilities of AC 

derived from oleaster seeds. This research employed various 

activating agents such as KOH and ZnCl2 at different ratios of 

2:1, 3:1, and 4:1 to ascertain the impact of these ratios on CO2 

adsorption behavior. The findings indicated that KOH 

outperformed ZnCl2 as an activating agent for CO2 adsorption. 

Among the various activating agent to biomass ratios tested, 

the samples activated with KOH and ZnCl2 at a 2:1 weight 
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ratio exhibited the highest average adsorption capacities of 

2.78 and 1.74 mmol/g, respectively. Tahmasebpoor et al., 

(2023) focused on analyzing the CO2 adsorption behavior of 

AC derived from waste tea. This study specifically explored 

the influence of two activating agents, KOH and NaOH, on the 

CO2 adsorption capacity of the carbon adsorbent. The results 

revealed that the sample activated with KOH at a 1:1 ratio and 

a temperature of 600 °C demonstrated the highest CO2 

adsorption capacity, averaging 2.32 mmol/g at 25 °C and a 

CO2 concentration of 90 vol%. Despite numerous studies on 

CO2 adsorption using AC adsorbents, there is limited 

information regarding the capacity to adsorb other substances. 

One such substance is titanium oxyhydroxide (TiO(OH)2), 

which is recognized for its catalytic properties and plays a 

significant role in the chemical absorption and removal of CO2 

in liquid systems, such as amine solutions (MEA), potassium 

bicarbonate (KHCO3) solutions, and sodium bicarbonate 

(NaHCO3) solutions. Given the efficacy of TiO(OH)2 in CO2 

capture and disposal processes within liquid systems, there 

have also been limited investigations into its CO2 adsorption 

capabilities in gas-solid systems. Tuwati et al. (2013) explored 

CO2 adsorption using a synthesized TiO(OH)2 adsorbent in 

conjunction with K2CO3. In this study, TiO(OH)2 served as a 

base for K2CO3, resulting in a remarkable 37-fold increase in 

CO2 adsorption capacity. The maximum CO2 adsorption 

capacity achieved by this adsorbent was recorded at 1.69 

mmol/g. 

In numerous industrial adsorption processes, one critical 

parameter influencing the overall efficiency of solid 

adsorbents is their fluidization behavior. The examination of 

adsorbent fluidity is essential because if these materials exhibit 

poor fluidization characteristics, they can obstruct the 

expansion and flow of the bed during gas passage, thereby 

hindering effective contact between the gas phase and the solid 

phase (Iranvandi et al., 2023). Azimi et al., (2019) investigated 

the fluidization behavior of calcium oxide modified with 

aluminum. This research employed three types of additives, 

including hydrophilic silica nanoparticles, hydrophobic silica 

nanoparticles, and hydrophilic alumina, to coat the particles. 

The results indicated that hydrophobic silica nanoparticles 

significantly enhanced the fluidization behavior of the 

modified adsorbent.  

Despite extensive studies conducted in this area, most research 

has shown that AC adsorbents derived from biomass waste 

possess a high capacity for carbon dioxide adsorption, with 

KOH activation positively impacting their adsorption 

performance. However, insufficient attention has been given 

to the development of highly fluidized AC adsorbents 

extracted from biomass for carbon dioxide capture processes. 

Furthermore, the CO2 adsorption performance of TiO(OH)2 

adsorbents in gas-phase systems and environmental conditions 

has rarely been explored. On another note, the fluidity quality 

of both AC and TiO(OH)2 adsorbents is a key parameter for 

the industrial application of CO2 adsorbents in fluidized beds, 

yet it remains poorly understood. 

The present study investigates the adsorption behavior and 

fluidization characteristics of AC derived from jujube seeds 

and TiO(OH)2 adsorbents. This research represents a 

pioneering effort to compare and analyze both the adsorption 

and fluidization behaviors of these two adsorbents, 

underscoring its significant importance. Not only will this 

study lead to a deeper understanding of the adsorption and 

fluidization behaviors of the materials in question, but it may 

also provide strategies to enhance their performance in 

industrial and environmental applications. 

2. Materials and Methods 

2.1 Raw materials  

The primary materials utilized in this research for the 

production of carbon-based adsorbents included jujube seed 

biomass sourced from the Iranian market, while titanium 

isopropoxide, purchased from Merck, served as the precursor 

for the TiO(OH)2 adsorbent. Potassium hydroxide (KOH) 

from Merck, hydrochloric acid (HCl), and distilled water from 

Arman Sina, along with hydrophobic silica nanoparticles 

(Aerosil R972) obtained from Evonik, characterized by an 

initial particle size of 16 nm and a particle density of 2100 

kg/m³, as well as a bulk density of 50 kg/m³, were also 

employed in this study. 

2.2 Preparation of AC adsorbent 

Initially, the jujube seed biomass was washed using distilled 

water. Subsequently, the washed seeds were dried in an oven 

at 100 °C for 24 hours. The biomass underwent carbonization 

in an air atmosphere at 600 °C for 2 hours, after which it was 

crushed and sieved through a 250 µm mesh. For the activation 

of the pyrolyzed biomass, KOH was used as an activating 

agent in a mass ratio of 2:1 relative to the biomass. 

Accordingly, 5 g of the pyrolyzed material was mixed with 10 

g of the activating agent and stirred for 3 hours at 90 °C using 

a magnetic stirrer. To eliminate any remaining moisture, the 

resulting solution was placed in an oven at 90 °C for 24 hours. 

Following this step, the solid product obtained was subjected 

to a further activation process in a furnace at 600 °C for 1 hour. 

Upon completion of the activation process, the resulting 

sample was washed with a 3 M HCl solution and distilled 

water to remove excess potassium ions and neutralize it. 

Ultimately, the AC derived from jujube seeds was obtained by 

drying in an oven at 100 °C for 24 hours, followed by crushing 

and sieving through a 200 µm mesh (Shakeri et al., 2024). In 

this study, the pyrolyzed jujube seed and AC were designated 

as JS and CJS, respectively. 

2.3 Preparation of TiO(OH)2 adsorbent 

To prepare the TiO(OH)2 adsorbent, a specific amount of 

titanium isopropoxide was initially added to deionized water 

in a molar ratio of 1:1400. The resulting mixture was then 

stirred using a mechanical stirrer at room temperature for 4 

hours to allow for precipitation, which was subsequently 

filtered. Finally, the obtained precipitate underwent three wash 

cycles with deionized water and ethanol using a centrifuge. 

The final adsorbent was dried in an oven at 100 °C for 10 hours 

(Asgharizadeh et al., 2023). 

2.4 Physical mixing of adsorbents with hydrophobic SiO2 

nanoparticles  

The AC adsorbents derived from JS, along with the TiO(OH)2 

adsorbent, were physically mixed with hydrophobic SiO2 

nanoparticles to assess their performance in enhancing fluidity 

behavior. For this purpose, the hydrophobic SiO2 nanoparticles 

were manually mixed into the aforementioned samples at 
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weight percentages of 2.5% and 5% for a duration of 30 

minutes. It is noteworthy that prior to mixing, the hydrophobic 

silica nanoparticles were sieved through a 150 µm mesh to 

eliminate any potential agglomerates (Imani et al., 2023). 

2.5 Characterization  

To investigate the morphology and structural characteristics of 

the synthesized adsorbents, scanning electron microscopy 

(SEM) analysis was conducted using a HOEL 6301F 

instrument. The specific surface area and pore volume were 

determined through Brunauer-Emmett-Teller (BET) analysis 

performed with a Tristar II 3020, where nitrogen isotherms 

were measured at -196 °C. Additionally, Fourier-transform 

infrared (FTIR) spectroscopy was utilized with a TENSOR 27 

FTIR device to identify and characterize the compounds and 

functional groups present on the adsorbents. To assess the 

carbon dioxide adsorption capacity of the adsorbents over 

multiple cycles, thermogravimetric analysis (TGA) was 

carried out using equipment from INCAR-CSIC in Oviedo, 

Spain. TGA is a thermal analysis technique that monitors 

changes in the mass of the adsorbent as a function of 

temperature over time. Prior to testing, the adsorbent was 

heated to 120 °C in a nitrogen atmosphere to remove any initial 

moisture and adsorbed gases. The carbon dioxide adsorption 

capacity of the samples was evaluated at temperatures of 25 

°C and 50 °C, with a regeneration temperature set at 120 °C. 

The experimental conditions included a gas flow rate of 50 

cm³/min, an adsorption duration of 1 hour, and a desorption 

period of 30 minutes, using carbon dioxide concentrations of 

10% and 90% in equilibrium with nitrogen throughout 

successive cycles. The carbon dioxide uptake capacity 

(mmol/g) of the synthesized adsorbents was calculated by 

determining weight changes observed during the TGA tests, as 

described in Eq. 1 (Lotfinezhad et al., 2024a). 

CO2 uptake capacity = 
 Mn-M0

0.044 × M0
                                                            (1) 

In Eq. 1, Mn denotes the mass of the sample after n carbonation 

cycles, while M0 represents the initial mass of the sample 

before the first cycle commenced. To evaluate the fluidization 

performance of the various adsorbents, a gas-solid fluidized 

bed apparatus was employed (Fig. 1). This system consists of 

a glass column with an internal diameter of 2.6 cm and a height 

of 80 cm, operated at ambient temperature and atmospheric 

pressure. Fluidization of the adsorbents was achieved using 

pure carbon dioxide, which was introduced into the bed 

through a distributor plate. To prevent the escape of fine 

particles at high velocities, a cyclone and air filter were 

installed above the column. The fluidization behavior of the 

particles was characterized using parameters such as bed 

expansion ratio (H/H0) and pressure drop (∆p), where H0 

represents the initial bed height prior to carbon dioxide 

introduction and H indicates the bed height at a specified gas 

velocity. The pressure difference (∆p) between the two ends of 

the bed was measured using a manometer (WIKA pressure 

gauge) positioned between the top of the column and the 

distributor plate. All experiments were repeated three times 

with a 5-minute interval to enhance result accuracy and 

maintain stability conditions. 

Fig. 1 Fluidized bed 

reactor schematic 

 

 

3. Results and Discussion 

3.1 Textural properties 

Fig. 2 presents the morphological images obtained from the 

SEM analysis of JS, CJS, and TiO(OH)2. As observed, the 

initial sample (JS) exhibits a smooth surface with limited 

microporosity (Fig. 2a). In contrast, the KOH-activated sample 

(Fig. 2b) displays a porous and cavernous structure, indicating 

the effectiveness of the KOH activation method in producing 

porous AC. The application of KOH as an efficient activating 

agent facilitates the formation and expansion of surface 

micropores, thereby enhancing the diffusion pathways for 

carbon dioxide molecule adsorption (Zhao et al., 2024). Three 

primary mechanisms of KOH activation are widely 

recognized: (a) the creation of carbon framework porosity 

through redox reactions between various potassium 

compounds and carbon; (b) the generation of H2O and CO2, 
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which positively contributes to further pore development via 

carbon gasification; and (c) the infiltration of metallic 

potassium into the carbon matrix, resulting in the expansion of 

carbon networks. The results depicted in Fig. 2c for TiO(OH)2 

indicate that its particles possess lower porosity compared to 

the AC sample, which likely hinders adequate carbon dioxide 

penetration into the TiO(OH)2 adsorbent.

Fig. 2 SEM analysis images of a) JS, b) 

CJS and c) TiO(OH)2 samples 
 

   

Fig. 3 illustrates the N2 adsorption/desorption isotherm for the 

CJS sample at -196 °C. It is evident that the N2 adsorption 

branch nearly overlaps with the desorption branch. As the 

relative pressure (P/P0) increases up to 0.1, the adsorption 

curve reaches a horizontal plateau, which, according to IUPAC 

classification, signifies a Type I isotherm indicative of 

micropore presence. Furthermore, at relative pressures below 

0.1, the CJS adsorbent demonstrates a significant increase in 

adsorption, suggesting that its structure predominantly 

consists of micropores. This adsorbent features a specific 

surface area of 698 m²/g, a micropore volume of 0.26 cm³/g, 

and a total pore volume of 0.32 cm³/g. 

 

Fig. 3 N2 adsorption/desorption isotherm of CJS sample at -

196 ℃  

The FTIR spectra of the adsorbents JS, CJS, and TiO(OH)2 are 

presented in Fig. 4 to confirm the presence of functional 

groups on their surfaces. For the biomass JS, relatively weak 

peaks are observed in the range of 3700 to 3900 cm⁻¹, which 

correspond to the stretching vibrations of OH groups due to 

moisture (Manyà et al., 2018). Additionally, a broad band 

between 3200 and 3600 cm⁻¹ is attributed to hydroxyl groups 

(OH) from alcohols, phenols, and carboxylic acids. The 

presence of a peak at 1719 cm⁻¹ indicates the existence of 

carboxyl and carbonyl bonds, both of which are considered 

oxygen-containing functional groups. On the surface of the 

raw biomass, aliphatic C-H stretching results in two distinct 

peaks at 2853 cm⁻¹ and 2922 cm⁻¹ (Serafin et al., 2021). 

Furthermore, a peak in the region of 1563 cm⁻¹ signifies a C=O 

bond, while a distinct peak at 1874 cm⁻¹ represents C-H bonds 

(de Salazar Martínez et al., 2024). Broad peaks in the range of 

3000 to 3900 cm⁻¹ in CJS are identified due to OH bonds 

arising from functional groups and absorbed moisture. Two 

weak peaks at 2853 cm⁻¹ and 2923 cm⁻¹ may be associated 

with aliphatic C-H bonds related to methyl and methylene 

groups (Liu et al., 2023). Additionally, other peaks observed 

in the KOH-modified sample at 1546 cm⁻¹ are linked to C=O 

bonds such as carbonyl (Farshchi et al., 2024). The presence 

of C-O bonds in functional groups such as alcohols, carboxylic 

acids, ethers, and esters in the KOH-modified sample is 

indicated by broad peaks in the range of 900 to 1300 cm⁻¹ (Zhu 

et al., 2024). In terms of functional groups on the surface of 

the adsorbent, the unactivated JS sample is richer compared to 

the activated sample, displaying more peaks. This can be 

attributed to the high-temperature activation process that leads 

to the decomposition of certain volatile materials in the sample 

and the removal of peaks present in the initial sample. 

For the TiO(OH)2 adsorbent, as observed, the peak at 3388 

cm⁻¹ corresponds to O-H stretching vibrations, indicating the 

presence of hydroxyl groups on the surface of the adsorbent 

(Zhou et al., 2024). Additionally, the peak observed at 1625 

cm⁻¹ is attributed to H-O-H vibrations from hydroxyl groups 

(Jin et al., 2023). Furthermore, a strong peak at 1112 cm⁻¹ 

relates to Ti-O-C stretching (Song et al., 2024). Peaks at 1736 

cm⁻¹ and 640 cm⁻¹ correspondingly indicate non-bonding TiO2 

and bending Ti-O vibrations, confirming the presence of Ti-O 

bonds (Lotfinezhad et al., 2024b). 
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Fig. 4 FTIR analysis of 

JS, CJS, and TiO(OH)2 

samples 

 

 

3.2 Performance of carbon dioxide adsorption by 

adsorbents 

The adsorption performance of the CJS and TiO(OH)2 samples 

was evaluated at temperatures of 25 °C and 50 °C, along with 

varying volumetric percentages of carbon dioxide (10% and 

90%) mixed with nitrogen, across three consecutive cycles of 

adsorption and desorption to determine optimal adsorption 

conditions. Initially, the samples were subjected to a nitrogen 

gas flow at 120 °C to eliminate any potentially adsorbed gases 

(particularly carbon dioxide) and initial moisture. Following 

this, the temperature was lowered to the desired level, and the 

gas input was switched from pure nitrogen to a mixture of 

carbon dioxide and nitrogen, initiating the carbon dioxide 

adsorption process. The graphs depicting the amount of carbon 

dioxide adsorbed over time were generated. The TGA curves 

for the synthesized samples at 25 °C and 50 °C are illustrated 

in Fig. 5a and 5b. It is evident that the initial heating effectively 

removes moisture and adsorbed gases, resulting in a reduction 

in the weight of the samples. During the adsorption phase, 

when the samples are exposed to carbon dioxide gas, the 

overall mass of the adsorbents significantly increases due to 

the uptake and retention of carbon dioxide molecules. 

Conversely, during the desorption process, the adsorbed 

carbon dioxide molecules are released and separated. 

Table 1 presents the average values of carbon dioxide 

adsorption by the CJS and TiO(OH)2 adsorbents over three 

consecutive cycles of adsorption and desorption. As observed, 

an increase in temperature from 25 °C to 50 °C leads to a 

decrease in carbon dioxide adsorption affinity. For instance, as 

the temperature rises, the carbon dioxide adsorption capacities 

for the CJS and TiO(OH)2 samples at a 10% volumetric 

concentration decrease from 1.16 mmol/g and 0.44 mmol/g to 

0.67 mmol/g and 0.27 mmol/g, respectively. This reduction is 

attributed to the exothermic nature of the carbon dioxide 

adsorption process on these adsorbents. Consequently, higher 

temperatures result in diminished carbon dioxide adsorption 

capacities for both adsorbents under investigation. 

Additionally, as expected, an increase in carbon dioxide 

concentration in the incoming stream enhances its adsorption. 

For example, when the concentration of carbon dioxide rises 

from 10% to 90% volumetric, the carbon dioxide adsorption 

capacities for the CJS and TiO(OH)2 samples at 25 °C reach 

2.31 mmol/g and 0.77 mmol/g, respectively. The increased 

concentration of carbon dioxide in the gas stream improves its 

adsorption by enhancing interactions between carbon dioxide 

molecules and the adsorbent sites.  

Based on TGA analysis results, it is evident that the adsorption 

capacity of CJS and TiO(OH)2 adsorbents decreases with 

increasing temperature while increasing with higher carbon 

dioxide concentrations. For instance, the average carbon 

dioxide adsorption for CJS at a 90% volumetric concentration 

reaches 2.31 mmol/g, which is approximately 1.54 mmol/g 

higher than that of TiO(OH)2 at 0.77 mmol/g. A comparison 

of the adsorption results and SEM images indicates that AC 

adsorbents exhibit superior performance compared to 

TiO(OH)2 due to their developed pore structure. Previous 

studies have demonstrated that TiO(OH)2 forms strong 

hydrogen bonds and interparticle forces such as van der Waals 

interactions due to its polar structure and the presence of O and 

H atoms. These predominant internal forces lead to particle 

agglomeration, consequently significantly diminishing the 

carbon dioxide adsorption performance of this adsorbent. 
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Fig. 5 TGA profile of 

CJS and TiO(OH)2 

adsorbents at different 

adsorption temperatures 

of 25   ℃ and 50 ℃ and 

desorption temperature 

of 120 ℃ in the presence 

of a)10 and b) 90 vol% 

CO2 

 

 

 

Table 1 CO2 adsorption capacities of CJS and TiO(OH)2  at adsorption temperatures of desorption temperature of 120 ℃, N2 

balance (average three cycles) 

 

A review of recent studies on ACs derived from various 

biomass residues for carbon dioxide adsorption is presented in 

Table 2. This comparison indicates that the AC developed in 

this research is among the most efficient and robust adsorbents 
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Average CO2 uptake  

(90 vol% CO2) 

T= 25 °C T= 50 °C T= 25 °C T= 50 °C    

CJS wt% 5.09 2.96 10.18 7.06 

mmol/g 1.16 0.67 2.31 1.60 

TiO(OH)2 wt% 1.97 1.22 3.28 1.79 

mmol/g 0.44 0.27 0.77 0.4 
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for carbon dioxide in terms of adsorption capacity. It is also 

noteworthy that this adsorbent is produced from waste 

materials that are widely available in Asia, making it more 

suitable from both economic and ease of production 

perspectives. On the other hand, catalytic carbon dioxide 

adsorption has emerged as a crucial component in carbon 

capture and storage (CCS) technology in recent years. 

TiO(OH)2 has been investigated in several recent studies as an 

effective catalytic adsorbent for carbon dioxide. The 

TiO(OH)2 synthesized in this study demonstrated favorable 

results for carbon dioxide adsorption at 25 °C and 1 bar 

pressure. 

Table 2 The performance of ACs derived from biomass residues using chemical activation in the process of carbon dioxide 

adsorption 

Ref. CO2 uptake 

(mmol/g) 

CO2 concentration 

(vol%) 

Adsorption 

Temperature (℃) 

Activating 

agent 

Precursor 

Iranvandi et al. (2023) 1.19 15 25 KOH Date seed 

Coromina et al. (2016) 0.90 15 25 KOH Jujun grass 

Sun et al. (2015) 0.91 15 30 HNO3 Phenolic resin 

Zhang et al. (2016) 0.75 15 25 KOH Black locust 

This study 1.16 10 25 KOH Jujube seeds 

This study 2.43 90 25 KOH Jujube seeds 

 

Fig. 6 a) bed expansion 

curves and b) pressure 

drop curves for CJS and 

TiO(OH)2 samples 

 

 

 
 

3.3 Performance fluidity of AC and TiO(OH)2 adsorbents 

For effective utilization of adsorbents in industrial processes, 

it is essential not only to have a high adsorption capacity but 

also to ensure adequate dispersion of these materials. In this 

study, the fluidity behavior of the CJS and TiO(OH)2 

adsorbents was examined before and after the addition of 

hydrophobic silica nanoparticles at weight percentages of 

2.5% and 5% in a low-speed laboratory fluidized bed ranging 

from 0.5 to 4.5 cm/s. The bed expansion values and pressure 

drop profiles for the CJS and TiO(OH)2 samples are illustrated 

in Fig. 6a and 6b. The results indicate that the bed expansion 

ratio for CJS and TiO(OH)2 reached 2 and 1.6, respectively, at 

a gas velocity of 4.5 cm/s. Another important parameter to 

consider for calculating Umf is the change in bed pressure drop 

with increasing velocity, which was reported to be 
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approximately 2.8 cm/s and 3.2 cm/s for these particles, 

respectively.  It is important to note that adhesive forces 

between particles hinder complete bed expansion at velocities 

exceeding Umf, resulting in heterogeneous fluidity behavior. 

Visual observations also confirm the presence of large 

agglomerates, a bubbly regime, and stable gas channels. 

Consequently, in this study, the low bed expansion values, 

high Umf, and heterogeneous fluidity behavior accompanied by 

the formation of channels, bubbles, and large agglomerates are 

recognized as ABF fluidity behavior. Therefore, there is a 

pressing need to develop methods to enhance the fluidity 

quality of these samples to improve their carbon dioxide 

adsorption capabilities. 

 

Fig. 7 a) bed expansion 

curves and b) pressure drops 

curves for binary mixtures of 

(CJS+SiO2) in the presence 

of 2.5 and 5 wt% SiO2 

 

 
 

 

3.4 Fluidity performance of binary mixtures of AC and 
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is reduced, which can be attributed to channel formation. 

However, as the concentration of SiO2 nanoparticles increases, 

the number of channels decreases, with no channels observed 

at velocities exceeding 3 cm/s. Additionally, the introduction 

of this easily fluidizable material into the pure adsorbent bed 

eliminates surface fluctuations. The Umf values obtained from 

the pressure drop curves for CJS in the presence of 2.5% and 

5% SiO2 indicate that fluidization begins at 2.6 cm/s and 2.4 

cm/s, respectively (Fig. 7b). This trend demonstrates that an 

increase in the weight percentage of silica results in a reduction 

in Umf. 

3.5 Fluidity performance of binary mixtures of TiO(OH)2 

and SiO2 

To enhance the fluidization performance of TiO(OH)2 

adsorbent, varying weight percentages of hydrophobic SiO2 

nanoparticles, specifically 2.5% and 5%, were incorporated 

into the adsorbent. Figs. 8a and 8b present the bed expansion 

and pressure drop curves over a gas velocity range of 0.5 to 4.5 

cm/s for the adsorbent. The addition of SiO2 nanoparticles 

appears to exert a beneficial effect on the bed expansion ratio, 

thereby improving the fluidization quality of the adsorbent. 

The bed expansion ratios for the TiO(OH)2 combined with 

SiO2 at weight percentages of 2.5% and 5% reach values of 2.6 

and 2.9, respectively. The increase in bed expansion from 1.6 

to 2.6 and 2.9 confirms the positive influence of SiO2 

nanoparticles on the fluidization behavior of the adsorbent. 

Consequently, the homogeneous fluidity of the particles 

replaces severe channeling, resulting in a liquid-like behavior. 

It can be inferred that the optimal addition of SiO2 

nanoparticles as a carrier for the adsorbent particles leads to an 

enhancement of electrostatic forces at the contact points 

between the nanoparticles and the base adsorbent. A more 

uniform and extensive coating of the adsorbent particles with 

SiO2 nanoparticles contributes to improved fluidity 

performance and effective gas-solid interaction. Furthermore, 

the Umf values, at which the pressure drop between the two 

ends of the fluidized bed stabilizes, were determined to be 2.8 

cm/s and 2.62 cm/s for TiO(OH)2 combined with 2.5% and 5% 

SiO2 by weight, respectively, further affirming the positive 

role of SiO2 nanoparticles in enhancing the fluidization 

behavior of the adsorbent.  

Fig. 8 a) Bed expansion curves 

and b) pressure drops curves  

for binary mixtures of 

(TiO(OH)2 + SiO2) in the 

presence of 2.5 and 5 wt% SiO2 
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4. Conclusion 

In this study, AC derived from jujube seeds (CJS) was 

evaluated as an effective adsorbent for carbon dioxide, and its 

adsorption capacity and fluidization behavior were compared 

with those of the TiO(OH)2 adsorbent. The results obtained 

indicated that:  

1. The adsorption capacity of the CJS adsorbent, at 2.31 

mmol/g under optimal conditions (25 °C and 90% volumetric 

concentration of carbon dioxide), was significantly higher than 

that of the TiO(OH)2 adsorbent, which had a capacity of 0.77 

mmol/g. 

 2. SEM images revealed that this difference in adsorption 

performance was clearly attributable to the developed 

microporous structure of CJS, which facilitates higher 

adsorption capabilities.  

3. At a gas velocity of 4.5 cm/s, the bed expansion ratios for 

the adsorbents CJS and TiO(OH)2 mixed with 2.5% and 5% 

SiO2 nanoparticles were 3.1, 3.21, 2.6, and 2.9, respectively, 

significantly higher than without SiO2. However, the positive 

effect of SiO2 on the fluidization of TiO(OH)2 was limited due 

to strong interparticle adhesive forces, including van der Waals 

interactions and hydrogen bonding. 

4. The incorporation of hydrophobic SiO2 nanoparticles 

resulted in a remarkable enhancement in the fluidization 

performance of the adsorbents, demonstrating that an increase 

in the weight percentage of these additives significantly 

improved bed expansion and reduced Umf.  

Overall, the findings of this research not only affirm the 

superiority of the CJS sample in terms of carbon dioxide 

adsorption and fluidization performance but also suggest 

promising industrial applications for this adsorbent in 

pollution control processes and energy resource optimization. 

Nevertheless, additional necessary steps must be taken to 

address remaining challenges in future studies. For instance, it 

is recommended that adsorption/desorption cycles be 

conducted in a fluidized bed system under industry-relevant 

conditions rather than using TGA, as this approach would 

provide a more realistic and practical assessment of the 

performance of synthesized adsorbents. The separation and 

wear of particles in fluidized beds when subjected to real flow 

conditions present a challenge that requires attention. 

Enhancing the mechanical strength of adsorbents to reduce 

their wear in fluidized reactors is critically important. Given 

the limited performance of TiO(OH)2 in gaseous environments 

compared to aqueous settings due to the polar characteristics 

of TiO(OH)2 and the non-polar nature of carbon dioxide, 

conducting fluidization tests in the presence of moisture or 

hydrophilic alcohols that facilitate interactions between the 

adsorbent molecules could represent a significant step 

forward. 
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